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ABSTRACT

Theoretical calculations of polystannanes in an all trans-configuration possess a
relatively small band gap (~2.8 eV). This is due to the extensive 6-c overlap of the diffuse 5sp’
orbitals of Sn atoms in the conjugated Sn-Sn polymer backbone, which leads to a visible 5-6*
transition by UV-vis spectroscopy. The electronic properties of polystannanes suggests that
these materials are candidates for semi-conducting intrinsic polymers. However, due to the
weak bonding between Sn-Sn atoms and the Lewis acidic nature of Sn centers, polystannanes

readily degrade with exposure to daylight and moist atmospheres.

This project demonstrates clear synthetic pathways and designs to stabilize the Sn-Sn
backbone. This was accomplished by incorporating functional ligands with Lewis basic
heteroatoms such as oxygen or nitrogen moieties which can form a hypercoordinate interaction
with the Sn center. Two major types of asymmetrical polystannane systems were investigated:
1) a flexible system where Sn centers are attached to a propyl chain containing either a bulky
or small functional donor ligand and 2) a rigid system where the Sn center contain either a
hypercoordinate benzyl methoxy ether (C,0) or benzyl dimethyl amine (C,N) ligand prepared

using a direct approach.

This thesis is broken into three different chapters. Chapter 1 and 3 include all synthetic
pathways, characterization and stability testing of both flexible and rigid polystannanes.
Chapter 2 describes a high molecular weight (Mw = 60 kDa) film forming, semi-crystalline (T

=49.3 °C and Tm = 110.1 °C) flexible asymmetrical polystannane containing a propylhydroxy
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ligand that displays exceptional stability to light and moisture (> 9 months). In addition, a tosyl
containing polystannane that could function as a macromolecular intermediate was prepared.
Substitution of model tosyl stannanes was demonstrated, and substitutions of the tosyl

polystannane are ongoing.
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INTRODUCTION

1.0.1 Group 14 elements

The elements that comprise Group 14 in the p-block consist of carbon (C), silicon (Si),
germanium (Ge), tin (Sn) and lead (Pb). Each of these elements has two electrons in its
outermost p orbital: each has the electron configuration ns*np?*. Group 14 elements tend to adopt
oxidation states of (IV) and, for the heavier elements, (II) due to the inert pair effect (tightly
bound s electrons).!>* Despite their adherence to periodic trends, the properties of the carbon
family vary greatly. For example, carbon is a non-metal and behaves as such, whereas tin and
lead behave entirely as metals. In their elemental solid states, the Group 14 metalloids silicon
and germanium act as electrical semiconductors, although silicon is largely non-metallic. Their
electrical conductivity can be effectively tuned by introducing traces of Group 13 or Group 15
elements to the Group 14 solid matrix.* These semiconductor properties have wide application
for circuitry components in the electronics industry, including diodes, transistors, and integrated
circuit (ICs) chips.

The dawn of the semiconductor age dates back to the first transistor in 1947-1948 invented
by Shockley.’ The semiconductor industry grew rapidly following the invention of the transistor
and after a decade, it already exceeded sales of 100 million dollars (USD). In 1959, the bipolar
integrated circuit (ICs) was invented by Kilby of Texas Instruments and Noyce of Fairchild
Semiconductor in the US.> These ICs were smaller and lighter in weight and could be widely
used in a variety of electronic devices, and marked the start of IC era. Due to the ever increasing
societal demands, research and development in semiconductor industries grew rapidly during
the 1960s to 2000s. New techniques and devices have been developed to upgrade the
effectiveness of semiconductors.’ For example, p-n junctions, two terminal devices (LED, solar

cell), and three terminal devices (unijunction transistors) have been established (Figure 1).
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Figure 1. The developments of semiconductor industry from 1950s to 2000s.°

Nonetheless, the majority of solid-state semiconductors require extrinsic tuning to
amplify their conductive properties. By contrast, conductive polymer wires can either be wholly
intrinsic (undoped) or partially doped to a conductive state. Intrinsically conductive polymers
(ICPs) were discovered around the mid 20" century during a rapid growth in the semiconductor
industry. One of the first ICPs was polyacetylene discovered by Shirakawa in 1970. He
demonstrated that polyacetylene possesses different conductivity when in the cis- (1.7 x 10 S
cm!) and trans- (4.4 x 10° S cm™) conformations. Ultilizing different reaction conditions
afforded control of the morphology of the conjugated polymer, which could be obtained as
powder, gel, spongy mass or a film (Scheme 1).”* Doped polyacetylene using molecular
halogens enhanced the conduction by 10 orders of magnitude to a value of 10° S cm™!. Films

can be stretched and processed up to 0.5 cm thickness.>”’

Al:Ti=3.5-4 Al:Ti=1
Al(Et)4
Ti(0"Bu),
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78°C . . . or Z N
cis- trans-

Scheme 1. Controlled reaction condition to make cis- or trans- polyacetlene.?



ICPs possess conductivity similar to that of solid-state semiconductors. One of the
advantages of ICPs is that they can be more readily processed than metals. These materials can
be transformed into thin orientated films that cover large surfaces with techniques such as a
spin-coating or casting of a polymer solution. While many plastics will undergo
depolymerisation reactions when exposed to excessive light or heat, these polymers display
operating integrity over a wide temperature range and are robust. They possess high elasticity
compared to most semiconductors which are brittle.> These properties allow ICPs to be shaped
into complex, thin multi-polymer architectures and give manufacturers access to printable and

bendable electronics.”!”

1.0.2 Band Gap Theory — Conductivity: Intrinsic and Extrinsic Semiconductors

Electrons in an isolated atom can only have discrete energy levels (HOMO & LUMO), but
when atoms are brought together in the solid-state, these degenerate energy levels will split into
many separated levels due to the orbital overlap.!' Since the levels are so closely separated,
they are treated as a continuous band of two different energy states. The lower energy band that
is filled with electrons is the valence band and the higher energy band that is unfilled is the
conduction band. These two bands are separated by a region of energy that the electrons in the
solid cannot hold. This region is the band gap, E,.!! Using H2 as an example, as the number of
atoms increases (up to Hi4), the number of molecular orbitals (both bonding and antibonding)
levels increases, but the spread of energies increases slowly and is leveling off for long chains
(Figure 2).!!

Elements with few valence electrons are metallic, whereas those with four or more electrons
(e.g. Si, Ge) are expected to adopt a lower coordination structure with a split band where only
the lower valence band is filled. This leads to three different types of band gaps — insulator,
semi-conductor and metallic conductors (Figure 3).!"!? For example, a large band gap insulator
is diamond, an intermediate band gap semi-conductor is silicon (Si) and low band gap metallic

conductor is copper (Cu).



Ha Hy Hg Hg Hyo Hiz His

Figure 2. Illustration showing as the number of atoms in the chain increases, the number of
molecular orbitals levels also increases.!?
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Figure 3. Differences of insulator, semi-conductor and conductor band gaps.

The charge carrying properties of metallic conductors decreases with an increase in
temperature. When the temperature rises, the phonons gain energy and the lattice vibrations
will be larger.!> As a result, the displacement of electrons are more scattered, reducing the
current by slowing the mobility of the electrons in the lattice.!""!> By contrast, the conductivity
of semi-conductors increases with temperature. Conduction occurs only when electrons are
promoted to the conduction band. The resultant current in semiconductors is dependant on the

number of available electrons to transport charge (Figure 4).'
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There are two major types of semi-conductors: intrinsic and extrinsic. An intrinsic semi-
conductor is a semi-conductor in its pure state.'” For every electron that jumps into the
conduction band, the missing electron will generate a hole that can move freely in the valence
band (Figure 4).!> The magnitude of the increase in current depends on the band gap and
temperature. At any specific temperature, a solid with a small band gap will have more electrons
promoted than for a solid with a large band gap. The number of electrons promoted varies
exponentially with temperature, so a small change in band gap may have a large effect on the
number of electrons promoted and the number of current carriers. '?

In extrinsic semi-conductors, the band gap is controlled by purposefully adding small
impurities to the material in a process known as doping. Doping changes the electrical
conductivity and varies the efficiency of the semi-conductor.”” Unlike intrinsic semi-
conductors, the number of holes will not equal the number of electrons displaced. A semi-
conductor doped with fewer valence electrons than the bulk is known as a p-type, with the fermi
level closer to the valence band.!"'? For example, in a boron doped silicon, the boron center is
now electron deficient and gains an electron from the valence band. As a result, electrons in the
valence band become mobile. A semi-conductor doped with more valence electrons than the
bulk is known as an n-type, with the fermi level close to conduction band. Using phosphorus
doped silicon as an example, the phosphorus center carries a positive charge. The phosphorus
center is now electron rich, and it is willing to give the extra electron into the conduction band
(Figure 4). For both cases, the transfer of electron to the bands is how current and conductivity

are generated.'?
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Figure 4. a) Intrinsic semi-conductor b) p-type semi-conductor c) n-type semi-conductor.

2.0.1 Significance of Group 14 (Sn) & History of Polystannanes

Tin is the chemical element with the symbol “Sn” and atomic number 50. It lies in
the 5™ period and is located in Group 14 of the periodic table. Elements of Group 14 share
an ns’np’ valence configuration with the common oxidation states being either (II) or
(IV).131%15 Carbon can form multiple bonds with itself or with other elements such as
oxygen. The bond energy of a C=C bond is ~ 607 kJ/mol, and consists of both ¢- and n-
bonds formed through the overlap of sp? and 2p orbitals.!> Carbon double bonds are
relatively strong; however, moving down the periodic table, doubly bonded later Group 14
species, E=E dimers (where E = Si, Ge, Sn, Pb) are relatively rare. This leads almost
exclusively to singly bonded linear and cyclic material E-E, such as dimers, trimers,
oligomers and polymers. These species possess longer bond lengths and as a consequence
E-E bonds are considerably weaker than a C-C bond.'> Moving further down Group 14,
stable catenation decreases significantly from carbon to lead. The bonding energy of Si-Si
is about 327 kJ/ mol; Ge-Ge (~ 274 kJ/mol) and for Sn-Sn (~ 195 kJ/mol).!® Tin has three
NMR active isotopes (11°Sn, 1'7Sn and ''”Sn) each with spin 2. More commonly '7Sn (7.61 %)
and '"”Sn (8.58 %) nuclei are used for NMR experiments due to their relatively high natural
abundance.®

The majority of organic and inorganic Sn (IV) compounds possess sp* hybridization and

adopt a tetrahedral structure, e.g. SnXa (Figure 5).° The coordination number at tin can be



increased through hybridization to form 5- and 6-coordinated complexes. These hybridized
orbitals can accept electrons from ligands to form coordination geometries which are commonly

trigonal bipyramidal, square pyramidal or octahedral.®

R R R R
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Figure 5. Potential geometry of Sn(IV) compounds.

The bonding chemistry of carbon is of fundamental importance in catenated systems.
Polymeric examples of heavier elements of Group 14 have also been discovered during the last
40 years. In the early 1980s, polysilanes with extensive Si-Si bonds were successfully
synthesized, giving rise to polymers with unusual electronic and optical properties due to the
-6 orbital overlap along the silicon backbone.!”!® The 6-c* transition in the silicon backbone
appears as a strong ultraviolet absorption.'® Theoretically, the presence of heavier metals in the
backbone should lead to greater ¢ conjugation, a narrower band gap, and more metallic
properties. Because of this, interest in tin polymer chemistry arose in the late 1980s to early
1990s. Polystannane materials were successfully prepared using the synthetic approaches
previously used for polysilanes and polygermanes (Figure 6) and were estimated to possess a
calculated band gap of 2.8 eV.!” These methodologies included Wurtz coupling,
electrochemical coupling, and catalytic dehydropolymerisation. The catalytic
dehydropolymerisation of dialkyl and diaryl stannannes was also shown to be a unique way
to prepare materials of this type.'*?° Very recently it was reported that condensation routes
to polystannanes involving dialkyltin diamides and dialkyl- or diaryl tin dihydrides could

also be utilized.'*
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Figure 6. The chemical structure of polystannane (R = alkyl, aryl).
2.0.2 Challenges of Polystannanes

Photostability studies of polystannanes reveal that they readily degrade to smaller
oligomers or cyclic species when exposed to daylight (350 — 500 nm).'*?! Furthermore, upon
exposure to moisture in air, polystannanes undergo hydrolysis and break down into smaller
stannoxanes.?’

Polystannanes are thermally stable up to 200 °C in inert atmosphere as well as in dry
air.?? Polystannanes show sensitivity to the ambient, have greater stability in the solid state than
in solution, and suffer a higher rate of degradation under light exposure compared to dark. ?>!3
Furthermore, it was found that poly(dialkyl)stannanes degrade immediately upon exposure to
light to five- and six-membered cyclic oligostannanes, whereas poly(diaryl)stannanes are stable
in the dark in air for at least one week.'*?* From work carried out by Caesri’s group at ETH
(Zurich), the degradation trends of poly(dialkyl)stannanes having alkyl side groups of varying
lengths in the presence of different solvents and dyes was determined. It was demonstrated that
the length of the alkyl side chain has no significant influence on the stability of these
polymers. 42324,

The same group later reported that the stability of polystannanes in light is dependent
on the nature of the organic side groups.?® They investigated the degradation behaviour of two
polymers, poly[bis(4-butylphenyl)stannane] and poly(dibutyl)stannane under light. While the
poly(diaryl)stannanes were found to be more stable towards light than the
poly(dialkyl)stannanes in THF as well as in DCM.* The degradation mechanism proposed in

this study is based on the random homolytic cleavage of Sn-Sn bonds in a polymer chain

resulting in two smaller chains terminated with a radical (Figure 7).%> The two aromatic groups



of the poly(diaryl)stannanes enhance the stability of the Sn-Sn backbone, and the Sn radical
were able to “recombine” into a polymer chain more readily, unlike with dialkyl substituents.
The recombination of the polystannanes may also be due to the radical delocalization
throughout the aromatic ring, which decreases the probability of the radical reacting with

polymer chains.?
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Figure 7. 1) Chain scission under laser flash photolysis 2) Recombination of polystannanes 3)
Unzipping of polystannanes.®’

2.0.3 Hypercoordinate Tin: A Pathway to Stable Polystannanes

In the early 2000s, research interest in Si, Ge and Sn compounds with hypervalent
interactions increased extensively.?® Interest in the coordination chemistry of these elements is
caused by additional intra- or intermolecular coordination interactions.?®” In the early 1960’s
it was demonstrated that organotin compounds possess the ability to expand their coordination
spheres based on earlier work by Pimental.?® In 1969, the hypervalent structure was proposed
by Musher to explain the structure of main group compounds that require octet expansion of

).2% The ions or molecules of the elements of Group 14-18 that possess

the central atom (SiFe
more electrons than the octet within a valence shell are considered hypervalent, such as Ge, Sn,

Pb. In the case of Sn, the donor lone pair of Group 14 elements is supplied by an (N, O, P, S)
9



ligand (Figure 8).3° The first structurally characterized pentacoordinate organotin compound
was a PyMesSnCl in 1960s.% 5- and 6-coordinated Ge, Sn and Pb compounds have been

extensively studied and have been shown to be more stable than their tetrahedral counter

R
C | @A/”C
X- —S|n—R s
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X X X=cCl, Br, |

parts 29-31

Figure 8. Examples of two different hypercoordinated Sn compounds.

2.0.4 3-center-4 Electron Concept

Prior to the 1950s, the hypervalent bonding was explained in terms of d-orbitals
participation.?® For Group 14, especially the lower table elements such as Ge or Sn, the s and p
atomic orbitals are fully filled, therefore, the only “empty” orbital would be the 5d-orbitals (5p°
for Sn). Two electronic configurations are envisioned to hold additional electrons that exceed
the octet within the valence shell; dsp® or d*sp®2®3? Sn has five empty 54 which could
participate in the formation of penta- and hexacoordinate structures. However, computational
studies have shown that the d electron of Group 14 atoms (Ge, Sn and Pb) are too diffuse and
too high in energy to participate in bonding.*?

In 1951 Pimentel proposed the idea of a 3c-4e” bond using molecular orbital theory to
describe hypervalent interactions. A simple description of the 3c-4e” bond model is the
delocalization of one pair of bonding electrons to the two other substituents.?® The 3c-4e” model
suggests that ns? orbitals of metal atom could be used for bonding to equatorial ligands resulting
in two-center bonds, while the np; orbital could interact with an appropriate orbital of the axial
ligands and a lone pair from the donor atom to form a hypervalent, 3c-4¢” bond.?®

In later years, progress in studies employing a 3c-4e” model has been confirmed by

development in computational studies and quantum physics.>* The hypervalent bonding of
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molecules has also been investigated by von Schleyer et. al. who stated that the d-orbital concept
is incorrect, and these orbitals are not important in the acceptance of electrons beyond the
octet.’ It has been determined that it is not possible for the d orbitals to hold extra electron
density because of the high energy gap between n(sp) and nd, which makes the number of
available metal orbitals deficient.*?

From theoretical calculations, it has been established that for main group elements such
as S and P, participation of d orbitals for hybridization with s and p orbitals of third period and
heavier is negligible.’*3>-® Therefore, a 3c-4e” bond is an electron-rich bond and the non-
bonding molecular orbital becomes the highest occupied orbital.>® In the 3c-4e” bond, the central
atom has less than four pairs of electrons in the valence shell and does not exceed the Lewis
octet due to the distribution of extra electron density on to ligands or substituents.*

Y.S. Cheung et. al.*® and Sun and coworkers*® stated that in contrast to a conventional
valence-bond in which a bonding electron pair is shared by two atomic centers, a three-center
bond results from bonding between three atomic centers, each of which contribute an orbital.
A three-center bond may be formed from a p-orbital of the central atom and two ligand orbitals.
For example, the two terminal ligands (X = F) and the central atom (A). The p-orbital of each
F atom is directed along the bonding axis and is available for bonding with the p-orbital of the
central atom along the same axis.>>*

From the viewpoint of molecular orbital theory, there will be three p-orbitals (bonding
(o) non-bonding (n) and antibonding (6*)). A 3c-4e” bond occurs when four electrons fill the
bonding (o) and non-bonding (7) molecular orbitals (requires only three orbitals) (Figure 9).
Compared to 3c-2e” bonds (e.g. B2Hs), 3c-4e” bonding requires four orbitals (two from the
central atom and one each from the two ligands) to bind the three centers and to accommodate
the four electrons (two from the central atom and one from each ligand).*

The formation of a 3c-4e” bond saves an atomic orbital for this kind of ‘orbital deficient’

molecule, compared to 3c-2e” bond which is ‘electron-deficient’. There are two important
11



features of 3c-4¢” interactions: the first is that one c-bonding electron pair is shared between
two A-X bonds, and the second is that the A-X bonds are weaker (elongated). Another property
is that, of the four available electrons, only two are shared by the central atom and the two

ligands, with the remaining electrons located in the n-orbital.>
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Figure 9. The M.O. diagram of 3c-4e” bond (bonding (o), non-bonding (n) and anti-bonding
(o*). A p-orbital of the central atom A is used. The 3c-4e” bond consists of two electrons in the
o-orbital and two electrons in the n-orbital which categories the three centers. Adapted from
reference 36.

3.0.1 Methods to Synthesize Polystannanes
Various reaction conditions can be applied to obtain tin polymers of specific structure
and properties. Synthetic methodologies applied to polystannanes include Wurtz coupling,

dehydropolymerisation** and more recently, condensation polymerisation.*’

3.0.2 Catalytic Dehydrogenation

Polystannanes are readily synthesized by catalytic dehydrocoupling of alkyl or aryl tin
dihydrides. Harrod et al.>”*® had earlier reported the catalytic dehydrocoupling of silanes
(PhSiH3) and germanes (PhGeHs) to oligosilanes and oligogermanes facilitated by Group IV
metallocene (M = Ti, Zr) catalysts (Cp2MR2 (Cp = 1n°-CsHs)). By contrast, transition metal
complexes of Ti, Zr, Hf, Cr, Mo, W, Rh, Pt have been employed as catalysts for the
dehydropolymerisation of primary and secondary stannanes.’” Dehydropolymerisation has been

demonstrated to be the most successful technique to achieve high molecular weight
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polystannanes. Dehydrogenative coupling utilizes a suitable early or late transition metal

catalyst to aid the removal of hydrogen from dihydrostannane monomers (Figure 10).

R
T.M. catalyst
stnHz r(:a4ahys > Sln + H2
) R n

R = Alkyl, Aryl

Figure 10. Synthesis of polystannanes via catalytic dehydrocoupling.

Dialkyl titanocene (Cp2TiRz2, R = alkyl), zirconocene (Cp2ZrRz2, R = alkyl), and Wilkinson’s
catalyst (RhCI(PPhs)3) are typical catalysts used for this reaction.'> Wilkinson’s catalyst is most
suitable for the polymerisation of symmetrical dialkyl and asymmetrical aryl/alkyl dihydrides as it
has been shown to give linear polystannanes with high molecular weights and in high yields.** An
additional benefit observed with this catalyst is that there are no detectable amounts of cyclic by-
products that must be isolated.*

3.0.3 Condensation Polymerisation

The Foucher group recently described the synthesis of alternating polystannanes using
a condensation polymerisation route.?* High purity tin dihydrides derivatives were
stoichiometrically reacted with tin diamides (possibly with different or same R groups) in dry
toluene or Et20 at 0 °C for optimal polymerisation (Figure 11). This condensation method

produces volatile diethyl amine, which can easily be removed under reduced pressure.2%*

R R e [FoR

H-Sn-H + Et,N-Sn-NEt -~ 1sn-s

; v Eh h" 2 TEt,0 or Tol. h" h"
4h,0°C n

R =Ph, N-Bu
R' = N-Bu, Me

Figure 11. Preparation of alternating polystannanes.
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3.0.4 Wurtz Coupling Polymerisation

Wurtz coupling was first used to form a C-C bond from the reaction of alkyl halides
with Na metal. In later years, Kipping showed that Wurtz coupling can be used for preparation
of materials having only organosilicon units in the backbone.*! Wurtz coupling reactions
involve dichlorodiorganosilane reacting with excess of a Na dispersion in a high-boiling-point
solvent such as toluene or THF under reflux were first demonstrated by West and Miller in
1983.42 In 1992, Zou et. al. reported the first synthesis of high molecular weight poly(di-n-
butylstannane) (~10* Da) using a Wurtz-type coupling of (n-Bu)2SnCl: in toluene/heptane in
the presence of 15-crown-5.2° In 1996, Molloy and coworkers identified the best reaction

conditions using toluene as the reaction solvent (Figure 12) and achieved the My > 1x10° Da.*?

Tol., 2 h, 60 °C
-2Nacl

cl-sn-cl 2Na, 15-crown-5 . ‘[Sn}
n

Figure 12. Wurtz coupling of (n-Bu)2SnClz done by Molloy and coworkers.*

In 2011, Caseri et. al. reported the polymerisation of dichlorodiorganostannanes with
Na in 1:2 ratio in liquid NH3.** These reaction conditions afforded the polymerisation of (n-
Bu)2SnCl2 and (n-Oct)2SnCl: to yield low molecular weight polystannanes having My = 8.0 x
10° and My = 6.0 x 10° Da, respectively. In general, there are several disadvantages of the
Wurtz synthetic method; it has limited tolerance to functional groups, the yields are moderate,
the reproducibility is poor, and it is dangerous due to the pyrophoric nature of Na metal and

harsh reaction conditions.*>#647

14



Objectives

The primary objective of this thesis was to develop film forming light and moisture
stable polystannanes from select hypercoordinated monomers with and without the aid of a
chromophore.

The following synthetic targets and objectives are as follows:

Chapter 1:

i) To develop new flexible hypercoordinated light and moisture stable
polystannanes using azobenzene as chromophore. The hypothesis is that
hypercoordinated polystannanes bearing chromophore are more stable than non-
hypercoordinate polystannanes.

Chapter 2:

ii) Investigate smaller hypercoordinated flexible motifs as suitable monomers for
polymers with improved stability. It is anticipated that more strongly datively
bound ligands will further improve the stability of polystannanes.

Chapter 3:

iii)  Explore the chemistry and stability of two different C,O and C,N rigid chelated

light and moisture stable polystannanes and investigate their properties.

15



Special Notes

The following thesis will be broken into three research chapters. All experiments
described in this thesis were performed by myself, apart from the crystallography analysis and
DFT calculations, which were performed by Dr. Alan Lough from University of Toronto and
Dr. Stephen Wylie from Ryerson University, respectively. Chapter 1 involves work where a
chromophore (azobenzene) was used to photochemically and sterically stabilize the Sn-Sn
polymer backbone. The polymerisation involved two different synthetic routes
(dehydrogenation catalytic and condensation). This work was published in 2017. Pau, J.;
Lough, A. J.; Wylie, R. S.; Gossage, R. A.; Foucher, D. A. Proof of Concept Studies Directed
Towards Designed Molecular Wires: Property-Driven Synthesis of Air and Moisture-Stable
Polystannanes. Chem. Eur. J. 2017, 23, 14367-14374.

Chapter 2 involved additional work on hypercoordinated polystannnanes where two
interesting small tin dichloride precursors were synthesized and one was converted into a light
and moisture stable polystannane. This work was supported by an undergraduate thesis student,
Gloria D’ Amaral, in the 2017-2018 academic year. One of the two polystannanes (R group =
propyl hydroxide) showed a sharp Tm suggesting a semi-crystalline packing of the polymer
chains. The sharp Tm polymer was also characterized by PXRD which showed evidence of
crystalline order. This work was published in 2018, Pau, J.; D’Amaral, G. M.; Lough, A. J.;
Wylie, R. S.; Foucher, D. A. Synthesis and Characterization of Readily Modified
Poly(Aryl)(Alkoxy)Stannanes by Use of Hypercoordinated Sn Monomers. Chem. Eur. J. 2018,
24, 18762-18771.

This work continued into 2019 with other functional polystannanes (R = propyl OTs)
which have been show to be substitutionally labile under simple Sx2 reaction conditions. Trials
were carried out by myself and an undergraduate thesis student David Choi during the 2018-
2019 academic year. Work is still on going in this area and is being drafted into an additional

manuscript.
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Chapter 3 focused on completing unfinished work on rigid C,O and C,N based chelated
stannyl complexes. Work was shared with MSc graduate Julie Loungxay. My involvement was
to prepare rigid tin monomers and carry out their polymerisations and subsequent
characterizations. The work titled “Hypercoordinated Organotin (IV) Compounds Containing
C,0- and C,N- Chelating Ligands: Synthesis, Characterizations, DFT Studies and

Polymerization Behaviour” J. Organomet. Chem., 900, 120910- is not in press
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CHAPTER 1 - Proof of Concept Studies Directed Towards Designed Molecular Wires:
Property-Driven Synthesis of Air and Moisture-Stable Polystannanes

Abstract

Polystannanes with azobenzene moieties designed to protect the Sn—Sn backbone from
light and moisture-induced degradation are described. The azo-stannyl precursor 3 (70 %) is
converted in good yields (88-91 %) to the mono- (4), and dichlorostannanes (5), by sequential
chlorination, followed by further reduction of 5 to the dihydride (6) using NaBHa4 (78 %). All
stannanes were characterised by NMR ('H, *C, '°Sn) spectroscopy and HRMS; in addition, 3,
4 and 5 were structurally elucidated using X-ray diffraction analysis. Metal-free
dehydrocoupling of 6 at RT leads exclusively to homopolymer (7-i) displaying an initial
solution ''?Sn NMR signal (8 = -196 ppm) that migrates to & = -235 ppm after 10 days (7-f). In
contrast, metal-catalyzed dehydrocoupling of 6 in toluene at RT leads directly 7-f. Random
copolymers formed from 6 and (n-Bu)2SnHz at 4:1 (8a) and 1:1 (8b) ratios were compared to
the alternating polystannane (9) prepared by the reaction of 6 with (n-Bu)2Sn(NEt2)2. DFT
calculations of 3—6 indicate that hypercoordination at Sn is influenced by substituents and by
solvation. Homopolymer 7 was found to have unprecedented moisture and light stability in the
solid state for >6 months.

Introduction

1.0.1 Organic Chromophore Ligands

Recently, considerable research has been undertaken on different types of fluorescent
or phosphorescent chromophore molecules owing to their utility for a number of applications
including use of DSSCs, cosmetics and industrial dyes.*® A chromophore is the functional part
of a molecule responsible for its colour and is comprised of three components; donor, linker
and acceptor.* When a molecule absorbs certain wavelengths of visible light (350 — 750 nm)
and transmits or reflects others, colour results.** Chromophore properties arise where the energy

difference between two different molecular orbitals falls within the range of the visible
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spectrum. The visible light that hits the chromophore can then be absorbed by exciting an
electron from its ground state into an excited state.*® Our interest in this area involves the
preparation of polystannanes bearing light absorbing azobenzene molecules. Polystannanes that
incorporate this type of chromophore have the potential to be light stable and structurally

resistant to nucleophilic attack and possess switchable properties.

1.0.2 Characteristics of Azobenzene

Azobenzene, first discovered in 1834,%° is isolated as orange-red crystals with a low
melting point (69 °C). It is a chromophore composed of two phenyl rings linked by an N=N
double bond and are considered derivatives of diazene.’' Diazenes absorb light strongly and are

used as dyes in a variety of industries (Figure 13).%!

O
)
Figure 13. The chemical structure of azobenzene.

One of the most significant properties of azobenzene is the mechanism of the photo-
isomerization involving frans- and cis-isomers.’>>? The two isomers can be switched with
exposure to particular wavelengths of light. With exposure to ultraviolet light (~ 320 nm), a
trans- to cis- isomerization occurs. Absorption bands equivalent to the So = S: state are
observed, corresponding to the energy gap of the n-n* symmetry-allowed transition. In a similar
fashion, exposure to visible light (~ 440 nm), causes a cis- to trans- conversion and absorption
bands equivalent to the So = Si state are observed, corresponding to the energy gap of the n-
n* symmetry-forbidden transition (Figure 14).5%°1:52 Due to steric effects, the cis-isomer is
considerably less stable than the ¢trans; in addition, the cis-azobenzene can thermally relax back

to the trans-isomer (Figure 15).
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Figure 14. UV-Vis spectrum of an azobenzene.*
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Figure 15. The light-induced trans-/cis- (E/Z) isomerisation of azobenzene.

Azobenzene can absorb the wavelength of the two lowest energies, n-n* and n-n* ,
which lie in the UV-Vis region (Figure 16).%°* As a rule, energetically favoured electron
promotion will be from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and the resulting species is in an excited state.™

o (anti- bonding)

i
£
- n (anti- bonding)

E n—=0o
o * .
i n—p=% i T—>G .
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7 (bonding)
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Figure 16. The different electronic transitions present in azobenzene.>
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When azobenzene is exposed to light having an energy that matches a possible
electronic transition within the molecule, some of the light energy will be absorbed by the

azobenzene as the electron is promoted to a higher energy orbital.

Results & Discussion

1.1.1 Synthesis of Monomeric Tin Precursors and Dihydrides

Following procedures by Wardell et. al., stannyl compound 1 was synthesized using
triphenyl tin hydride, allyl alcohol along with 0.2 mole % of AIBN (Scheme 2).>* Reaction was

achieve in a near quantitative yield (99 %).

HO

/ﬁ\\/OH Ij
|:| AIBEN
O e OO
Neat
@ 60°C,1h

Scheme 2. Preparation of stannyl compound 1.

Tosylation of 1 to 2 can be demonstrated (60 %) in a 2 h time frame using Yoshida’s
procedure (Scheme 3), in which a catalytic amount of the ammonium salt, MesN-HCI, along
with NEt3, are added to the reaction mixture.>> Traditional tosylation using pyridine does not
work for this system. Typically, tosylation of alcohols is a well-recognized fundamental
transformation. However, these tosylation reactions suffer some major problems, including an
unwanted side reaction where the loss of tosylates into their chlorides occurs. The by-product
will act as the poorer CI” nucleophile, resulting in low yield. Additionally, tosylation usually
requires relatively long reaction times (~10 h) (Figure 17).°> By adding the amine salt catalyst,
the reaction time was greatly reduced. The purifying process outlined in Yoshida’s paper is
simple and involves an extraction with DCM/water to remove impurities to yield a pure

product.*
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2 p-TsCl @
Et;N
g Me;N « HCI g o c.;
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3 DCM AR, i
@ 0°C,2h
1 2
Scheme 3. The preparation of compound 2.
Me;N*HCI + Et;N —=—> Me;3N + Et;N*HCI  (basicity: Me;N < Et3N)
ROH >< Me;N+HCI EtzN*HCI
ROTs TsN*Meﬁl-‘*h MqNXEhN

TsClI

R = Ph3Sn(CH,)s

Figure 17. The proposed mechanistic cycle by Yoshida et. al. using MesN-HC1.>

Initial attempts to prepare 3 substitution of 4-hydroxyazobenzene with allyl bromide,
followed by hydrostannylation with Ph3SnH, were not successful. However, the synthesis of 3
can be achieved by reacting 4-hydroxyazobenzene with 2 under Sx2 conditions (Scheme 4).!3

This process results in recovery, after column chromatography, of an air and moisture stable

orange solid 3 (~70 %).

N
N> L‘
K,CO4
S + - -
Ora @ sesone— () 1<_)
Reflux
ST

Scheme 4. SN2 displacement reaction leading to 3.
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Compound 3 was then converted through stepwise chlorination (Scheme 4) to the mono-
4, and dichlorostannanes 5 in good yields (88 % and 91 %, respectively) without the need for
column chromatography.>® Following conditions traditionally used to obtain tin dihydrides, 5
was reacted with LiAlHs4 (Et2O: 0 °C; 3 h) unsuccessfully. When the more moderate
hydrogenating agent NaBH4 was used, 5 was cleanly converted to 6 (78 %) which was isolated

as an orange—yellow coloured powder (Scheme 5).

N\ No\
g i) HCI/Et20 g g
CHe, rt,1h NaBH,

S 6% ' sn-Cl ——*%» H-Sn-H
@ "@ ii) HCI/Et,0 @,{' EtOH "

CHe r, 1h 0°C
1h
4:R=Ph

3 5:R=Cl 6

Scheme 5. Stepwise chlorination of 3 to 4 and 5, and hydrogenation to 6.

1.2.1 NMR Characterizations of Monomeric Tin Precursors and Dihydrides

The '"H NMR (CDCl3) spectra of 3-6 display three distinct sets of methylene resonances
with large ''"”''7Sn—H coupling constants (J) observed for the CH>—Sn resonance (Table 1). The
Sn—H resonance signal of 6 is observed at 5.51 ppm, with distinct '!'7Sn satellites ('J1198n-11
=918 Hz, 'J117sn-11= 878 Hz). The methylene protons in 6 are shifted upfield in comparison to
3 and the chloro-containing stannanes 4 and 5. The ''’Sn NMR resonances for 4 and 5 are
significantly deshielded (6 = -15.3 ppm and ¢ = -9.06 ppm, respectively). These downfield
resonances are more consistent with a 5-coordinate geometry for both 4 and 5 in solution.’” The
9Sn NMR resonance for 3 is found at 6 = -100 ppm, a value typical of tetrahedrally coordinated

organotins.'®
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Table 1. Selected NMR data for stannyl compounds 3-6.

Compounds IH NMR (ppm) (CHz-O) | 11°Sn NMR (ppm)
3* 4.03 -99.7
4* 4.14 -15.3
5* 4.22 -9.06
6** 3.46 -214.5
*CDCls, **C¢Dg

1.3.1 Single Crystal X-ray Analysis of Monomeric Tin Precursors

The tin atoms of both conformers observed in the solid-state of 3 are pseudo-tetrahedral
(4= 0.85, T4 = 0.87) with a Sn to O distance of ~4.9 A, which lies well outside of the sum of
the van der Waals radii (O---Sn = 2.3 A) (Figure 18). On the other hand, 4 and 5 are formally
5-coordinate (4: s = 0.85, 5: 5= 0.46) and possess O---Sn distances of 2.775 A and 2.729 A
respectively, in line with other 5-coordinate Sn species that have a dative oxygen interaction

(Figures 19 and Figure 20).

Figure 18. ORTEP representation of one of the conformers of 3 found in the unit cell. Thermal
ellipsoids drawn at the 30% level. Selected interatomic distances [A] and angles [°]: Sn(1)-
C(16) 2.136(3), Sn(1)-C(22) 2.137(3), Sn(1)-C(28) 2.131(3), Sn(1)-C(1) 2.147(3), C(28)-
Sn(1)-C(16) 112.06(11), C(28)-Sn(1)-C(22) 107.98(11), C(16)-Sn(1)-C(22) 106.58(12), C(28)-
Sn(1)-C(1)109.26(12), C(16)-Sn(1)-C(1) 108.00(12), C(22)-Sn(1)-C(1) 113.01(12).
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Figure 19. ORTEP representation of 4 found in the unit cell. Thermal ellipsoids drawn at the
30% level. Selected interatomic distances [A] and angles [°]: Sn(1)-C(16) 2.155(3), Sn(1)-
C(22) 2.126(3), Sn(1)-CI(1) 2.4099(8), Sn(1)-C(1) 2.137(3), C(22)-Sn(1)-C(1) 124.05(14),
C(22)-Sn(1)-C(16) 111.35(12), C(1)-Sn(1)-C(16) 116.35(13), C(22)-Sn(1)-CI(1) 102.43(8),
C(1)-Sn(1)-CI(1) 97.67(9), C(16)-Sn(1)-CI(1) 98.71(9).

Figure 20. ORTEP representation of S found in the unit cell. Thermal ellipsoids drawn at the
30% level. Selected interatomic distances [A] and angles [°]: Sn(1)-C(16) 2.109(3), Sn(1)-
C(15) 2.120(3), Sn(1)-Cl(1) 2.3917(8), Sn(1)-C1(2) 2.3469(7), C(15)-Sn(1)-CI(1) 101.40(9),
C(15)-Sn(1)-Cl(2) 106.93(9), C(16)-Sn(1)-Cl1(2) 107.04(7), C(16)-Sn(1)-CI(1) 101.48(7).
1.4.1 Polymerisations

Metal-free dehydrocoupling of 6 (Scheme 6) to polymer 7-i was observed over a 10-day
timeframe. A C¢Ds solution of 6 in a Teflon sealed NMR tube protected from ambient light

sources was monitored by NMR ('H and '"°Sn) spectroscopy. Physical changes were observed,

and these changes thus characterized (NMR). The transparent orange colour characteristic of 6

25



in CsDe was noticeably darkened, along with the precipitate from the solution, after 24 h. After
6 d, the colour of the observed semi-solid material changed from a dark yellow orange to a

bright yellow colour (Figure 21).

Monomer 6 24h 48 h 5d 6d

Figure 21. Physical changes of polymer 7-i (metal-free polymerisation).

g 1) fletal-Free Dehydro. g
¢Dg, 1-10 days, rt J[ ][ H,
n

H-Sn-H
2) $anoh %, RhCI(PPh3)s;

&

Scheme 6. Dehydropolymerisation of 6 to 7-i and 7-f.

The homopolymer 7-f was also prepared by the slow addition of 6 (over 15 min) to a
stirring toluene solution containing 4 mol % of catalyst [RhCI(PPhs)3] at RT for 4 h (Scheme
5). The sample volume was then reduced in vacuo. The crude polymer was then dissolved in 3
mL of THF and added dropwise into a 10-fold excess of cold hexanes, after which an orange—
yellow semi-solid precipitated. Polymer 7-f was recovered in 77 % yield by carefully decanting
off the hexanes followed by drying (in vacuo). The polymer 7-f is readily soluble in CsDs and
a 'Sn NMR spectrum of this material revealed a chemical shift (-236 ppm), similar to the

value observed in the final product 7-i of the metal-free dehydrocoupling reaction.
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Two random co-polymers 8a and 8b were also prepared (Scheme 7) by incorporating
(n-Bu)2SnH>, at two different loadings (4:1 and 1:1) under catalytic dehydrocoupling. This was
intended to produce a material with improved solubility profile. The polymerisations and
polymer recovery were carried out under similar conditions used to prepare homopolymer 7.
These polymers are semi-solid in nature, were dried under reduced pressure and orange gels
were thus isolated (Figure 22). The soluble polymers were characterized by 'H, '*C and ''°Sn

NMR spectroscopy, elemental analysis, and GPC.

7

s
’ ’ 2

N H-sn-H + M H- sn sn
Tol.

§ KT, 4h @ g

& 8a (4:1)

b (1:1)

Figure 22. Polymers 7, 8a, 8b and 9, respectively.

The Foucher Group has previously demonstrated the condensation polymerisation of
diaryl or dialkyl tin dihydrides with dialkyl tin diamides.?® This led to the first examples of
alternating polystannanes. The alternating polymer 9, consisting of a 1:1 ratio of azo-stannyl

and dibutyltin units, was constructed using this strategy. The polymerisation was carried out at

27



0 °C for 4 h in Et20 solution, as shown in Scheme 8. The purification and recovery were similar
to that used for polymers 7 and 8. After washing with several portions of cold hexanes and

drying in vacuo, an orange, low molecular weight semi-solid was recovered (53% yield).

h Y
N
N Non
"'l-?:_;-. r"lw-“m,
([ @
. [
*:] O, Q. *}
{ P J{
I e I Et;0 [ J/
n N-%n-N + 1 H-Sn-H - Sh—-5n + ZHNEt;
_ .._‘I W {"}C. ‘”'I _l :I n
/ . o y,
I‘\‘.:I [":L""'.-'l T | K}
/ e = 7

Scheme 8. Preparation of alternating polymer 9.

1.5.1 Characterizations of AzoPolystannanes

The ''”Sn NMR spectra of 6 taken initially at t = 0, 6 and 24 h are shown in Figure 23."°
There was an evident decrease in the relative integration of the ''?Sn NMR signal (i.e., the -215
ppm signal for 6 and a new resonance appeared at -198 ppm (for 7-i). This value is typical of
mixed aryl/alkyl polystannanes containing a propyloxy linkage.>® After 5 d, the Sn resonance
at -215 ppm had completely disappeared with only the resonance at -198 ppm remaining.
Examination by '"”Sn NMR spectroscopy revealed that the -198 ppm polymer resonance was
also decreasing in intensity and another new resonance at -236 ppm began to appear. ''’Sn
NMR monitoring from the 7® to 10" d showed a further decrease in the intensity of the former
resonance and a continued growth of the latter (Figure 23).

For polymer 7-f, which was synthesized using Wilkinson’s catalyst, the ''’Sn NMR
spectrum of this material revealed one broad chemical shift at -236 ppm, like the value observed

in the final product (10" day) of the metal-free dehydrocoupling reaction 7-i.
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Characteristic of the random copolymers 8a and 8b are two distinct ''°Sn resonances (-
168 and -243 ppm) which are assigned to the -(n-Bu)2Sn- and -(Ph)Sn-(CH2); O-
(CcsHaN=NC¢Hs)- segments, respectively.

For the alternating polymer 9, the downfield signal at -167 ppm most likely represents
the -(n-Bu)2Sn- unit and the resonances at -243 ppm the azo-stannyl building block. For 9, the
alternating polymer presents three ''Sn NMR resonances (Table 2) when the polymerisation
was carried out by adding the diamide-tin to 6, suggest that there may be both coordinated and
free propyloxy units. This characteristic was also observed previously for other reported
alternating polymers.?** Polymers such as 10, with similar flexible propyloxy ligands capable
of datively bonding to Sn atoms, typically display ''’Sn resonances between -190 and -197
ppm.'33 A plausible explanation the observed spectroscopic behaviour is that there are datively

bonded (O->Sn) and unbound propyloxy species along the polymer chain (Figure 24).

Table 2. !”Sn NMR data for polymer 7-i, 7-f, 8a, 8b, 9 and 10.

Compounds 1195y NMR (CsDs) (ppm)
i _198, 235
71 -236
8a (4:1) _168, 243
8b (1:1) _167, 241
9 -167, -197, -240
10 -195
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-198

Monomer 6, 10t day

Monomer 6, 9" day

Monomer 6, 6t day

Monomer 6, 5t day

Monomer 6, 48 h

Monomer 6, 24 h -198

Monomer 6, 15 day Il

T T T
- 250 [pPpm]

Figure 23. NMR assessment (day 1-10) of monomer 6 (metal-free polymerisation, 7-i).

S,

Mﬁ—Sn——Sn—-—Sn——Sn—ﬁﬁ

O

Bound Unbound

Figure 24. Bound and unbound polystannanes.

Only homopolymer 7-f possessed a detectable Ty value at 22 °C, lower than that
observed for polystannanes such as 10. The absolute molecular weight and PDI of each polymer
are listed in Table 3. The GPC chromatograms for all four new polymers in this study are shown
in Figure 25. All polymers were bimodal and of moderate molecular weight. The corresponding

values of the lower Mw fractions for 7-f could not be determined.
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Table 3. List of molecular weights and PDI of polymers 7-i to 10.

Refractive Index (mV)

UV-Vis spectroscopy of all the azo-containing tin compounds (7-f to 9) were performed
using benzene solutions of the materials. Unsurprisingly, all compounds showed nearly
identical absorption characteristics assigned to azo-containing units presumably absorbing
energy to initiate £/Z transformations in solution. In addition, five consecutive scans of all azo-
containing tin polymers showed no evidence of degradation or photo scission when left in
solution. UV-Vis characterization of solutions of polymers 8b and 9 (CsDs) exposed to daylight,

but sealed from moisture, displayed a decrease in signal intensity (57 % and 23 %, respectively)

320

310

300

290

280

270

Compounds | My, [Da] x 10 | PDI [D]

7-f 2.85 1.1

8a (4:1) 3.53 2.4
8b (1:1) 15£7.80 4.1
2nd 2 84 2.0

9 1t 1.60 2.1

2md 122 2.0

10 2.45 1.8

17

18

Retention Volume (mL)

Figure 25. GPC chromatogram (R.I. only) of polymers 7-f, 8a, 8b, and 9.
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over a 4 month period, whereas 7-f was unchanged over the same time period (Figure 26). The
decrease in absorption intensity for 8b and 9 is likely due to the cleavage of Sn-Sn bonds (c-c*
transitions masked by azo absorptions at 350450 nm), whereas the azo Z- to E- absorption
contributions are presumably consistent. Although the two copolymers are comprised of a
similar number of stannylazo and dibutylstannyl units, the presumably more random polymeric
structure appears to be more susceptible to chain cleavage. In comparison to 7-f remains

essentially stable under these conditions.

0.7
0.6
——7-f (day 1)
0.5
—7-f (week 2)
=~ 7-f (4 months)
i 0.4 8b (day 1)
€ ——8b (week2)
o ~——8b (4 months)
2 03
-§ 9 (day 1)
/ 9 (week 2)
02 f 9 (4 months)
0.1
0

296 316 336 356 376 396 416 436 456 476 496 516 536 556
Wavelength (nm)

Figure 26. UV-Vis (CsDs) spectroscopy of polymers 7-f to 9.

1.6.1 Physical and NMR Stability Tests

Further evidence of the stability of the azo-containing polymers was observed for a ~100
mg sample of solid 7-f which was left exposed to moist air and sunlight for extended intervals.
After 6 months, the colour of the semi-solid darkened from light orange to a darker shade of
orange. However, there was no observable change in the solubility properties of this material
or in the NMR (''?Sn) resonances (-236 ppm only). This suggests long term stability with only
the outer surface of this solid material being adversely affected. Compared to the gel-like orange

coloured polymers 8a, 8b and 9 which were left inside open amber vials for slightly over one
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month. These materials transformed to insoluble darker brown coloured semi-solids which

could not be further characterized.

Conclusion

A five step synthesis was carried out to prepare a polymerizable azo-containing tin
dihydride monomer 6. The first azo-containing tin homopolymer 7-f, copolymers 8a and 8b
and alternating polymer 9 were prepared. Polymer 7-f gave strong evidence of being stable to
both moist air and visible light, whereas polymers 8a, 8b and 9 became insoluble and degraded.
The azo-benzene functionality appears to provide unprecedented light stability to
homopolystannanes and, in the case of 7-f, provides the first evidence that a flexible, bulky,
possibly coordinated unit can provide a level of moisture and oxidation resistance. This suggests
that the future design of mixed polystannane polymers should incorporate monomers that are
rich in protective functionalities, such as light absorbing groups and fragments with chelation

potential.
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CHAPTER 2 - Synthesis and Characterization of Readily Modified
Poly(aryl)(alkoxy)stannanes by use of Hypercoordinated Sn Monomers

Abstract

Two aryl and alkoxy tin species from Chapter 1, compounds 1 and 2 were converted to
thier dichlorido(aryl)(alkyl) tin derivatives, 11 and 13 respectively, and are key intermediates
to tunable polystannane architectures. The materials were further investigated by single crystal
XRD and a DFT analysis (not reported here) of their preferential “open and closed” geometries.
Dichlorido compounds 11 and 13 were next converted to their respective dihydrides (12, 14)
and used as monomers for novel polystannane synthesis. The properties of two asymmetrical
polystannanes prepared by dehydropolymerisation of dihydrido(aryl)alkylstannanes (12 and
14) were investigated. Polymer 19 (hydroxide analog) was a structurally simple, modest
molecular weight, semi-crystalline light- and moisture-stable polystannane with NMR (!!°Sn)
evidence of a prominent O—>Sn hypercoordination along the polymer backbone. Polymer 20
(tosylate analog) was of lower molecular weight, with no evidence of hypercoordination.
Differential scanning calorimetry of polymer 19 revealed a reversible semi-crystalline nature,
whereas an amorphous character was detected for polymer 20. Polystannane 19 was also found
to be exceptionally stable to both moisture and light (>6 months) and a promising candidate for
the design of readily modified (i.e. tunable) film forming polystannane materials.

Polymer 20 on the other hand provided an opportunity to demonstrate that a library of
hypercoordinate polystannanes could be accessed from single substitutionally labile
polystannane post polymerisation. Currently, the synthesis of a functionalized polystannane
from a substitutionally labile polystannane has yet to be explored. Preliminary work was
undertaken on two novel model stannanes, a propylthioester 15 and propylmethoxy 16 species
which were synthesized via SN2 substitution reactions of the propyl tosylated 2. The structures
of the model stannanes were confirmed through 'H, '*C, "”Sn, 2D-HSQC NMR and HRMS

spectroscopy. Compound 17 (propylmethoxy) were further investigated by single crystal XRD.
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Finally, the synthesis of the substitionally labile polymer was attempted, but not yet completed

or fully characterized due to solubility issues.

Introduction

2.0.1 Hypercoordinated Tin Complexes

Several studies with both flexible and rigid hypercoordinate tin architectures have been
reported in the literature (Figure 27).!%4%%8 They differ in the flexibility of the substituent at the
tin center and the degree of dative bonding within the compound. In all instances, an increase
of electron density at tin decreases its Lewis acidity and reduces its susceptibility to nucleophilic
attack and improves its stability to moisture in the air. It has also been shown that the addition
of aryl substituents? and the use of a chromophore* increases the stability to light due to the

conjugation of the system.
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Figure 27. Flexible and rigid hypercoordinate tin architectures.
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2.0.2 Polystannane Stability

The light and moisture stability of hypercoordinated polystannanes was investigated in
Chapter 1. The use of hypercoordinated architectures at tin centers and a chromophore to
provide both an electronic and steric solution to address these stability issues was
demonstrated.*’ The use of light-absorbing azo-containing propyloxy substituents on the metal
centers revealed strong hypercoordination in small molecule species, with evidence of two well-
separated distinct tin signals in the !’Sn NMR of polystannane 9, assigned to both open and

closed configurations of the polymer. This homopolymer proved to be stable to ambient
CF; i
\ k

{Sn} /Z—ran SnﬁI

sie

<1 min 5 min >1 Year

conditions for > 1 year (Figure 28).!74->

=

CF;

Figure 28. Relative solution stability of different polystannane backbones to visible light.

2.0.3 Design Rules for Stabilized Polystannanes

Construction of a wider variety stable polystannanes and the role of ligands in
hypercoordination must be understood. Particularly those defined by three center—four electron
(3c—4¢’) hypercoordination arrangements. These bonding motifs have been known for at least
50 years between later Group 14 elements (Si, Ge, Sn, Pb), electron-rich N, P, O, S donor atoms
and axially coordinated electron-withdrawing substituents such as the halides.?>’ The single

X-ray structural data for several of these Sn species from the previous chapter and other research
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reveal additional donor-ligand coordination to Group 14 elements along with an elongation of
the ligand—metal bond at the frans position to the donating group. The hypercoordination to Sn
center is theorized to be the result of a 2e” donation from the formal p-orbital of the donating
ligand into an empty non-bonding orbital of Sn, where it transfers the electron density
continuously to an antibonding orbital of the electron-withdrawing substituent becoming 3c-
4e.

The role of the Sn atom in hypercoordinated 3c—4e" interactions appears to function as
an efficient electron shuttle; however, the mechanism is unknown. If the electron withdrawing
substituents are replaced with one or two equally electron-deficient Sn atoms, the chances to
deploy additional electron density to the Sn backbone could result in stronger Sn-Sn bonds.
This would, in turn, possibly make the Sn-Sn bonds less susceptible to undergo cleavage in the

presence of nucleophiles such as H20.4%-38:60

Results & Discussion

2.1.1 Synthesis of Model Stannyl Precursors and Dihydrides
Compound 1 (Chapter 1) was prepared by the hydrostannylation reaction of allyl alcohol

with Ph3SnH in the presence of azobisisobutyronitrile (AIBN), and after washing the resulting
solids with hexanes, isolated as a white powder.>* Compound 1 was then brought through a
series of stepwise chlorinations to convert to compound 11 using 1.0 M HCI/Et20 in CeHs for
1 h. The crude product was washed with hexane (3 x 20 mL) to give a pale-yellow solid in 72
% yield.”® NMR spectroscopic analysis of 11 ('H, '3C; CsDs) was fully consistent with the
expected structure. The '?Sn NMR (CDCls) resonance for 11 was slightly downfield (6 = -80.4
ppm) in comparison to that of 1 (6 = -99.0 ppm). Compound 12 was synthesized through a
standard hydrogenation with LiAlH4 in Et2O at 0 °C for 2 h, after which the reaction was
quenched with degassed cold distilled water. The desired compound was isolated in 92 % yield
as a pale-yellow translucent gel (Scheme 9). NMR ('H, '*C, CsDs) spectroscopic analysis of 12
was consistent with the expected structure, including the large ''”''”Sn—H satellite coupling
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resonances ('Ji1osn-1n = 1841 and 'Ji17sn-1n = 1926 Hz, respectively) centered on the hydride
signal (6u= 5.51 ppm). The ''”Sn NMR spectrum of 12 displayed a single resonance at & = -
214.9 ppm, typical for other known tin dihydrides. The hydride species is quite thermally
sensitive compare to Ph3SnH. It must be stored in the dark at -30 °C and could be kept in this

way for 1-2 d without substantial decomposition.

OH OH OH

Sn Cl-Sn-CIl ——————» H-Sn-H

CeHe Et,0
<AL ¢ LN e

1 11 12

19gn 5 =-99 ppm =-215 ppm

@Q @ Héi?lsﬂo Q LiAIH, Q

119 § = -80 ppm 11990 &
Scheme 9. Preparation of functional stannane monomers 11 and 12 via 1.

Compound 2 was prepared following the conditions given by Yoshida et. 4/, as
previously described.>®> Chlorination of 2 with HCI to give 13 proceeded in a single step and in
a nearly quantitative yield. Conversion of the tosylated dichlorido tin compound 13 to the
dihydride 14 was carried out with NaBH4 in EtOH and isolated after workup (refer to
experimental) in the form of a colourless liquid in 62 % yield. A milder hydride source NaBH4
was selected due to the sensitivity at the O-S position, whereas a strong hydride source such as
LiAlHs could easily cleave the O-S bond. The hydride resonance of 13 (du= 5.31 ppm) was
found slightly upfield in comparison to 11, with the ''”''?Sn—H coupling constants ('J119sn-111 =

1764 and 'J117sn-11 = 1852 Hz, respectively), smaller by about 70-80 Hz (Scheme 10).
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Scheme 10. Preparation of tosylate stannane monomers 12 and 13 via 2.

A Williamson-Ether like synthesis was conducted by reacting 2 with K2COs as the base
and thioacetic acid as the nucleophile in reflux for 2 h (Scheme 11). The reaction transformed
from a clear solution to a viscous brown gel product 15 that was further purified by extraction
using DCM in a 39 % yield. The 'H, *C, '°Sn, 2D-HSQC NMR (CDCl3) and HRMS confirmed
the expected compound structure. The '"?Sn NMR resonance of compound 15 is similar to

other alkyl stannyl species such as compound 1 and 2 (6 =-99.2 and -99.7 ppm).

0
0=S=0
3 0 T
)LSH
K,CO;
OA-0) — O
Acetone
@ reflux, 2 h @

2 15

1198n 5= -99 ppm 1198n 5= -101 ppm

Scheme 11. Williamson-Ether like preparation of compound 15.

Compound 16 was synthesized under a similar condition as 15 by reacting 1 with 25 %
w/v solution of sodium methoxide in MeOH for 2 h in refluxing acetonitrile (Scheme 12). Initial
reaction attempts with K2CO3 (base) and MeOH (reagent) were unsuccessful and likely a result

of insufficient basicity to deprotonate MeOH. Other reaction attempts used NaOMe in a MeOH
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solution but carried out in acetone which resulted only in the recovery of starting material. Since
the NaOMe should be strong enough to deprotonate the MeOH, it is believed that acetone was
being deprotonated before MeOH, leading to the formation of an aldol product (determined
through NMR). Compound 16 was initially isolated in a 10 % yield after work up and was
improved to 29 % yield by shortening the reaction time from 24 h to 2 h. The reaction was
observed to fully convert after 1 h based an aliquot sample mid reaction. Due to time constraints,
the reaction was not further optimized. The 'H, *C, '?Sn, 2D-HSQC NMR (CDCl3) and HRMS
revealed the compound structure. The ''”Sn of compound 16 is at § = -100.0 ppm, similar to
other propyl triphenyl stannanes 1 and 2. The propylmethoxy triphenyl stannane 16, the

monochloro 17 and dichloro 18 species were analyzed by single X-ray crystal diffraction.

25 % wiv Q 1.0M Q
NaOMe/MeOH @s@ __HCUEther _ c._Sn@ & Cl-sn-Cl
ACN CeHs

reflux, 2 h @ rt,1h @

2 16 17 18

=-99 ppm 119g & =-100 ppm 1980 5 =-80 ppm 1og 5 = -81 ppm

119 &

Scheme 12. Synthesis of 16 and chlorination of 17 and 18 via 2.

2.2.1 NMR Characterizations of Monomeric Stannyl Precursors and Dihydrides

All the triphenylalkyl tin compounds (1, 2, 15 and 16) display a ''?Sn NMR (CDCls)
resonance typically near 6 = -100 ppm. The mono- and di-chloro species (11, 13, 19 and 20)
are deshielded by the halide ligand(s). For example, using compound 11, the ''’Sn shifted from
0 =-99 ppm (compound 1) to -80 ppm. From the solution NMR data, it reveals a small 3c-4e”
hypercoordinate effect at the tin center where electron density is being drawn by one of the

halide ligands.
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NMR spectroscopic analysis of the dihydride 12 includes large ''7!'"Sn-H satellite
coupling resonances ('Ji19sn-11 = 1841 and 'Ji17sn-1n = 1926 Hz, respectively) centered on the
hydride signal (6u=5.51 ppm). The "”Sn (CsDs) NMR spectrum of 12 displays a single upfield
resonance at 0 = -214.9 ppm, typical for tin dihydrides. In addition, in comparison to the
dichloro species 11, the ''Sn resonance for 12 is upfield, and absent of a hypercoordination.
Unfortunately, single crystal analysis of hydrides and dihydrides are rare thus prove difficult
confirm the 4-coordinate geometry of these species. The hydride resonance of 14 (du= 5.31
ppm) was found also upfield in comparison to 11, with the ''”'°Sn—H couplings ('J119sn-11 =

1764 and 'J117sn-11 = 1852 Hz, respectively) (Figure 29).

-

e
T ——
e ——

|2.043
3.099 ——

1.94=
»

12.034¢
1.46
12.00==

=4
o

~40.3

5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 1.5 3.0 25
f1 {ppm)

Figure 29. Dihydride resonances and the ''”/''”Sn—H satellites of compound 14 (circle in red).

2.3.1 Single Crystal X-ray Analysis of Tin Precursors

The geometry of compound 11 was revealed by single crystal X-ray diffraction (Figure
30). The 3c—4e” bonding motif between the tin, chlorine, and oxygen atoms can be discerned
from the molecular configuration. The propyl oxygen atom was found in a position strongly
suggesting dative bonding to the Sn center, with a notably shorter bond distance (2.40 A). This
is much shorter than other five-coordinate Sn species with a dative oxygen interaction (see
Chapter 1). For instance the Sn-O bond length of 2.729 A was found in the dichlorostannane
compound 5 while Pannell ez. al. observed a Sn-O bond length of 2.898 A for the (0-MeO-

CsH4)CH2SnCl2 species.’® The Sn---O bond length of 11 was about 17 % larger than those
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reported for tin complexes (2.05-2.14 A) with truly covalent Sn-O bonds. In the
hypercoordinated geometry of 10, the axial Sn-Cl bond is notably elongated in comparison to

the equatorial Sn-C1 bond (~0.09 A).

Figure 30. ORTEP representation of 11 found in the unit cell and selected bond lengths [A]
and angles [°]. Thermal ellipsoids drawn at the 30% level. Sn---O 2.400(3), Sn-Cl1 2.3766(14),
Sn-ClI2 2.4509(12), CI1-Sn-Cl12, 94.20(5), C1-Sn-C4 143.79(18), O---Sn-CI2 173.88(9).

For compound 13, a hypercoordinate interaction was clearly absent with the Sn---O
distance of approximately 5.4 A. The lack of an intramolecular dative interaction is likely
related to the electron-withdrawing strength of the tosyl group. There was no evidence of
intermolecular interactions of the propyl oxygen with neighboring tin centers in the unit cell,
but one of the tosyl oxygen atoms (O3) was oriented towards the Sn center of another molecule
of 13 with an Sn---O distance of 2.776 A and a O3---Sn-Clz angle of 176.3°. However, the
geometry of the Sn center and near equivalence of the Sn-Cl bond lengths suggest a relatively

weak intermolecular interaction without substantial hypercoordinate character (Figure 31).
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Figure 31. ORTEP representation of 13 found in the unit cell and selected bond lengths [A]
and angles [°]. Thermal ellipsoids drawn at the 30% level. Sn---O 5.418(3), Sn-CI1 2.3660(6),
Sn-ClI2 2.3776(6), C11-Sn-CI2, 98.73(2), C1-Sn-C7 138.24(8), O1---S1-C10 105.88(9).

For compound 16, the structure assumes a mildly distorted tetrahedral geometry where
bond angles should be around 109.5°, rather than a hypercoordinated trigonal bipyramidal one.
The Sn(1)-O(1) distance was calculated at 3.030(1) A. This falls within the Van der Waals radii
for Sn and O of 3.69 A and exceeds the length of the typical Sn-O covalent bond length (2.05

A) (Figure 32).
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Figure 32. ORTEP representation of 16 found in the unit cell and selected bond lengths [A]
and angles [°]. Thermal ellipsoids drawn at the 30% level. Sn(1)-O(1) 3.030(1), Sn(1)-C(17)
2.145(2), Sn(1)-C(1) 2.148(2), Sn(1)-C(5) 2.148(2), Sn(1)-C(11) 2.160(2), C(17)-Sn(1)-C(1)
117.24(8), C(1)-Sn(1)-C(11) 104.78(8), C(1)-Sn(1)-C(5) 113.41(8), C(17)-Sn(1)-C(5)
107.30(8), C(1)-Sn(1)-C(11) 104.78(8), C(5)-Sn(1)-C(11) 105.71(8).
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For crystal structure 17 (monochloride), it revealed a change in geometry from the
tetrahedral triphenyl (compound 16) to a distorted trigonal bipyramidal structure. A dative
bonding interaction between Sn(1) and O(1) is responsible for the trigonal bipyramidal
geometry. This is further supported by the bond angles changes which have shifted from being

near 109.5° to being closer to 120° or 90°, as expected for trigonal bipyramidal.

RVAN

Figure 33. ORTEP representation of 17 found in the unit cell and selected bond lengths [A]
and angles [°]. Thermal ellipsoids drawn at the 30% level. Sn(1)-O(1) 2.518(3), Sn(1)-C(11)
2.140(3), Sn(1)-C(5) 2.144(3), Sn(1)-C(1) 2.144(3), Sn(1)-CI(1) 2.453(4), C(11)-Sn(1)-C(5)
118.80(12), C(11)-Sn(1)-C(1) 114.90(13), C(5)-Sn(1)-C(1) 122.03(13), CI(1)-Sn(1)-O(1)
172.57(8), C(11)-Sn(1)-O(1) 88.00(10), C(5)-Sn(1)-O(1) 87.93(13).

The crystal structure of 18 (dichloride) reveals the presence of five unique conformers
within the crystal structure. Furthermore, extensive dative bonding was visible in the structure

which adopts a trigonal bipyramidal geometry (Figure 34).

Figure 34. ORTEP representation of 18 found in the unit cell and selected bond lengths [A]
and angles [°]. Thermal ellipsoids drawn at the 30% level. Sn(1A)-O(1A) 2.441(5), Sn(1B)-
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O(1B) 2.437(5), Sn(1C)-O(1C) 2.464(5), Sn(1D)-O(1D) 2.438(5), Sn(1E)-O(1E) 2.443(5),
C(5)-Sn(1)-C(1) 141.6(5), CI(1)-Sn(1)-Cl(2) 96.8(6), C(5)-Sn(1)-O(1) 86.5(4), C(1)-Sn(1)-
0(1) 75.2(2), CI(1)-Sn(1)-O(1) 87.08(53), C1(2)-Sn(1)-O(1) 173.34(53).

2.4.1 Polymerisations and Substitution Trials

Homopolymers 19 and 20 were prepared by dehydropolymerisation reactions of 12
(hydroxide) and 14 (tosylate) involving the application of Wilkinson’s catalyst in toluene at RT
for 4 h (Scheme 13). Volatiles were thereafter removed in vacuo and the crude materials of 19
or 20 were then dissolved in a minimal volume of THF (~5 mL) and added slowly, dropwise,
to 50 mL of a stirring cold hexanes. The resulting yellow coloured solids that formed were
recovered by decanting, and after drying in vacuo, yellow powders of purified 19 or 20 were

recovered in 78 % and 63 % yields, respectively.

R R
4 mol% Rl
RhCI(Ph
H-sn-H —nClPhs)s {»Sn]L
Tol. rt n
4h
12: R= OH 19: R = OH
14: R=0Ts 20:R=0Ts
In CgDg: In THF-dg:
Polymer 19 1198n = -113, -176 ppm  Polymer 19 1'98n = -108 ppm
Polymer 20 19sn = -206 ppm Polymer 20 98n = -199 ppm

Scheme 13. Transition-metal-catalyzed dehydropolymerisation of tin dihydrides 12 and 14.

OH Polymer 19 OTs Polymer 20

Figure 35. Physical appearance and colour of polymers 19 and 20.
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An attempt to substitute tosylate homopolymer 21 was carried out following similar Sx2
conditions used to synthesize compound 15 (Scheme 14). As mentioned earlier in the model
stannanes, the solvent was switched to acetonitrile to improve solubility of the substituted
polymer 20. The reaction was carried out under N2 and wrapped with tin foil to prevent any
light degradation. The crude was then dried in vacuo and dissolved in THF (~5 mL) and
precipitated in 10-fold excess of cold hexanes. A noticeable colour change was observed for
the potential thioester homopolymer 21. The tosyl homopolymer was orange (Figure 35),
polymer 21 became dark yellow colour in comparison and the strong odour of the thioacetic
acid was absent, suggesting the synthesis may have succeeded (Figure 36). Due to solubility
issues and lack of access to solid-state NMR, further characterizations have not been completed

at this time.

Hsh g

K,CO
Sn ——f——3—> Sn
n ACN n

Reflux
12h

16 21

Scheme 14. Synthesis of polymer 21.

Figure 36. Presumed crosslinked thioester homopolymer 21.
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2.5.1 Characterization of Flexible Tosylate and Hydroxide Polystannanes

The '"H NMR spectroscopic (CsDs) analysis of 15 showed surprisingly well-resolved
resonances for the aromatic and alkyl portions of the polymer; by contrast the 'H NMR signals
of purified 20 were notably broad. Interestingly, the "?Sn NMR spectrum of 19 in CsDe
displayed two nearly equal intensity resonances (6 =-113.4 ppm and -176.0 ppm) (Figure 45b).
This is attributed to the presence of both an open (lower field) configuration, and a closed
(higher field) motif in which the OH group is datively bound to the tin, making it formally five-
coordinate, similar to the azopolystannanes described in Chapter 1.

Interestingly, only a single sharp downfield resonance at -108 ppm was observed for
polymer 19 when the NMR spectrum was recorded in THF-ds (Figure 37a). The !'”Sn NMR
spectra of 20 (Figure 37c, d) in either THF-ds or C¢Ds were similar and a broad resonance
centered near -202 ppm, which is typical of chemical shifts of other polystannanes propyloxy
linkages.>® The differences between the '?Sn NMR spectra in CsDs and THF-ds are consistent
with the relative coordinating ability of the related nondeuterated solvents as described by
Alvarez et. al.®® The THF-ds solvent likely overwhelms and displaces the intramolecular
hypercoordinate bonding in the polymer, so that all propyloxy ligands lie in the open position
of polymer 19. However, for polymer 20 there is essentially no change beside in the NMR shift
even using different deuterated solvents. One observation is that polymer 20 remain in the
“open” conformation under any circumstances due to the presents of the strong withdrawing

OTs group. The '"”Sn NMR chemical shifts for stannanes of this study are listed in Table 4.
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Figure 37. '"?Sn NMR spectra of 19 and 20.

Table 4. !'”Sn NMR data for all compounds in Chapter 2.

Compounds 119Gp (CDCLs) (ppm) | 11°Sn (CgDg) (ppm) | 11°Sn (ds-THF) (ppm)
1,2,17,18 -99, -99, -101, -100 na n/a
11,13,19,20 -80, -30, -80, -81 n/a n/a
12, 14 n/a -215, -216 n/a
15 n‘a -113 & -176 -108
16 na -206 -199

Figure 38 shows the absolute molecular weight (by GPC) for 19 revealing a narrowly
dispersed, modest molecular weight polymer [42 kDa, polydispersity index (PDI) 1.16]. A
lower molecular weight was found for the tosylate polymer 20 (31 kDa, PDI 1.20). In later

attempts and optimizations of polymer 19, there were a few trials the Mw reached >60 kDa.
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Figure 38. GPC chromatogram (refractive index, THF) of polystannanes 19 and 20.

Thermal analysis of 19 and 20 was conducted by differential scanning calorimetry
(DSC). Compound 19 was subjected to three consecutive heating/cooling cycles and showed
no evidence of decomposition below 200 °C. A weak, reversible glass transition temperature
(Tg) was detected at 49.3 °C and a strong reversible melting temperature (Tm) was observed at
110.1 °C (Figure 39). These results suggest a semi-crystalline nature for polymer 19. In the case
of 20, only a weak T (65.9 °C) was detected and is more typical of amorphous polymers (refer

to supplementary Figure S64.

16 | Heating T =110.1 °C

15 | Exo L HO
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13
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Figure 39. DSC thermogram for homopolymer 19.
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The morphology of polystannanes is of great interest due to the impact that
hypercoordination in the solid state may have on the degree of crystallinity and conjugation in
the backbone. The supposed semi-crystalline polymer 19 was found to be both air and moisture
stable. Analysis of the polymer morphology of 19 by power X-ray diffraction (PXRD) without
prior annealing, suggested some level of order, revealed by two broad peaks centered at
scattering angle 20 values of 7.1° and 19.7° (Figure 40). This corresponds to possible interchain
d-spacings of 4.51 A and 12.5 A, respectively. The larger d-spacing is like that reported earlier
by Caseri and co-workers (11.2-13.2 A).%2 Further work to explore the nature of these d-

spacings is ongoing.
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2004

40 60 80
2-theta (deq)

Figure 40. The PXRD diffractogram of polymer 19.

2.6.1 Film Casting and Stability Tests

Polymer 19 has proven to be the most accessible and processable light and moisture
stable polystannnes thus far. The tight intramolecular packing of the O—H bonds along with the
partial hypercoordination present in 19 demonstrates the potential for this polymer to be

conductive and thermally stable.
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Two different approachs to film casting were attempted; spin coating and drop casting.
For spin coating, the dissolved polymer (10 % w/v in THF) were spin coated onto a thin glass
slide using a spin coater (Figure 41). However, the spin coating technique did not provide a
homogeneous layer thickness. In addition, a considerable loss of materials during the spin
operation occurred. Nonetheless, a thin transparent polymer layer was deposited on glass.

For drop casting, the result is more promising. A 40 kDa polymer was simply dissolved
(10 % w/v in THF) and then slowly dropcast onto a Teflon plate and left to slowly air dry.
However, the dried material was slightly brittle, but nearly film forming. A higher Mw polymer

of 19 (>60 kDa) will likely give a better result. This process is still on going.

3

Figure 41. Physical results showing two different techniques that were used to film cast
polymer 19 (10 % w/v in THF) a) Left: spin coating b) Right: drop casting.

Conclusion

The asymmetrical polystannane macromolecular intermediate 19 was prepared from the
transition-metal-catalyzed dehydropolymerisation of dihydrido 12 in 78 % yield.
Characterization of 19 by !”Sn NMR spectroscopy in CsDs revealed the presence of two equal
intensity resonances at 0 = -113 ppm and -176 ppm attributed to hypercoordinated and non-
hypercoordinated Sn---O interactions along the polymer backbone. GPC analysis confirmed a
narrowly dispersed high molecular weight polymer. Further analysis by DSC and PXRD
revealed the semi-crystalline nature of 19. Polymer 19 showed no evidence of decomposition

after exposure to both ambient light and moist air for >6 months. Polymer 20 bearing a tosyl
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substituent was also prepared by dehydropolymerisation and could become an important
macromolecular intermediate to several stable, asymmetrical polystannanes. Investigation of
the substitution chemistry of the tosyl macromolecular intermediate 2 was carried out in two
phases. In the first phase, the substitution of triphenyl tosyl stannane was successfully
established with two different nucleophiles, methoxide anion and thioacetate. In the second
phase, conversion of polymer 20 to the corresponding thioacetate, 21, yielded an insoluble,

likely cross-linked polystannane.
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CHAPTER 3 - Hypercoordinated Organotin (IV) Compounds and Polymers
Containing C,0- & C,N- Chelating Ligands
Abstract

Two monoorganotin dichlorides [2-(MeOCH2)CsH4]RSnCl2 (24: R = n-Bu; 25: R =Me)

were successfully prepared from the reaction of the organolithium, [2-(MeOCH2)CsH4]Li (23)
with the appropriate trichloroalkyl stannane. Similarly, two dimethylamino stannanes including
dichlorides [2-(Me2NCH2)CsH4]RSnCl2 (28: R = n-Bu; 29: R = Me) were prepared by reaction
of the appropriate trichlorostannane and the organolithium [2-(Me2NCH2)CsH4]Li (27).
Methoxylated and dimethylamino diorganotin dichlorides (24, 25, 28, 29) were reduced with
LiAlHs to produce new methoxylated [2-(MeOCH2)CsH4]RSnH2 (30: R = n-Bu; 31: R = Me)
and dimethylamino [2-(Me2NCH2)CsH4]RSnH> (32: R = n-Bu; 33: R = Me) dihydrides that are
relatively stable below -20 ‘C. Catalytic dehydrocoupling of C,0- (30) and C,N- (32)
diorganotin dihydrides was explored using Wilkinson’s catalyst at RT leading to the recovery
of modest molecular weight polymers (34: My = 3.03 x 10* Da, PDI = 1.4, 35: My =3.10 x 10*
Da, PDI = 1.86). The new rigid polymers were isolated in moderate (34: 65 %) and low yields

(35: 18 %) and were found to be amorphous by DSC analysis.

Introduction

3.0.1 Rigid Organotin (IV) compounds

Organotin (IV) compounds possessing a flexible or rigid chelating organic ligand with
O or N donor atoms capable of coordination interactions have been extensively investigated
both in solution and in the solid state.’” A common feature of these hypercoordinated species
is the expansion in the coordination sphere of tin centers facilitated by additional intra- or
intermolecular coordination interactions. In recent years, research interest in hypercoordinate

57,63

derivatives of silicon,’”®germanium®® and tin® with non-classical chemical bonds has

increased largely due to their unusual structural properties and in the case of tin, their potential
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suitability as polymerisable monomers. The resulting hypercoordinated metallopolymers are
proposed to be stable towards light and moisture.'*

Hypervalent halogenated organotin derivatives that possess the C,N-chelating ligand,
[2-(Me2NCH2)CsHa]-, were first reported by van Koten and characterized by NMR ('H, *C,
5N, "Sn) spectroscopy and single-crystal X-ray diffraction studies.® The donor-acceptor
interaction in hypercoordinated halogenated tin species of this type has shown and proven by
other researchers. Consequently, as the Sn-N distance decreases in a hypervalent halogenated
organotin derivative, the Sn-X (X =F, Cl, Br, I) bond typically elongates.>®

The current study is focused on the syntheses and characterization of new and known
rigid C,0- and C,N- tetraorganotins, tin dichlorides and dihydrides (Figure 42). Finally, a
preliminary assessment of the polymerisation behaviour of hypercoordinated C,O- and C,N- tin
dichlorides via hypercoordinated C,0- and C,N- tin dihydrides by metal-catalyzed

dehydrocoupling is also described. All compounds were fully characterized under 'H, *C and

19Sn NMR.
J o T/ ?/ ?/
dBr @iu Sn“cI Sn‘H Sn’
¢I'R H R Bu a
22 23 R= n-Bu (24), Me (25) R = n-Bu (30), Me (31) 34
N / / / /
\ N\ rI — rr - T -
Cra T Chid Ot O
¢I'R HR Bu .
26 27 R= n-Bu (28), Me (29) R = n-Bu (32), Me (33) 35

Figure 42. List of stannane compounds used in this study.
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Results and Discussion

3.1.1 Synthesis of C,0- and C,N- Chelated Organotin Dichlorides and Dihydrides
Precursors

Compound 22 was synthesized through a typical Sn2 reaction using sodium methoxide
(NaOCH3) in MeOH as a base and nucleophile. It was reacted with 2-bromobenzylbromide in
a 1 to 1 ratio. The reaction was purified with extraction and a pure 84-90 % yield colourless oil
was obtained. Similar to 22, the C,N- analog 26 was prepared in high yield (88 %) and purity
by heating 2-bromobenzylbromide with a large excess (7.5 eq.) of HNMez. The product was
recovered by an initial extraction with 3 M HCI, followed by neutralization with 20 % NaOH
and finally isolated from DCM. The pure product was obtained as yellow oil. This procedure
was found to be superior with respect to a previously reported routes to these materials (Scheme
15).¢

Br J
5h
22

N

Br
N
dm 7.5 eqv. HNMe; Br
DCM, reflux
7h
26

Scheme 15. The reaction conditions of the two different types of precursors ligand C,O- (Top)
and C,N- (Bottom).

Compounds 22 and 26 undergo lithiation using 1.6 M n-BuLi in hexanes using a
EtOAc/liquid N2 -78 °C bath to afford a lithiated solution of 23 or 27. Both compounds were
used in situ and not isolated due to its pyrophoric nature. Both are shock sensitive and can
ignite. Therefore, the solution of 23 or 27 was transferred in situ and reacted two different
RSnCl3 (R = n-Bu and Me) as a transmetalation reaction, isolating LiCl as a byproduct. All four

transmetalations reactions were done at 0 °C and allowed to stir overnight. The reaction solution
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was then pumped down in vacuo and dissolved in minimun amount of toluene to precipitate the
byproduct LiCl. The salt was then filtered, and the remaining toluene solution was layered with
hot hexanes, and decanted slowly until the top layer appeared to be clear. The methoxy
dichlorides 24 and 25 were obtained as brown oils. Whereas the amino compounds 28 and 29

were obtained as white crystalline powders (Scheme 16).

R
n.BuSnCl, d S¢ ¢ [R=OMe| 24
N
Et,0 ~ci

< . 0°C -W 28
. Overnight
1.6 M n-BulLi .
—_—
Br hexanes/Et,0 L
R = -78 °C
= Qe (323) 2h 23 or 27 R 25
2 MeSnC|3 S¢n"\\\CI
"o [FEN 2
0°c
Overnight
R = OMe
24 25
119gn 3: -61 ppm 119 5: -54 ppm
Yield: 81 % Yield: 90 %
R = NMe,
28 29
119 5: -104 ppm  119gp 5: -96 ppm
Yield: 73 % Yield: 70 %

Scheme 16. Synthesis of 22-29.

All four dichlorides (24, 25, 28, 29) were hydrogenated by reaction with LiAlH4in Et2O.
The reactions were quenched with degassed distilled water, extracted and organic layer was
kept and dried in vacuo (Scheme 17). All four dichlorides could likewise convert to dihydrides
using NaBH4 in EtOH as a source. The reaction time was shorter comparing to LiAlH4 which
was typically about 2 h. For the work up, degassed dry hexanes was first added into the reaction
then followed by addition of degassed distilled water to quench the reaction. The organic layer
retains will then hold the dihydride product, which was dried in vacuo. Comparing the reactivity

of LiAlH4 and NaBHa4, the latter is much mild. Although, the reaction took 1 to 1.5 h less time
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than the NaBHa4, this method was not selected due to the percent yields differences. The NaBH4

reactions are about 10 % yield lower comparing to LiAlHa.

LiAIH,
E Et,0,3 h,0°C E
U L ! H
Sn* ‘ Sn'
R Cl = R “H
NaBH,
EtOH, 1 h, 0°C
E = OMe; R = N-Bu (24), Me (25) E = OMe; R = "By (30), Me (31)
E = NMe,; R = N-Bu (28), Me (29) E = NMe,; R = N-Bu (32), Me (33)

Scheme 17. Two different pathways to synthesize chelated dihydrides 30-33.

3.2.1 NMR Characterization of C,0- and C,N- Chelated Organotin Dichlorides and
Dihydrides Precursors

The '"”Sn NMR (CDCI;3) analysis showed a single resonance for 24 (8 = -61.0 ppm),
25 (6 =-54 ppm), 28 (6 =-104 ppm) and 29 (5 = -96 ppm). All four dichlorides follow the trend
shifting downfield with halogen as ligands. Table 5 show that both C,O- analogue 24 and 285,
is a weaker donor to the Sn center compare to C,N- 28 and 29. The stronger donor NMe:z gave

the tin resonances more upfield at around -100 ppm.

Table 5. The !'”Sn NMR (CDCl3) shifts of dichlorides 24, 25, 28 and 29.

Compounds (OMe) | 11°Sn (3) ppm | Compounds (NMe;) | 11°Sn (3) ppm

24 -61 28 -104

25 -54 29 -96

The 'H NMR spectrum of 30 (Figure 43) reveals distinctly large ''”''7Sn-H coupling
constants for the hydride signals. The ''"?Sn NMR chemical shifts for 30 and 31 are shifted
upfield compared to four coordinate tin dihydride analogues without chelating donor atoms. By
comparing to 32 and 33, the C,N- analogue also shows the same trend with the dichlorides

shifting more upfield with stronger donor to C,O-.
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C,N- containing tin dihydrides 32 and 33 possess a downfield 'H NMR (CsDs) resonance
(0 = 5.62 ppm and & = 5.73 ppm) compared to tetracoordinated stannyl dihydrides ((n-
Bu)2SnHz: § = 4.78 ppm and Me2SnHa: & = 4.46 ppm).>>%” Another characteristic of the
hypervalent amine diorganotin hydrides is that the 'Ji19sn-111 coupling constants for 32 (1760
Hz) and 33 (1824 Hz) are slightly larger than those observed for tetrahedral coordinated
diorganotin hydride analogues ((n-Bu):SnHz = 1675 Hz, Me2SnHz = 1758 Hz). The ''°Sn
chemical shifts of trigonal bipyramidal 32 and 33 stannanes are significantly more shielded
compared to their structurally closest tetrahedrally coordinated analogs and are consistent with

other reported chelating amino diorganotin dihydrides (Table 6).%

& "H ppm (Sn-H)
*=Men1rsaan |

0.89
1.7%
1.02
{ P S
2.14
3,00
- | 250

Figure 43. "H NMR (CsDs) spectrum of 30.

Table 6. The !'”Sn NMR (Ce¢D) shifts of dihydrides 30-33.

Compounds (OMe) | 19Sn (3) ppm | Compounds (NMe,) | 11°Sn (3) ppm

30 -210 32 -218

31 -223 33 -236
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3.3.1 Single Crystal X-ray Analysis of C,N- Chelated Organotin Dichlorides

Compound 29 was crystallized by a previous PhD graduate, Aman A. Khan, from a
CH2Clz2/hexanes (1:1) solution via slow evaporation and the molecular structure obtained by
single crystal XRD (Figure 44). The geometry at the Sn center is distorted trigonal bipyramidal.
A significant N—Sn intramolecular interaction is revealed by the short Sn-N distance

(2.4082(13) A). The N(1)-Sn(1)-Cl(2) bond angle is slightly distorted at 173.00 (3)°

I
/’\ . o
\ v

Figure 44. Molecular structure of 29. Selected interatomic distances [AJand angles [°]: Sn(1)-
C(10) 2.1146(15), Sn(1)-C(1) 2.1156(15), Sn(1)-CI(1) 2.3764(4), Sn(1)-N(1) 2.4082(13),
Sn(1)-Cl1(2) 2.4696(4), C(10)-Sn(1)-CI(1) 111.39(5), C(1)-Sn(1)-Cl(1) 107.80(4), C(10)-Sn(1)-
N(1) 92.46(6), C(1)-Sn(1)-N(1) 76.60(5), CI(1)-Sn(1)-N(1) 88.33(3), C(10)-Sn(1)-Cl(2)
93.30(5), C(1)-Sn(1)-C1(2) 96.42(4), CI(1)-Sn(1)-C1(2) 93.273(15), N(1)-Sn(1)-Cl(2)
173.00(3).

3.4.1 Polymerisation of C,0- and C, V- Chelated Organotin Dihydrides
Dehydrocoupling of the hypercoordinated compounds 30 and 32 was attempted using

Wilkinson’s catalyst. The C,0- and C,N- dihydride butyl monomers were selected to ensure
good solubility and processability of any resulting polymer. Polymerisation conditions like
those used previously for flexible stannanes in Chapters 1 and 2 were employed for the more
rigid C,0- and C,N- stannanes. The polymerisations were carried out at RT in the absence of
light in foil wrapped Schlenk flasks with 10 mL of degassed toluene containing 4 mol % of the
Wilkinson’s catalyst to which the monomer in the same solvent (6 mL) was slowly added and

stirred for 4 h (Scheme 18).
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Scheme 18. Synthesis of rigid polystannanes 34 and 35.

3.5.1 Characterizations of C,0- and C,N- Chelated Rigid Polystannanes

A yellow coloured polymer 34 was recovered from the dehydrocoupling of 30 in good
yield (65 %), while a much darker yellow coloured polymer 35 was recovered from the
polymerisation 32 in poor yield (18 %). After several attempts, only modest molecular weights
were obtained for both rigid polymers (34: Mw = 3.03 x 10* Da, PDI = 1.4, 35: My = 3.10 x 10*
Da, PDI = 1.86). The degree of polymerisation is approximately 100 monomer units for 34 and
70 for 35 (Figure 45). However, trace oligomers of 35 were still observed within the polymer

even after several purifications.
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Figure 45. GPC of 34 and 35. Refractive index (R.I.) trace shown for clarity.

Analysis by 'H and '*C NMR spectroscopy confirmed the expected polymer structures.

The '"”Sn NMR spectroscopic evaluations of both compounds in two different deuterated
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solvents (C¢Ds and THF-ds) reveals structural details (studies in Chapter 2).° Figure 46
(bottom) shows the presence of two resonances for 34, with one substantially downfield (6 = -
49 ppm) and the other shifted 150 ppm upfield. When 34 was run in THF-ds (Figure 46 middle),
a known coordinating solvent, only a single resonance at 5 = -44 ppm was observed. This would
suggest that large excess of THF molecules were effectively displacing the Sn-O dative
interaction of the chelating ligand, causing the complex to be effectively in an “open” position.
When the THF-ds was removed from the solvent and redissolved in CsDs, (Figure 46 top) the
sample did not return to its initial closed position, and no resonance at 6 = -199.3 ppm was

detected.
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Figure 46. ''’Sn NMR of 34 in two different solvents: bottom CsDs, middle THF-ds, and THF-
ds sample dried and redispersed in CeDes.

When the same set of experiments were carried out for polymer 35, only one upfield
resonance at -149 ppm in CsDes was observed (Figure 47 bottom), while the same sample in

THF-ds (Figure 47 mid) showed two clear resonances similar to 34, but with only a partial
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redistribution from the upfield “closed” resonance to the “open” downfield resonance. When
the THF-ds sample was resuspended in C¢Ds, and unlike polymer 34 (Figure 47 top) all of the
“open” structural isomers returned to the “closed” state. This is good evidence that the NMe2
functionality of 35 are more strongly donating and coordinating to Sn than the OMe
functionality of 34. This also suggests that the ability of these rigid dihydride monomers to
undergo dehydrocoupling may be impacted by the strength of these dative interactions, which

lead to low yields in the case of 32.
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Figure 47. '?Sn NMR of 35 in two different solvents: bottom CsDs, middle THF-ds, and THF-
ds sample dried and redispersed in CeDe.

A DSC study of 34 and 35 revealed the two polymers to have amorphous character
absent of any crystalline behaviour. As shown in Figures S98 and S99, nearly identical Tg’s

near 11.5 °C were recorded. The polymers showed no thermal behaviour changes when
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annealed prior to running or after multiple scans. Unfortunately, at these low molecular

weights, no polymer film could be prepared.

Conclusion

A series of known C,0- and C,N- rigid small molecule stannanes were prepared and
characterized. Polymerisation of C,0- and C,N- dihydrides 30 and 32 using Wilkinson’s
catalyst has led to the first examples of modest molecular weight rigidly hypercoordinated
polystannanes 34 and 35 respectively. Polymer characterization by DSC of 34 and 35 display
relatively low Tgs, amorphous polymers. The polymers appear to be indefinitely stable to both
air and moisture. If higher molecular weights are obtained through improved catalyst selection
and polymerisation conditions, these rigid hypercoordinated polystannanes may be good

candidates for polymeric wires.
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EXPERIMENTAL

Material and Methods: Syntheses were carried out using standard Schlenk and glovebox
protocols. 'TH NMR (400 MHz), *C{'H} NMR (100.6 MHz), and '"°Sn{'H} NMR (79.5 MHz)
spectra for small molecules were recorded on a Bruker Avance 400 MHz NMR spectrometer
with a 5 mm broad band fluorine observation (BBFO) direct probe. A 'H pulse width of 308
was used, acquiring a spectral window of 8223 Hz (20 ppm) using relaxation delay of 1 s,
acquisition time of 3.98 s, and acquiring 32000 points (16 scans). The 'H 908 pulse width was
10.4 us. A 3C pulse width of '"H 308 pulse width was used acquiring a spectral window of
24038 Hz (239 ppm) using relaxation delay of 2 s, acquisition time of 1.36 s, and acquiring
32000 points (4096 scans). The *C 908 pulse width was 8.7 ps. A ''?Sn 308 pulse width of
was 8.75 us, acquiring a spectral window of 100000 Hz (670 ppm), using a relaxation delay of
1 s, acquisition time of 0.33 s, and acquiring 32000 points (15360 scans) with inverse gated
proton decoupling. 'H and '3C resonances were referenced internally to the deuterated solvent
signals. All chemical shifts are given in ¢ (ppm) relative to the solvent and assigned to atoms.
All J coupling values are reported as absolute values. Additional 1D *C and ''’Sn NMR data
for polymers were acquired at the CSICOMP NMR facility at the University of Toronto. 1D
3C NMR spectra were acquired using an Agilent DD2 spectrometer [#('3C); 125.653 MHz,
n(*H); 499.663 MHz] equipped with either a 5 mm XSens '*C-sensitive cold probe (Agilent
Technologies, Inc., Santa Clara, USA). The 1D '3C{'H} NMR spectra were acquired with a
standard CARBON pulse sequence at 25 °C, over a 30487.8 Hz spectral window with a 308
pulse width, 121952 points, a 0.2 s recycle delay, and 3200 transients. 1D ''°Sn spectra were
acquired using an Agilent DD2 spectrometer [n('!°Sn); 186.378 MHz, n('H); 499.875 MHz]
equipped with a OneNMR probe (Agilent Technologies, Inc., Santa Clara, USA). The 1D
1198n {'"H} NMR spectra were acquired with an s2pul pulse sequence at 25°C, over a 56818.2
Hz spectral window with a 458 pulse width, 113636 points, a 1.0 s recycle delay, and 5000

transients. Inverse gated proton decoupling was applied.

64



Elemental analysis was performed by Atlantic Microlab, Inc. of Norcross, GA, USA. Time-of-
flight MS analyses were performed using a JMS-T1000LC mass spectrometer (JEOL Inc.,
Peabody, MA, USA) equipped with a direct analysis in real time (DART) ionization source
(DART-SVP, lonsense Inc., Saugus, MA, USA) at the University of Toronto. The DART
source was operated with He gas, and the temperature was adjusted in the range 100—400 °C.
Isotopic distributions for the observed ionic species were calculated using the Mass Center
utility (JEOL) and were in good agreement with the measured mass spectra. All reagents and
solvents were obtained from Sigma—Aldrich and used as received. Column chromatography
was carried out on silica gel. Refractive index values were determined using TLC silica gel 60
aluminum-backed plates, eluting with the solvent system indicated below for each compound.
Melting points were measured in open air using a Fischer Scientific melting point apparatus.
Absolute molecular weights of polymers were determined by gel permeation chromatography
(GPC) using a Viscotek Triple Model 302 Detector system equipped with a Refractive Index
Detector (RI), a four-capillary differential viscometer (VISC) and a right angle (90°) laser light
scattering detector. GPC columns were calibrated versus polystyrene standards (American
Polymer Standards). A flow rate of 1.0 mL/min was used with ACS grade THF as eluent. GPC
sample were prepared using 10-15 mg of polymers per mL THF and filtered using a 0.45
micron filter. UV/Vis absorption spectroscopy was carried out using a PerkinElmer Lambda 40
UV/Vis system. The University of Toronto X-ray Crystallography Lab was used to obtain X-
ray structural information for compounds. Data was collected on a Bruker Kappa APEXDUO
diffractometer using monochromatic Mok, radiation (Bruker Triumph) and were measured
using a combination of ¢ scans and o scans. The data was processed using APEX2 and SAINT1
programs. Absorption corrections were carried out using SADABS software. The structures
were solved using SHELXT?2 and refined using SHELXL-20132 for full-matrix least-squares

refinement that was based on F2.
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Preparation of 3-(Triphenylstannyl) propan-1-ol 1
Prop-2-en-1-ol (0.80 mL, 13.70 mmol) was added to a clean, dry 50 mL Schlenk flask via

syringe. PhsSnH (1.46 g, 4.15 mmol) and 2 mol % AIBN (45.00 mg, 0.27 mmol) were added
to the allyl alcohol. The flask was evacuated, back filled with nitrogen and heated at 80-90 °C
for 3 h. A white coloured solid formed when the solution cooled. The crude sample of 1 was
washed with hexanes (3 x 10 mL) and the white coloured solid isolated by vacuum filtration.
Yield 99.0 %; (1.45 g). mp 105 °C. 'H NMR (400 MHz, CDCls, 6): 7.57-7.55 (m, 5H, H6),
7.38-7.37 (m, 10H, H7 & H8), 3.64 (t, *Ju.u= 6 Hz, 2H, H2), 2.01-1.94 (m, 2H, H3), 1.53-1.29
(m, 2H, H4) ppm; 3C{'H} NMR (100 MHz, CDCls, §): 139.1 (C5), 137.1 (C6), 128.9 (C8),
128.6 (C7), 65.7 (C2), 29.4 (C3), 6.7 (C4) ppm; ''Sn NMR (79.5 MHz, CDCl3, §): -99.2 ppm.

These data agree well with previous reports.>*

Preparation of 3-(Triphenylstannyl) propyl 4-methylbenzenesulfonate 2
Compound 1 (0.65 g, 1.59 mmol), p-toluenesulfonyl chloride (p-TsCl) (0.45 g, 2.38 mmol),

triethylamine (Et:N) (0.32 mL, 3.18 mmol) and trimethylamine hydrochloride (MesN<HCI)
(0.15 g, 1.59 mmol) were added to a dry, clean 50 mL round bottom flask containing DCM (=
20 mL) and stirred for 2 h. The solution was then extracted with water (3 x 20 mL). The organic
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extracts were dried over MgSOas and further dried in vacuo to obtain a transparent highly
viscous semisolid of 2. Yield 60 % (0.39 g). '"H NMR (400 MHz, CDCls, 6): 7.77-7.75 (m, 2H,
H8), 7.53-7.51 (m, 6H, H7), 7.41-7.39 (m, 9H, H6 & H11), 7.33- 7.31 (m, 2H, H5), 4.04 (t, *Ju-
u= 8 Hz, 2H, H4), 2.45 (s, 3H, H3), 2.07-1.99 (m, 2H, H2), 1.44-1.40 (m, 2H, H1) ppm;
BC{'H} NMR (100 MHz, CDCl;, d): 144.6 (C12), 137.9 (C9), 136.9 (C7), 133.1 (C10), 129.8
(C8), 129.1 (C6), 128.6 (C11), 127.8 (C5), 73.0 (C4), 26.0 (C2), 21.6 (C3), 5.8 (C1) ppm; '"?Sn

NMR (79.5 MHz, CDCls, 9): -99.7 ppm.

Preparation of (E)/(Z)-1-phenyl-2-(4-(3-triphenylstannyl-propoxy)phenyl)diazene 3
Compound 2 (0.70 g, 1.24 mmol) and 4-hydroxyazobenzene (0.25 g, 1.24 mmol) along with

K2COs (0.34 g, 2.49 mmol) were added in a 100 mL Schlenk flask containing acetone (= 50
mL) respectively. The solution was then heated to reflux temperature (90 °C) for 18 h in a
sealed flask and then allowed to cool. After the removal of solvent under reduced pressure, the
residue was extracted with Et2O (3 x 10 mL). The organic extracts were first dried over MgSOs,
and finally the solvent removed in vacuo to obtain an orange coloured solid. Compound 3 was
further purified by preparative column chromatography on silica gel eluted with 4:1 ratio of
hexanes/ethyl acetate. Yield 70 % (0.51 g); mp 104 °C. '"H NMR (400 MHz, CDCl3, §): 7.90-
7.86 (m, 4H, H9 & H10), 7.59-7.57 (m, 5H, HS), 7.56-7.53 (m, 3H, H7), 7.51-7.49 (m, 1H,
H6), 7.46-7.37 (m, 10H, H15 & H5), 6.90-6.87 (m, 2H, H4), 4.04 (t, *Ju.u = 6 Hz, 2H, H3),

2.29-2.22 (m, 2H, H2), 1.68-1.64 (m, 2H, H1) ppm; '*C{'H} NMR (100 MHz, CDCL, 6): 161.4
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(C12), 152.8 (C13), 146.9 (C14), 138.5 (C11), 137.0 (C8), 129.0 (C6)., 129.0 (C5), 128.6 (C15),
124.7 (C4), 122.5 (C9), 114.7 (C10), 70.8 (C3), 262 (C2), 6.8 (C1) ppm; '°Sn NMR (79.5
MHz, CDCls, 0): -99.6 ppm. HRMS-DART (m/z) = 591.14584 (M + H) calculated for
12C33'H31N21%0112Sn1; found 591.14685. UV-Vis (CsHs) (trans-/cis-) Amax (g, L mol™ cm™);

(trans-) 348 nm (14791), (cis-) 443 nm (1413), (cis-) 443 nm (2512).

Preparation of (E)-1-(4-(3-(chlorodiphenylstannyl)-propoxy)phenyl)-2-phenyldiazene 4
In a sealed 100 mL Schlenk flask containing a solution of compound 3 (0.20 g, 0.34 mmol) in

CsHe (= 20 mL) was added 1.0 M HCI/Et20 (0.34 mL, 0.34 mmol) by syringe and stirred at
room temperature for 1 h. The pure product was precipitated in hexane (3 x 10 mL). After
removal of solvent (decanting), the residual solvent was removed in vacuo to obtain a bright
yellow solid. A pure sample of compound 4 was obtained. Yield 88 % (0.18 g); mp 129-130
°C. 'H NMR (400 MHz, CDCl3, 6): 7.86-7.84 (d, *Ju.u= 7.6 Hz, 2H, H8), 7.72-7.70 (d, *Jun=
8.9 Hz, 2H, H7), 7.66-7.64 (m, 4H, H6), 7.51-7.47 (m, 3H, H13 & H14), 7.45-7.37 (m, 10H,
HS5, H6 & H15), 6.67-6.65 (m, 2H, H4), 4.14 (t, *Jun= 5.5 Hz, 2H, H3), 2.46- 2.40 (m, 2H,
H2), 2.04-1.86 (tt, 2Jinin= 7 Hz, 2J119sn-11 = 33 Hz, 2H, H1) ppm; *C{'H} NMR (100 MHz,
CDCls, 0): 160.2 (C10), 152.6 (C11), 147.3 (C12), 139.2 (C9), 135.9 (C6), 130.0 (C14), 129.0
(C15), 128.8 (C5), 124.3 (C4), 122.5 (C8), 115.1 (C7), 70.3 (C3), 25.6 (C2), 14.1 (C1) ppm;

119Sn NMR (79.5 MHz, CDCl3, 6): -15.2 ppm. HRMS-DART (m/z) = 549.07556 (M + H)
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calculated for '2C27'H26>>C11'*N2'%01'2Sni; found 549.07585. UV-Vis (CeéHe) (trans-/cis-) Amax

(¢, L mol"! em™); (trans-) 345 nm (21878), (cis-) 440 nm (166), (cis-) 440 nm (2188).

Preparation of (E)-1-(4-(3-(dichloro(phenyl)stannyl-propoxy)phenyl)-2-phenyldiazene 5
In a sealed 100 mL Schlenk flask a C¢He (= 20 mL), solution of 4 (0.20 g, 0.39 mmol) was

first prepared and 1.0 M HCI/Et20 (0.40 mL, 0.39 mmol) was next added by syringe and stirred
at room temperature for 1 h and sampled by "H NMR to test for completion. Additional aliquots
of the 1.0M HCI/Et20 solution was added until the reaction was brought to completion. The
solution was then precipitated into dry hexanes (= 20 mL) and the recovered solids dried in
vacuo to obtain a dark red coloured solid of 5. Yield 91 % (0.18 g); mp 106-107 °C. '"H NMR
(400 MHz, CDCl3, 6): 7.86-7.85 (d, *Ju-u= 7.4 Hz, 2H, HS8), 7.76-7.74 (d, *Jun= 8.8 Hz, 2H,
H7), 7.64-7.62 (m, 2H, H6), 7.50-7.48 (m, 3H, H5), 7.40-7.36 (m, 3H, H13 & H14), 6.80-6.78
(m, 2H, H4 & H12), 4.20 (t, 'Ju.u= 5.3 Hz, 2H, H3), 2.54-2.48 (m, 2H, H2), 2.19-2.16 (tt, 2Jin-
11 = 6.8 Hz, 2J119sn-16 = 37.3 Hz, 2H, H1) ppm; *C{'H} NMR (100 MHz, CDCl3, 6): 159.6
(C12),152.6 (C11), 147.7 (C10), 139.9 (C9), 134.8 (C6), 130.6 (C14), 129.0 (C15), 128.3 (C5),
124.3 (C7), 122.6 (C12), 115.8 (C4), 69.8 (C3), 25.0 (C2), 22.1 (C1) ppm; Sn NMR (79.5
MHz, CDCIs, 6): -9.0 ppm. HRMS-DART (m/z) = 507.00529 (M + H) calculated for
12C21"H21*°C12*N2101129Sn;: 507.00556. UV-Vis (CsHe) (trans-/cis-) Amax (g, L mol! cm™);

(trans-) 345 nm (2291), (cis-) 444 nm (1023), (cis-) 444 nm (3020).
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Preparation of (E)-1-phenyl-2-(4-(3-(phenylstannyl)-propoxy)phenyl)diazene 6
An etheral solution (30 mL) containing 5 (0.18 g, 0.36 mmol) and a solution of NaBH4 in EtOH

(0.13, 3.56 mmol) were added to 100 mL Schlenk flask, and stirred at 0 °C for 10 min. The
reaction was allowed to warm to room temperature and stirred for an additional 15 min. 50 mL
of 5 °C degassed distilled water was added to the solution containing 6 over 30 min and stirred.
The solution was then extracted with hexanes (3 x 20 mL) and dried over MgSOs4. The solvent
was removed under reduced pressure to obtain a transparent orange — yellow coloured powder.
Yield 78 % (0.14 g). '"H NMR (400 MHz, CsDs, 6): 8.09-8.07 (m, 4H, H9 & H12), 7.45-7.43
(m, 2H, H8), 7.24-7.20 (m, 3H, H13 & H14), 7.14-7.09 (m, 3H, H7 & HS), 6.80-6.77 (m, 2H,
H6), 5.51 (s, 2H, H5), 3.46 (t, *Jun= 6.1 Hz, 2H, H3), 1.89-1.69 (tq, 2/in-1n= 13.8 Hz, %J119sn-
1= 34.3 Hz, 2H, H2), 1.04-1.00 (m, 2H, H1) ppm; *C{'H} NMR (100 MHz, CsDs, J): 161.4
(C11),153.1 (C10), 147.3 (C4), 137.3 (C15), 136.0 (C8), 130.1 (C14), 128.9 (C16), 128.6 (C7),
124.9 (C6), 122.7 (C9), 114.7 (C12), 70.0 (C3), 26.8 (C2), 4.4 (C1) ppm; ”Sn NMR (79.5
MHz, C¢Ds, J): -214.5 ppm. HRMS-DART (m/z) = 439.01754 (M + H) calculated for
12C21"H23'N2'%01129Sn1: 438.0745. UV-VIS (CeHs) (trans-/cis-) Amax (€, L mol™! cm™); (trans-

) 349 nm (350), (cis-) 445 nm (14), (cis-) 445 nm (45).
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Preparation of homopolymer 7-f

A toluene solution (9 mL) containing RhCI(PPhs)s3 (0.02 g, 0.02 mmol) was added to a foil
wrapped 50 mL Schlenk flask, and stirred at room temperature (20 min) for activation.
Thereafter, 6 in 9 mL of toluene (0.25 g, 0.57 mmol) was added dropwise over 20 min to the
catalyst solution. The reaction was stirred at RT for 4 h. The mixture was then reduced in
volume (vacuo) to roughly 5 mL and using a double tipped cannula, transferred to a 100 mL
foil wrapped Schlenk flask contained a stirring solution of cold hexanes. An orange-yellow
precipitate formed immediately, and the solution was stirred for additional 5 min and then
allowed to settle. The top layer of the solution was then extracted using a double tipped cannula
needle. The residues were dried in vacuo to obtain a transparent orange coloured semi-solid.
Yield 77 % (0.19 g). '"H NMR (400 MHz, Cs¢De, 8): 8.07 (bm, 4H, H7 & HS), 7.59 (bm, 2H,
H6), 7.21 (bm, 4H, H14 & HS5), 7.10-6.76 (bm, 4H, H4, H10& H9), 3.67-3.34 (bm, 2H, H3),
1.85-1.23 (bm, 4H, H2 & H1) ppm; *C{'H} NMR (100 MHz, CsDs, 5): 161.4 (C12), 153.1
(C13), 147.3 (C14), 137.3 (C11), 136.0 (C6), 130.1 (C10), 128.9 (C9), 128.6 (C5), 124.9 (C4),
122.7 (C8), 114.7 (C7), 70.0 (C3), 26.8 (C2), 4.4 (C1) ppm; '"?Sn NMR (79.5 MHz, CsDs, 8):
-236.0 ppm. E.A.: Anal. Calcd. C, 57.97; H, 4.63. Found: C, 54.81, H: 4.63. UV-Vis (C¢Hs)
(trans-/cis-) Amax (g, L mol™! cm-1); (trans-) 348 nm (2270), (cis-) 441 nm (96), (cis-) 441 nm

(180).
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Preparation of random co-polymer 8a (4:1)

A toluene solution (9 mL) containing RhCI(PPh3)s (0.03 g, 0.02 mmol) were added to a foil
wrapped 50 mL Schlenk flask, and stirred at RT (20 min) for activation. Thereafter, 6 (0.30 g,
0.68 mmol) and (n-Bu)2SnH:2 (0.65 g, 2.75 mmol) in 9 mL of toluene were added dropwise over
20 min into the catalyst solution. The reaction stirred at RT for 4 h. The mixture was then
reduced in volume (in vacuo) to roughly 5 mL and using a double tipped cannula, transferred
to a 100 mL foil wrapped Schlenk flask contained a solution of cold hexanes. With stirring, an
orange yellow precipitate formed immediately, and the solution was allowed to stir for extra 5
min then settled into two layers. The top layer was then isolated by double tipped. The
remaining residues were dried under reduced pressure to obtain a transparent orange coloured
gel. Yield 46 % (0.21 g). "H NMR (400 MHz, CsDe, 6): 8.07 (bm, 4H, H14 & H15), 7.72 (bm,
2H, H13), 7.21 (bm, 4H, H11 & H12), 7.02-6.81 (bm, 4H, H8, H10 & H9), 3.60-3.56 (bm, 2H,
H7), 1.89-1.04 (bm, 22H, H1-H6) ppm; *C{'H} NMR (100 MHz, CsDs, 6): 161.6 (C17), 152.8
(C16), 147.1 (C18), 134.6 (C19), 132.0 (C13), 131.9 (C10), 131.1 (C9), 128.9 (C12), 125.0
(C8), 122.7 (C14), 114.3 (C15), 71.2 (C7), 28.1 (C5), 27.9 (C4), 24.4 (C6), 24.0 (C3), 22.6
(C2), 13.8 (C1) ppm; '"?Sn NMR (79.5 MHz, CsDs, 6): -167.9 ppm, -242.6 ppm. E.A.: Anal.
Calcd. C, 46.57; H, 6.78. Found: C, 47.68, H: 5.40. UV-Vis (CsHo) (trans-/cis-) Amax (g, L mol

Yem™); (trans-) 349 nm (7147), (cis-) 445 nm (796), (cis-) 446 nm (862).
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Preparation of random co-polymer 8b (1:1)
A toluene solution (9 mL) containing RhCI(PPh3)3 (0.02 g, 0.02 mmol) was added to a foil-
wrapped 50 mL Schlenk flask, and stirred at RT (20 min) for activation. After 20 m, 6 (0.24 g,
0.55 mmol) and (n-Bu)2SnH:2 (0.13 g, 0.55 mmol) in 9 mL of toluene were added dropwise over
20 min into the catalyst solution. The reaction was stirred at RT for 4 h. The mixture was then
reduced in volume (in vacuo) to roughly 5 mL and using a double tipped cannula, transferred
to a 100 mL foil wrapped Schlenk flask contained a solution of cold hexanes. With stirring, an
orange yellow coloured precipitate formed immediately, and the solution was stirred for
additional 5 min, and allowed to settle into two layers. The top layer was then extracted out
using a double-tipped cannula, and the remaining residues dried (in vacuo) to obtain a
transparent orange coloured gel. Yield 58 % (0.21 g). "H NMR (400 MHz, C¢Ds, J): 8.09 (bm,
4H, H14 & H15), 7.67 (bm, 2H, H13), 7.21 (bm, 4H, H11 & H12), 7.00-6.77 (bm, 4H, H8, H10
& H9), 3.59-3.55 (bm, 2H, H7), 1.85-1.09 (bm, 22H, H1-H6) ppm; *C{'H} NMR (100 MHz,
CeDes, 0): 161.6 (C18), 153.0 (C17), 147.1 (C16), 134.8 (C19), 132.0 (C13), 131.3 (C10), 130.1
(C9), 128.9 (C12), 125.0 (C8), 122.7 (C14), 114.6 (C15), 70.7 (C7), 28.1 (C5), 27.6 (C4), 25.4
(C6), 24.5 (C3), 22.6 (C2), 13.8 (C1) ppm; '"?Sn NMR (79.5 MHz, CsDs, 6): -161.6 ppm, -
240.7 ppm. E.A.: Anal. Calcd. C, 52.14; H, 5.73. Found: C, 50.92, H: 5.17. UV-Vis (C¢Hs)
(trans-/cis-) Amax (g, L mol! cm™); (trans-) 348 nm (83843), (cis-) 445 nm (3517), (cis-) 445

nm (5223).
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An etheral solution (9.00 mL) containing 6 (0.25 g, 0.57 mmol) was cooled to -20 °C in a foil-

i

Preparation of alternating polymer 9

wrapped 50 mL Schlenk flask. Another 50 mL Schlenk flask contained a solution of 1,1-
dibutyl-N,N,N',N'-tetraethylstannanediamine, (n-Bu)2Sn(NEt2)2 (0.22 g, 0.57 mmol) in 9.00 mL
EtOH was also cooled to 0 °C. The alcoholic solution containing the amide was added dropwise
(20 min) to the cold (-20 °C) etheral solution containing 6 with stirring. The reaction was then
allowed to warm to RT and stirred for 4 h. The mixture was then reduced in volume (vacuo) to
roughly 5 mL and using a double tipped cannula, transferred to a 100 mL foil wrapped Schlenk
flask contained a solution of cold hexanes. With stirring, a dark orange coloured precipitate
formed immediately, and the solution was stirred for additional 5 min and allowed to settle into
two layers. The top layer was then extracted out using a double-tipped cannula. The remaining
residues were dried (in vacuo) to obtain a thick transparent dark orange coloured gel. Yield 53
% (0.20 g). 'H NMR (400 MHz, CsDe, 6): 8.06 (bm, 4H, H14 & H15), 7.64 (bm, 2H, H13),
7.20 (bm, 4H, H11 & H12), 7.11-6.85 (bm, 4H, H8, H10 & H9), 3.66-3.59 (bm, 2H, H7), 1.85-
1.02 (bm, 22H, H1-H6) ppm; *C{'H} NMR (100 MHz, C¢Ds, d): 161.7 (C18), 153.0 (C16),
147.1 (C17), 136.7 (C19), 129.6 (C13), 128.7 (C10), 125.9 (C9), 124.2 (C12), 123.5 (C8), 122.0
(C14), 113.8 (C15), 71.0 (C7), 27.7 (C5), 27.6 (C4), 25.4 (C6), 23.7 (C3), 21.0 (C2), 13.0 (C1)

ppm; Sn NMR (79.5 MHz, CsDs, 6): -166.8 ppm, -208.1 ppm, -240.4 ppm. E.A.: Anal. Calcd.
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C, 52.14; H, 5.73. Found: C, 50.38, H: 5.79. UV-Vis (CsHs) (trans-/cis-) Amax (€, L mol' cm™);

(trans-) 349 nm (69758), (cis-) 445 nm (2953), (cis-) 445 nm (5519).
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Preparation of 3-(dichloro(phenyl)stannyl)propan-1-o0l 11
In a 100 mL dry Schlenk flask, 1.0 M solution of HCI in Et20 (2.45 mL) was added to a solution

of 1 in CeHe (25 mL). This was repeated for a second time for full conversion. The mixture was
stirred at RT for 1 h and the solvent removed in vacuo to obtain 11 as a pale-yellow powder.
The crude product was washed with hexanes (3 x 20 mL) and brought to dryness. Yield 72 %
(0.92 g); mp 96.5 °C; 'H NMR (400 MHz, CDCl3): 6 = 7.89-7.70 (m, 2H, H6), 7.55-7.36 (m,
3H, H7, H8), 3.85 (s, 2H, H2), 2.86 (s, 1H, H1), 2.17-2.14 (m, H3, 2H), 1.87 (t, *Ju-u= 6.9 Hz,
2H, H4,) ppm; *C{'H} NMR (100 MHz, CDCI3): 6 = 141.2 (C5), 135.2 (C6), 130.7 (C7), 129.1
(C8), 129.1 (C8), 62.5 (C2) ppm; 'Sn NMR (149 MHz, CDCl3): 6 = -80.5 ppm. HRMS-

DART: m/z caled for 2Co'H12*°C1'°01'2%Sn;: 290.95996 [M-CI] +; found: 290.95880.

Preparation of 3-(phenylstannyl)propan-1-ol 12
A solution of 11 (0.73 g, 2.24 mmol) in Et20O (5 mL) was added to a 1m solution of LiAlH4 in

Et20 (2.24 mL) in Et20 (10 mL) in 100 mL Schlenk flask at 0 °C. After 4 h, the reaction was
warmed to room temperature and distilled degassed water (12 mL) was added to the solution to
quench the reaction. The organic layer was removed, and the solvent was removed under
reduced pressure to obtain 12 as a pale-yellow coloured, translucent gel. Yield 92 % (0.53 g);
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"H NMR (400 MHz, CsDs): 6 = 7.47-7.39 (m, 2H, H6), 7.17-7.11 (m, 3H, H7, H8), 5.51 (s,
2H, HO, Ui17sn1= 1841 Hz, Wiiosnn1=1926 Hz), 3.35 (t, it = 6.27 Hz, 2H, H2), 2.60 (s, 1H,
H1), 1.71-1.64 (m, 2H, H3), 1.08-1.00 (m, 2H, H4) ppm; '3C{'H} NMR (100 MHz, C¢Ds): 6
— 137.4 (C6), 128.5 (C7 & C8), 64.7 (C2), 30.1 (C3), 4.4 (C4, 11711950 = 401.3 Hz) ppm:
%Sn NMR (149 MHz, CeD¢): 6 = -2149 ppm. HRMS-DART: m/z: caled for

12Co'H14'°01'%°Sn;1 + H+: 256.99884 [M+H] + calculated for; found: 256.99912.

Cl-Sn-ClI
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Preparation of 4-(dichloro(phenyl)stannyl)butyl 4-methylbenzenesulfonate 13
3-(Triphenylstannyl)propyl 4-methylbenzenesulfonate, 2, (0.10 g, 0.18 mmol) in CéHs (20 mL)

was added 1.0 M HCI/Et20 (0.18 mL, 0.18 mmol) by syringe and stirred at 0°C for 1 h. The
pure product was then precipitated into a large volume of hexane (100 mL) with stirring. After
decanting, the residual solvent was removed in vacuo to obtain a white coloured solid of 13 in
near quantitative yield. Yield 99 % (0.20 g); mp 102 °C; '"H NMR (400 MHz, CDCl3): 6 = 7.80—
7.74 (m, 2H, HS), 7.74-7.73 (m, 2H, H7), 7.72-7.52 (m, 3H, H6, HS), 7.34-7.32 (m, 2H, H9),
4.15-4.13 (t, *Jun= 5.5 Hz, 2H, H4), 2.44 (s, 3H, H3), 2.26-2.23 (t, *Ju-u= 12.5 Hz, 2H, H2),
1.97-1.94 (t, *Jun= 7.6 Hz, 2H, H1) ppm; *C{'H} NMR (100 MHz, CDCl3): § = 145.1 (C10),
138.7 (C12), 134.8 (C11), 132.5 (C7), 131.6 (C9), 130.0-129.5 (C5 & C6), 128.0 (C8), 71.1
(C4), 24.5 (C3), 21.7 (C2), 21.0 (C1) ppm; 'Sn NMR (79.5 MHz, CDCI3): 6 = 30.1 ppm;

elemental analysis calc’d (%): C 40.04, H 3.78; found: C 41.40, H 3.87.
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Preparation of 3-(phenylstannyl)propyl 4-methylbenzenesulfonate 14
An EtOH solution (10 mL) containing 13 (0.21 g, 0.44 mmol) was added to a solution of NaBHa4

(0.15 g, 4.40 mmol) in EtOH (8 mL) in a 100 mL Schlenk flask, and stirred at 0 °C for 1 h. 20
mL of ice cold degassed distilled water was added to the solution containing crude 14. The
solution was then extracted with hexane (3 x 20 mL) and dried over MgSO4. The mixture
containing 14 was filtered, and solvent removed under reduced pressure to obtain a transparent
colourless liquid. Yield 62 % (0.11 g); 'H NMR (400 MHz, CsD¢): 6 = 7.75-7.73 (m, 2H, HS),
7.40-7.31 (m, 2H, H7), 7.14-7.13 (m, 3H, H6, HS), 6.73-6.71 (m, 2H, H9), 5.31 (s, Ji17sn-0=
1764 Hz, 'Jiiosn-i = 1851.6 Hz, 2H, H13), 3.74-3.71 (t, *Ju-u= 6.3 Hz, 2H, H4), 1.85 (s, 3H,
H3), 1.54-1.47 (q, 2Juu= 13.9 Hz, Unn= 7.2 Hz, 2H, H2), 0.74-0.70 (t, *Ju-u= 8.2 Hz, 2H,
H1) ppm; *C{'H} NMR (100 MHz, CsDs): 6 = 143.8 (C10), 137.3 (C12), 135.3 (C11), 134.2
(C7), 129.4 (C9), 128.6-128.4 (C5 & C6), 127.8 (C8), 71.8 (C4), 26.8 (C3), 20.7 (C2), 3.1 (C1)
ppm; Sn NMR (79.5 MHz, CeéD¢): 6 = -216.2 ppm. HRMS-DART m/z: calcd for

12C16'H20'°033281'2°Sn1 +H+: 411.00769 [M+H] +; found: 411.00809.
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Preparation of (3-(methylsulfinyl) propyl)triphenylstannane 15
In a 50 mL round bottom flask, 2 (0.50 g, 0.89 mmol), K2CO3 (0.16 g, 1.11 mmol) and thioacetic

acid (0.15 g, 0.89 mmol) were placed in acetone (25 mL). The reaction was heated under reflux
and stirred for 24 h. A colour change was observed, and the crude product was an orange brown
liquid. The crude products was then extracted with DCM (20 mL) and washed thrice with
distilled H20 (3 x 20 mL). The organic phase was dried with MgSO4 and dried in vacuo. The
final product was a viscous brown liquid. Yield: 0.16 g, 39 %. 'H NMR (400 MHz, CDCl3): 6
=7.56 (m, 6H, H6), 7.40 (m, 9H, H7 & HS), 2.95 (t, *Ju-u= 8 Hz, 2H, H2), 2.33 (s, 3H, H1),
1.98 (m, 2H, H3), 1.56 (m, 2H, H4). 1*C{'H} NMR (400 MHz, CDCI3): § = 195.8 (C9), 138.4
(C5), 137.0 (C6), 129.6-128.6 (C7& C8), 33.5 (C1), 30.7 (C2), 26.9 (C3), 22.7 (C4) ppm. '*Sn
NMR (79.5 MHz, CDCI): ¢ = -101.4 ppm. HRMS-DART m/z: calc’d for

12C16'H20'°03%281'2°Sn1 (M+Na): 485.01520 [M+H] +; found: 485.04527.

Preparation of (3-methoxypropyl)triphenylstannane 16
In a 50 mL round bottom flask, 2 (0.50 g, 0.89 mmol) and a 25 % w/v solution of sodium

methoxide in methanol (2.74 mL, 1.78 mmol) placed in acetonitrile (25 mL). The reaction was
heated under reflux and stirred for 2 h. A yellow solution was observed and extracted with
DCM (20 mL) and thrice washed with distilled H2O (3 x 20 mL). The organic phase was dried
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with MgSOs4 and evaporated. The crude product was washed thrice with MeOH and afforded a
purified white powder. Yield: 0.10 g (26 %). 'H NMR (400 MHz, CDCl3): § = 7.60 (m, 6H,
H6), 7.19 (m, 9H, H7 & H8), 3.10 (t, *Ju-u= 4 Hz, 2H, H2), 2.86 (s, 3H, H1), 1.91 (m, 2H, H3),
1.43 (m, 2H, H4) ppm. *C{'H} NMR (400 MHz, CDCl3): 6 = 139.7 (C5), 137.1 (C6), 128.6-
127.5 (C7 & C8), 74.6 (C2), 57.7 (C1), 26.5 (C3), 7.59 (C4) ppm. '"”Sn NMR (79.5 MHz,

CDCl3): § = -100.0 ppm. HRMS-DART: 443.0729 m/z (M+Na) +.

Preparation of chloro(3-methoxypropyl)diphenylstannane 17
In a dry 50 mL Schlenk flask, 16 (100 mg, 0.49 mmol) in benzene (10 mL) was added. Then

1.0 M HCI/Et20 (0.30 mL, 0.49 mmol) was added by syringe and stirred for 1 h at room
temperature. The residual solvent was removed in vacuo to obtain a white coloured solid of 17
in near quantitative yield. Yield: 85.00 mg (91 %). 'H NMR (400 MHz, CDCl3): § = 7.71 (m,
4H, H5), 7.44 (m, 6H, H6 & H7), 3.52 (t, *Ju-u= 4 Hz, 2H, H2), 2.95 (s, 3H, H1), 2.17 (m, 2H,
H3), 1.80 (m, 2H, H4) ppm. ?Sn NMR (79.5 MHz, CDCl3): 6 = -82.1 ppm. Insufficient sample
for '*C NMR spectroscopy and HRMS. However, a single crystal X-ray structure determination

was obtained.

Preparation of dichloro(3-methoxypropyl)(phenyl)stannane 18
In a dry 50 mL Schlenk flask compound 17 (0.09 g, 0.26 mmol) in CsHes (10 mL) was added.

Then 1.0 M HCI/Et20 (0.20 mL, 0.26 mmol) was added by syringe and stirred for 1 h at room
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temperature. The residual solvent was removed in vacuo to obtain a white coloured solid of 18
in near quantitative yield. Yield: 0.07 g (90 %). 'H NMR (400 MHz, CDCl3): § = 7.71 (m, 2H,
HS5), 7.46 (m, 3H, H6 & H7), 3.60 (t, *Ju-u = 4 Hz, 2H, H2), 3.30 (s, 3H, H1), 2.21 (m, 2H, H3),
1.97 (m, 2H, H4) ppm. "Sn NMR (79.5 MHz, CDCI3): 6 = -81.0 ppm. Insufficient sample for
13C NMR spectroscopy and HRMS. However, a single crystal X-ray structure determination

was obtained.

Preparation of hydroxy homopolymer 19
A solution of RhCIl(PPh3)3 (0.08 g, 0.08 mmol) in toluene (10 mL) was added to a foil-wrapped

100 mL Schlenk flask. The solution mixture was stirred at RT for 10 min to activate the catalyst.
A solution of 12 (0.53 g, 2.06 mmol) in toluene (5 mL) was added to the catalyst solution, and
the reaction was stirred at RT for 4 h. The solvent was removed in vacuo and the crude product
was dissolved in a minimal amount of THF (<1 mL) and transferred dropwise to a 100 mL flask
containing a stirring solution of cold hexane (50 mL). A yellow precipitate formed immediately,
and the solution was stirred for an additional 5 min and then allowed to settle. The hexane layer
was removed with a Pasteur pipette. The solid was dried in vacuo to obtain 19 as a dry yellow
coloured powder. Yield = 78 %; Mw= 42,000 Da, PDI = 1.16; '"H NMR (400 MHz, CsDs): 6 =
7.59-6.95 (m, SH, H6-HS), 3.57-3.54 (m, 2H, H2), 1.28-1.22 (m, 2H, H3), 0.89-0.82 (m, 2H,
H4) ppm; *C{'H} NMR (100 MHz, CsDs): 6 = 139.0 (C7), 133.2 (C8), 132.9 (C5), 130.0 (C6),
69.9 (C2), 31.6 (C3), 27.3 (C4) ppm; ''Sn NMR (149 MHz, CeDs): § = -113.4 & -176.1 ppm;

elemental analysis calcd (%): C 42.41, H 4.75; found: C 39.52, H 4.54.
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Preparation of tosyl-polymer 20
A solution containing RhCI(PPhs)3 (0.03 g, 0.04 mmol) in toluene (9.00 mL) was added

to a foil-wrapped 50 mL Schlenk flask and stirred at 0 °C (20 min) for activation. Thereafter,
14 in 9.00 mL of toluene (0.36 g, 0.88 mmol) was added dropwise over 20 min to the catalyst
solution. The reaction was stirred at 0 °C for 4 h. The mixture was then reduced in volume (in
vacuo) to roughly 5 mL and, using a double tipped cannula, transferred to a 100 mL foil
wrapped Schlenk flask containing a stirring solution of cold hexane (50 mL). An orange yellow
precipitate formed immediately, and the mixture was stirred for additional 5 min and then
allowed to settle. The top layer of the solution was then extracted using a double tipped cannula
needle. The residues were dried in vacuo to obtain an orange yellow solid. Yield 63 % (0.23 g);
My = 31,000 Da, PDI= 1.20; '"H NMR (400 MHz, CsDs): 6 = 7.91 (bm, 2H, HS8), 7.76-7.37
(bm, 5H, H5-H7), 6.88-6.83 (bm, 2H, H9), 3.73 (bm, 2H, H4), 1.88— 1.54 (bm, 5H, H2 & H3),
1.23 (bm, 2H, H1) ppm; *C{'H} NMR (100 MHz, CsDs¢): § = 144.1 (C10), 138.1 (C12), 137.1
(Co6), 133.8 (C11), 133.8 (C7), 131.9 (C9), 126.3 (C8), 72.9 (C4), 29.5 (C2), 21.1 (Cl1), 14.0
(C3) ppm; "”Sn NMR (79.5 MHz, CsDs): 6 = -206.0 ppm; E.A. calcd (%): C 46.98, H 4.44;

found: C 45.45, H 4.30.
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Attempted Preparation of Situational Labile thioester homopolymer 21
In a dry, foil wrapped 100 mL Schlenk flask, high purity of 20 (0.20 g, 0.49 mmol) and K2COs3

(0.13 g, 0.99 mmol) was added inside glovebox. Afterwards, ACN (25 mL), thioacetic acid
(0.07 mL, 0.88 mmol) were added via syringe. Reaction was stirred at reflux for 24 h under N2
atmosphere. The reaction was dried in vacuo, dissolved in minimum amount of THF (~5 mL)
and slowly precipitated dropwise into a 150 mL Schlenk flask containing cold hexanes (~60
mL) with stirring. The solution was decanted and the residual precipitate recovered as a dark
yellow coloured powder (Yield 0.14 g). Unfortunately, due to solubility issues, further

characterization could not be completed.
3 2 7 0/8
4@&
6
Preparation of 2-Bromobenzyl methyl ether, BrCsH,CH;OCH3 22
NaOCH3 (3.39 g, 62.6 mmol) was dissolved in 40 mL of CH30H and added to 2-bromobenzyl
bromide (15.6 g, 62.4 mmol) in a two neck round bottom flask equipped with a condenser and
heated to reflux for 5 h. The reaction mixture was cooled to room temperature and the solvent
removed under reduced pressure. A mixture of 100 mL of hexane and Et2O (1:1) was added to
flask. The organic layer was washed with (2 x 50 mL) water and (2 x 50 mL) of brine, and
finally dried over MgSOas. The solvent was removed under reduced pressure to obtain a
colourless oil of 1-bromo-2-(methoxymethyl)benzene. NMR spectral data ('H, '*C) was
comparable to that reported in the literature.”® Yield: 10 g (84 %). "H NMR (400 MHz, CDCl3,

8): 7.57 (dd, *Ju= 0.9 Hz, *Ju-u= 7.9 Hz, 1H, H6) 7.55 (dd, *Ju-n= 0.7 Hz, *Jiu= 7.6 Hz,
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1H, H3), 7.33 (dt, *Ju-u= 0.8 Hz, *Ju-u= 7.4 Hz, 1H, H4), 7.15 (dt, *Ju-u= 1.6 Hz, *Ju-u= 7.9
Hz, 1H, H5), 4.55 (s, 2H, H7), 3.49 (s, Ji3c.in= 141.2 Hz, 3H, H8) ppm; *C NMR (100 MHz,
CDCl3, 8): 137.6 (C2), 132.5 (C3), 129.0 (C6), 128.9 (C4), 127.4 (C5), 122.7 (C1), 73.9 (C7),

58.6 (C8) ppm.

e

Preparation of [2-(MeOCH3)CsH4JLi 23

1.6 M solution of n-BuLi (26.00 mL, 41.60 mmol) in hexane was added dropwise to a solution
of 2-bromobenzyl methyl ether (8.37 g, 41.60 mmol) in 40 mL of hexane at -78 °C over 30 min.
The solution became yellow and hazy with the addition of n-BuLi. A yellow tinged white
coloured solid began to precipitate from solution after 1 h. The reaction mixture was stirred for

another hour then transferred to the next reaction in sifu. The material was not characterized.

8
" ocH,

3 2
4 1éﬁCI 0
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Preparation of [2-(MeOCH3) CsHy/n-BuSnCl; 24
[2-(CH30CH2)CsH4]Br (2.00 g, 9.95 mmol) in 30 mL of hexane was added to a 100 mL dry

Schlenk flask equipped with a magnetic stirrer and septum. The solution was cooled to -78 °C
and 1.6 M n-BuLi in hexane (6.20 mL, 9.92 mmol) was then added. The cooling bath was
removed after 30 min and the lithiated reagent allowed to react with a solution of #-BuSnCls
(2.75 g, 9.75 mmol) in 15 mL hexane/Et20 (1:1) at 0 °C that was slowly added to the reaction
mixture and stirred for 3 h. The solvent was removed under reduced pressure and the residue
taken up in toluene (25 mL) and decanted. The solvent was removed under reduced pressure to
give a clear, orange-brown coloured oil. The product 24 was further purified by extraction with
hot hexanes. Yield: 2.92 g (81 %). 'H NMR (400 MHz, CDCls, 8): 8.11 (m, 1H, H6), 7.41-7.47

(m, 2H, H4, H5), 7.22 (m, 1H, H3), 4.75 (s, 2H, H7), 3.65 (s, 3H, H8), 1.85 (m, 4H, H10 &
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H9), 1.43 (q, *Ju-u= 7.2 Hz, 2H, H11), 0.95 (t, *Juu= 7.3 Hz, 3H, H12) ppm; C{'H} NMR
(100 MHz, CDCls, 8): 141.8 (C2, 2Ji19117sn-13¢ = 48 Hz), 136.0 (C5, *Ji1o117sn-13¢c = 55 Hz),
134.9 (C3), 130.8 (C4), 128.3 (C1, Ji19sn-13¢ = 81 Hz, 'J117sn-13¢ = 78 Hz), 125.2 (C6, 2J1195n-
13¢ = 74 Hz, *Ji17sn-13¢ = 70 Hz), 73.8 (C7, 3Ji19/11780-13¢ = 18 Hz), 59.0 (C8), 27.9 (C9, 'Ji19sn-
13¢ = 652 Hz, 'Vi17sn-13¢c = 624 Hz), 27.1 (C11, *Ji191178n-13¢ = 40 Hz), 26.0 (C10, 2Ji198n-13c =
106 Hz, 2Ji17sn-13¢ = 102 Hz) 13.6 (C12) ppm; 'Sn{'H} NMR (149 MHz, CDCls, §): -61.0
ppm. HRMS-DART (m/z): [M'] + H20, Calcd. for Ci2H22Cl202Sn 386.00907; found

386.00918. Found: C, 39.36, H, 4.93. Calc. for C27H260Sn: C, 39.18, H, 4.93.

; 8
1 ¥ Cl
4 Sn_g
¢l

Preparation of [2-(MeOCH3)CsHJMeSnCl; 25
[2-(CH30CH2)CsH4]Br (0.50 g, 2.48 mmol) in 20 mL of hexane was added to a 100 mL dry

Schlenk flask equipped with a magnetic stirrer and septum. 1.6 M n-BuLi in hexane (1.55 mL,
2.48 mmol) was slowly added at -78 °C. The cooling bath was removed for 30 min, and the
lithiated reagent allowed to react with a solution of MeSnCl3 (0.58 g, 2.08 mmol) in 10 mL of
hexane/Et20 (1:1) at -78 °C added slowly to the reaction mixture. The reaction mixture was
warmed to room temperature, stirred for 3 h and solvent removed under reduced pressure. The
residue was taken up in toluene (20 mL), decanted and the solvent removed under reduced
pressure to give clear, brown oil. Yield: 0.67 g (98 %). 'H NMR (400 MHz, CDCl3, §): 8.12
(m, 1H, H6), 7.46 (m, 2H, H4, HS), 7.21 (m, 1H, H3), 4.77 (s, 2H, H7, *Ji19/117sn-11 = 9.0 Hz),
3.42 (s, 3H, H8), 1.26 (s, 3H, HY, 'Ji19sn-11 = 83 Hz, 'Ji17sn11 = 79 Hz ) ppm; *C{'H} NMR
(100 MHz, CDCl3, 3): 141.7 (C2), 136.3 (C4), 134.6 (C1), 131.1 (C3), 128.6 (C5), 125.2 (C6),
73.9 (C7), 58.8 (C8), 8.4 (C9) ppm; "?Sn{'H} NMR (149 MHz, CDCl3, §): -54.2 ppm. HRMS-

DART (m/z): [M"] + H20, Calc. for CoH12C120Sn 343.96309; found 343.96336.
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Preparation of 2-Bromo-N,N-dimethylbenzylamine, BrCsH,CH>;N(CH3); 26
16.00 mL of'a 33 % HNMe: solution (120.0 mmol) was added dropwise to 4.00 g (16.00 mmol)

of 2-bromo-benzylbromide, BrCsH4CH2Br, dissolved in 30 mL of DCM in 100 mL Schlenk
flask. The reaction mixture was heated at 42 °C under N2 in a closed system for 7 h. The product
was extracted with 3 M HCI (3 x 30 mL) and the extract neutralized with an alkaline solution
containing 20 % NaOH. The product, BrCsH4CH2N(CH3)2 was isolated by extraction with
DCM. Yield: 3.02 g (87 %). NMR data ('H, *C) agreed with reported values.® 'H NMR (400
MHz, CDCl3, §): 7.53 (dd, *Ju-u= 0.9 Hz, *Ju.u= 7.9 Hz, 1H, H6), 7.42 (dd, *Ju.u= 1.3 Hz, *Ju-
u="7.6 Hz, 1H, H3), 7.27 (dt, *Jun= 0.9 Hz, *Jun= 7.5 Hz, 1H, H4), 7.11 (dt, *Ju-u= 1.6 Hz,
*JH-H = 7.8 Hz, 1H, H5), 3.52 (s, 2H, H7), 2.30 (s, 'Ji3c-in = 133.0 Hz, 6H, H8) ppm; *C{'H}
NMR (100 MHz, CDCls, 6): 138.1 (C1), 132.7 (C6), 130.9 (C3), 128.4 (C4), 127.2 (C5), 124.7

(C2), 63.2 (H7), 45.5 (H8) ppm.
¥
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Preparation of [2-(Me:NCH ) CsHyJLi 27

63.00 mL (100.0 mmol) of 1.6 M solution of #n-BuLi in hexane was added dropwise to a solution
of 13.52 g (100.0 mmol) of N,N-dimethylbenzylamine in 150 mL Et20 at -78 °C. The solution
became yellow and hazy during the addition of n-BuLi. A white coloured solid began to
precipitate out of solution after 1 h. The reaction mixture was stirred for another hour and
transferred in situ to the next reaction. The lithated starting material was not further

characterized.
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Preparation of [2-(Me:NCH ) CsHyn-BuSnClI, 28

A suspension of 2.00 g (14.20 mmol) of [2-(Me2NCH2)CsH4]Li in 30 mL Et2O was added
dropwise (over 30 min) to a 4.00 g (14.20 mmol) n-BuSnCl; dissolved in 20 mL Et20 at 0°C.
The reaction mixture was kept at this temperature for 1 h, and the aloud to warm to RT and
stirred overnight. The crude product was separated by decantation in the glove box. The solvent
was removed under reduced pressure, and the product extracted with hot hexane, and a white
product recovered after cooling. Yield: 3.94 g (73 %).'H NMR (400 MHz, CDCl3, §): 8.18 (m,
1H, H6), 7.41 (m, 2H, H5), 7.20 (m, 1H, H3), 3.74 (s, 2H, H7), 2.43 (s, 6H, HY), 1.92-1.80 (m,
4H, H10 & H9), 1.45 (q, *Ju-u= 7.2 Hz, 2H, H11), 0.95 (t, *Juu= 7.3 Hz, 3H, H12) ppm;
BC{'H} NMR (100 MHz, CDCl3, §): 141.1 (C1, 'Ji191178n-13c = 48 Hz), 139.6 (C2), 137.0 (C6,
2J119sn-13¢ = 65 Hz, 2J117sn-13¢ = 63 Hz), 130.9 (C4, “J119/1178n-13¢ = 15 Hz), 128.6 (C5, *J1198n-13C
= 89 Hz, *Ji17sn-13¢ = 85 Hz), 127.4 (C3, 3J119sn-13¢ = 74 Hz, 3J1178n-13¢ = 72 Hz,), 63.4 (C7,
3J119/1178n-13¢ = 34 Hz), 45.1 (C8), 27.4 (C11, *Ji19sn-13¢ = 44 Hz, *Ji17sn-13c = 42 Hz), 27.2 (C9,
L 119sn-13¢ = 694 Hz, 'J1178n-13¢ = 664 Hz), 26.3 (C10, 2Ji9sn-13¢ = 120 Hz, 2J1178n-13¢ = 115 Hz),

13.7 (C12) ppm; "?Sn{'H} NMR (149 MHz, CDCl3, §): -104.0 ppm.
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Preparation of [2-(Me:NCH3)CsHJMeSnCl; 29
A suspension of 0.29 g (2.08 mmol) of [2-(Me2NCH2)CsH4]Li in 30 mL Et20 (30 min) was

added dropwise to 0.50 g (2.08 mmol) MeSnCls dissolved in 20 mL Et20 at -78 °C. The reaction
mixture was stirred for 3 h at RT. The crude product was separated by decantation in the glove

box. The solvent was removed under reduced pressure. The product obtained was purified by
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extraction with toluene and solvent was removed under reduced pressure. The product was
white solid. 'TH NMR (400 MHz, CDCl3, §): 8.18 (m, 1H, H6, 2Ji19sn-11 = 100 Hz, 2J1178n-111 =
96 Hz), 7.44 (m, 2H, H4&HS), 7.20 (m, 1H, H3), 3.76 (s, 2H, H7), 2.44 (s, 6H, HS), 1.26 (s,
3H, H9, 2J119sn-11 = 84.0 Hz, 2J117sn-11= 76.0 Hz) ppm; *C{!H} NMR (100 MHz, CDCl3, §):
141.9 (C2, 2Ji19178n-13¢ = 50 Hz), 138.5 (C1), 137.0 (C3, 2J119sn-13¢c = 67 Hz, 2Ji178n-13¢ = 65
Hz), 131.2 (C4), 128.7 (C6, 2 J1198n-13c = 93 Hz ), 127.4 (CS, *Ji198n-13¢ = 79 Hz, 3J1198n-13c = 76
Hz), 63.2 (C7, *Ji19/117sn-13¢ = 40 Hz), 44.9 (C8), 8.0 (C9, 'Ji19sn-13c = 696 Hz, 'Ji178n-13c = 669

Hz) ppm; "Sn{'H} NMR (149 MHz, CDCl3, §): -96.4 ppm.
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Preparation of [2-(MeOCH3)CsH4/n-BuSnH: 30
A solution of 24 (0.50 g, 1.35 mmol in 15 mL of Et20) was added dropwise to a suspension of

LiAlH4 (0.11 g, 7.00 mmol in 15 mL of Et20), and stirred at 0 °C for 3 h. The reaction was
quenched with 5 mL of degassed and chilled water. The organic layer was separated, and the
aqueous layer extracted with Et2O (3 x 10 mL). The combined organic layers were dried over
anhydrous MgSO4. The solvent was removed under reduced pressure to yield 30 as a yellow
coloured oil. Yield: 0.28 g (70 %). '"H NMR (400 MHz, CDCls, §): 7.80 (m, 1H, H6), 7.21 (m,
2H, H4&HS5), 7.06 (m, 1H, H3), 5.78 (s, Ji19sn-1n = 1727 Hz, "Ji17sn-11 = 1677 Hz, 2H, H9),
4.27 (s, 2H, H7), 3.12 (s, 3H, HY), 1.70 (dt, *Jun= 2.0, 7.9 Hz, 2H, H11), 1.42 (sext, *Jun=
7.5, 2H, H12), 1.30 (tt, *Ju-u= 1.7, 8.1 Hz, 2H, H10), 0.96 (t, *Jun= 7.3 Hz, 3H, H13) ppm;
BC{'H} NMR (100 MHz, CDCl3, §): 145.0 (C2, 2Ji19/1178n-13¢ = 26 Hz), 139.3 (C6, 2J119/1175n-
13¢c =39 Hz), 137.2 (Cl1, Uiosn-13¢ = 522 Hz, 'Ji17sn-13¢ = 498 Hz ), 128.7 (C5, 3J119/1178n-13C =
12 Hz), 127.7 (C4), 127.4 (C3), 76.1 (C7, *Juonirsn-13c = 19 Hz), 57.1 (C8), 30.6 (C11,

2Jnonizsn-3c = 22 Hz), 27.1 (C10, Yionizsn3c = 67 Hz), 13.9 (C12), 10.2 (C13) ppm;
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198n{!H} NMR (149 MHz, CsDs, §): -210.0 ppm. HRMS-DART (m/z): [M'], Calc. for

12C12'H19'°0'%Sn 295.04534; found 295.04595.
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Preparation of [2-(MeOCH3) CsH MeSnH> 31
A solution of 25 (0.52 g, 1.60 mmol in 15 mL of Et20) was added dropwise to a suspension of

LiAlH4 (0.34 g, 3.00 mmol in 15 mL of Et20), and stirred at 0 °C for 3 h. The reaction was
quenched with 10 mL of degassed and chilled water. The organic layer was separated and the
aqueous layer extracted with Et2O (3 x 10 mL). The combined organic layers were dried over
anhydrous MgSOs4. The solvent was removed under reduced pressure to yield 31 as a yellow
coloured oil. Yield: 0.35 g (85 %). The product began to decompose as soon as the temperature
started rise after the removal of solvent. "H NMR (400 MHz, C¢Ds, 8): 7.65-7.64 (m, 1H, H5),
7.46-7.44 (m, 1H, H5), 7.34-7.32 (m, 1H, H7"), 7.12-7.08 (m, 2H, H4’ & H6’), 6.98-6.95 (m,
2H, H4 & H6), 6.93-6.88 (m, 1H, H7), 5.54 (s, 2H, H9 & H9’), 4.36 (s, 2H, H2’), 4.14 (s, 2H,
H2),3.10 (s, 3H, H1), 2.98 (s, 3H, H1), 0.35-0.34 (s, 3H, H8 & H8’) ppm; *C{1H} NMR (100
MHz, C¢Ds , 8): 144.6 (C10’), 138.5 (C10), 138.1 (C3’), 136.5 (C3), 128.5-128.3 (C4’-C7’),
127.3-126.9 (C4-C7),75.5 (C2’), 73.5(C2),57.8 (C1°), 56.5 (C1), -12.1 (C8’), -12.3 (C8) ppm;
1198 {'"H} NMR (149 MHz, CsDs, & ): -222.8 ppm. HRMS-DART (m/z): [M" - H], Calc. for
CoH1308n 256.99967; found 256.99884.
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Preparation of [2-(MexNCH3)CsHy[n-BuSnH> 32
A solution of 1.59 g (4.16 mmol) of 28 in 30 mL Et2O was added dropwise in 5.00 mL (5.00

mmol) of LiAlH4 (1.0 M in Et20) in 50 mL Et20 at 0 "C. The reaction mixture was stirred for
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3 h at 0 °C. The reaction was quenched with 15.00 mL of chilled deoxygenated water. The
organic layer was separated and dried over anhydrous MgSOs, and the solvent removed under
reduced pressure. A yellow oily product was obtained. The product is relatively stable at -20
°C. Yield: 1.05 g (81 %)."H NMR (400 MHz, CDCl3, 8): 7.78 (m, 1H, H6), 7.13 (m, 2H, H4 &
HS5), 6.94 (m, 1H, H3), 5.72 (s, "Ji19sn-1 = 1760 Hz, 'J117sn-u = 1680 Hz, 2H, H9), 3.12 (s, 2H,
H7), 1.88 (s, 6H, H8), 1.70 (m, 2H, H11), 1.62 (m, 2H, H10), 1.14 (m, 2H, H12), 0.90 (t, 3H,
H13) ppm; *C{'H} NMR (100 MHz, CDCl3, 8): 145.4 (C2, *Ji19/1178n-13¢ = 25 Hz), 139.5 (C1),
139.2 (C6, 2Ji19sn-13c = 44 Hz), 128.9 (C3, *Ji19/1178n-13¢ = 12 Hz), 128.1 (CS5, *J119/1178n-13¢ = 69
Hz), 127.5 (C4), 65.4 (C7, Ju19/117sn-13c = 23 Hz), 44.0 (C8), 30.9 (C12, 2Ji19/1178n-13¢ = 21 Hz),
27.3 (C11, Yiion17sn-13¢c = 65 Hz), 14.0 (C13), 10.4 (C10, 'Ji19sn-13c = 434 Hz, J1178n-13¢c = 415
Hz) ppm; '"Sn{'H} NMR (149 MHz, CDCl;3, §): -217.5 ppm. HRMS-DART (m/z): [M+H]

Calcd. for C13H23NSn = 313.08524, found 314.09337.
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Preparation of [2-(Me;NCH;) CsHy/MeSnH? 33
A suspension of 0.24 g (0.71 mmol) of 29 in 20 mL Et2O was added dropwise to 1.50 mL (1.50

mmol) of LiAlH4 (1.0 M in Et20) in 30 mL Et20O at 0°C. The reaction mixture was stirred for 3
h at 0 °C. The reaction was quenched with 10 mL of chilled deoxygenated water. The organic
layer was separated and dried over anhydrous MgSOs4, and the solvent removed under reduced
pressure. A yellow oily product of 33 was obtained, the dihydride is relatively stable over a
one-week period at -20 °C. "H NMR (400 MHz, CDCl3, §): 7.78 (m, 1H, H6), 7.15 (m, 2H, H4
& H5), 6.95 (m, 1H, H3), 5.63 (q, Ji19sn-11 = 1824 Hz, 'J117sn-11 = 1756 Hz, 2H, H9), 3.13 (s,
2H, H7), 1.87 (s, 6H, H8), 0.35 (t, J1191178n-16 = 60 Hz, 3H, H10) ppm; 3C{'H} NMR (100
MHz, CDCl3, §): 145.0 (C2, 2Ji19117sn-13¢ = 27.0 Hz), 138.9 (C1), 138.5 (C6, 2J119/1178n-13C =

47.0 Hz), 128.6 (C5, *Jiion17sn-13¢ = 12.0 Hz), 127.8 (C4), 127.2 (C3), 64.9 (C7, *J119/1178n-13C =
89



24.0 Hz), 43.6 (C8), 11.3 (C9, 'Ji19sn-13¢ = 392 Hz, 'J1178n-13¢ = 382 Hz) ppm; 'Sn{'H} NMR
(149 MHz, CDCls, 8): -235.8 ppm. HRMS-DART (m/z): [M" - H] Caled. for Ci10H16NSn =

270.03047, found = 270.03257.
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Preparation of ([2-(MeOCH3)CsHy[n-BuSn), Polymer 34
A solution containing RhCI(PPh3)3 (0.16 g, 0.18 mmol) in toluene (10 mL) was added to a foil-

wrapped 50 mL Schlenk flask and stirred at RT for 20 min. Thereafter, 30 in 10 mL of toluene
(1.31 g, 4.38 mmol) was added dropwise over 20 min to the catalyst solution. The reaction was
allowed to stir at RT for 4 h. The toluene mixture was brought to dryness in vacuo. The crude
solid was re-dissolved in 5 mL of THF and then added dropwise to a 100 mL foil wrapped
Schlenk flask containing a stirring solution of cold hexane (60 mL) for precipitation. A bright
yellow precipitate formed immediately, and the mixture was stirred for additional 5 min and
then allowed to settle. The top layer of the solution was then decanted. The residues were dried
in vacuo to obtain a bright yellow solid. Yield 65 % (0.84 g); Mw= 30,300 Da, PDI = 1.42. 'H
NMR (400 MHz, C¢De, 9): 7.73-7.69 (bm, 2H, H4), 7.03—7.00 (bm, 2H, H5), 4.78—4.28 (bm,
2H, H2), 3.32-2.95 (bm, 3H, H1), 2.10-1.45 (bm, 9H, H7-H10) ppm; 3C{IH} NMR (100
MHz, C¢Ds, 6): 132.2 (C6), 131.3 (C3), 128.3-125.0 (C4 & C5), 76.7 (C2), 57.6 (C1), 29.2-
26.7 (C7-C9), 13.7 (C10) ppm; '“Sn{'H} NMR (149 MHz, CsDs, 8): -42.0, -199.3 ppm;

Elemental analysis calcd (%): C 48.53, H 6.11; found: C 43.70, H 5.82.
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Preparation of ([2-(Me2NCH3)CsH Jn-BuSn), Polymer 35
A solution containing RhCIl(PPh3)3 (60.0 mg, 0.06 mmol) in toluene (8 mL) was added to a foil-

wrapped 50 mL Schlenk flask and stirred at RT for 20 min. Thereafter, 32 in 8 mL of toluene
(0.50 g, 1.62 mmol) was added dropwise over 20 min to the catalyst solution. The reaction was
allowed to stir at RT for 4 h. The mixture was then brought to dryness in vacuo. The crude
product was re-dissolved in 5 mL of THF and added dropwise to a 100 mL foil wrapped Schlenk
flask containing a stirring solution of cold hexane (50 mL) for precipitation. A bright yellow
precipitate formed immediately, and the mixture was stirred for additional 5 min and then
allowed to settle. The top layer of the solution was then decanted. The residues were dried in
vacuo to obtain a bright yellow solid. Yield 17 % (0.09 g); Mw = 21,800 Da, PDI = 1.86. 'H
NMR (400 MHz, CsDs, 6): 7.76-7.71 (bm, 2H, H4), 7.06-7.01 (bm, 2H, HS), 3.55-3.48 (bs,
2H, H2), 2.21 (bs, 6H, H1), 1.87-1.47 (bm, 6H, H7-H9), 1.24 (bs, 3H, H10) ppm; *C{1H}
NMR (100 MHz, C¢De, 6): 144.1 (C6), 137.4 (C3), 132.0 (C4), 131.2 (C5), 64.3 (C2), 44.9
(C1), 28.2-26.9 (C7-C9), 13.7 (C10) ppm; '”Sn{'H} NMR (149 MHz, CsDs, 5): -149.7 ppm;
THF-ds: -55.6, -151.6 ppm. Elemental analysis calcd (%):C 50.36, H 6.83; found: C 48.46, H

6.41.
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CHAPTER 1 NMR Spectra
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CHAPTER 2: NMR Spectra

ZREARS % & CSRIRER
Ll o - - elriel == —
L\ | I| Hr’ | LS, \"_J
! HO
2
4 3
Cl-$n-ClI
5
78 6
! 7
6 8 2 4
1 ! 1 3 ]
| 1 |
‘ 1311 l I 1. h
il bl l_l- | h il | Hexanes
,Ix' \'_r' W e ) — b " : w~ A A -
b S T I
= v S % = =
o™ -~ = ol ™
9.0 835 8.0 7.5 7.0 6.5 6.0 55 50 45 4.0 35 0 2.5 20 1.5 1.0 0.5
f1 (ppm)
Figure S32. '"H NMR spectrum of 11 in CDCl3
8 aAIB= . R
—_ wvi S oo = | =
X adg d 4 =
I 7NN i I
1H0
2
3
6 8 4
! Cl-Sn-Cl *
5
6 S .
2 3
7
I ? ] ]
' 8
5
J A
145 1;5 12’5 115 I II:JS dS ‘)IO 8.5 Slf) ‘a‘li 'a‘l(] f:S Fsl(} SIS Slﬂ 4'5 4:1’] ‘_’:S 3Iﬂ 2I5 llﬂ IIS Ilﬁ 5 (I)

fl (ppm)

Figure S33. *C{'H} NMR spectrum of 11 in CDCl3

113



—-B0.68

L T T T T T L T T L T
280 240 200 160 120 &0 40 0 -8 -120 -160

T T
=200

T
<280

T L 1
=320 =360

40
1 (ppm)
Figure S34. '"°Sn{'H} NMR spectrum of 11 in CDCl3
| i A 1 ‘ A |
| - I S i '-L..-L.-/"‘\___JL N
3 i
l-]I ‘;U 8.‘5 370 ?I.S I[J 6 I EJ‘U __75 5.IU 475 470 1‘.5 37[] ETU l‘.S |fU UTS UI.U

Figure S35. HSQC 2D-NMR spectrum of 11 in CDCl3

114



GEEsRESRS= 7 f48 e =e%e¥Es2ys
R T e i i er e e o .
B VA ! | e e
1
HO 2
4~ 3
H-Sn-H 9
5
6
7
8
6 7.8 9 2
3 : r 4
| kL
| ) .
___,.JL\___,' \ 1 - J\s ~ —) A _‘—L JL\
Eae T L ry =
— s ] = = L = =
(o] L] -— (o] =1 ~ [}
9.0 8.5 8.0 1.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 L5 1.0 0.5 0.0
1 (ppm)
Figure S36. 'H NMR spectrum of 12 in CeDs
¥ o@ e o T
= & 3 g 335
\ I —~
1
HO 2
473
H-Sn-H 9
5
6 7.8
*
5 3 4
8 - ' ‘
..LJ L. Ly L i ‘ i
I It;S I IZ;S I |§5 l]IS Il‘)S I 9I5 ':'IU SIS HI()FI ':S ?IU f;S 60 SIS Sll] 4I5 -’l‘(l 3I$ 3IIJ EIS 2I[I 1‘5 10 % 0

(ppm)

Figure S37. *C{'H} NMR spectrum of 12 in CsDs

115



379

f‘.l
|
AL L
na i o s
2;?0 I 2-““) 2;)0 I ](IGfl ]éﬂ I Slﬂ I 410 I il) I —';4] I -!!0 I -llﬁfl I -IL’iﬂ I -ﬁlfﬂ I -2‘40 I -2‘30 I -3[20 I -_‘»Ifi{] I
fl (ppm)
Figure S38. ''’Sn{'H} NMR spectrum of 12 in C¢Ds
i . _H__I‘\_,\ v __Jk__,_, A A
_ .
: T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05

2 (ppmy)

Figure S39. HSQC 2D-NMR spectrum of 12 in Cs¢Ds
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119



-216.22

1, |||‘rl v1||,m\{‘yfli '|’|NU|’ W\ H"W" *I"“{"W'{UN ||| Mmh\ |'41|l ‘ﬂ ,M’m || |4 #,Iﬁlm.& iy Mu I ' P\'ﬂf‘w \r\h Jnm"lw lwlq

2}'«) 24 -M -1 2!’) —lﬁﬂ 2,()0 —24{) -2?’«) —32,0 -3m

Figure S46. ''°Sn{'H} NMR spectrum of 14 in C¢Ds

T l l ) \
LA o e L
+
T T T T T T T T T T T T T T T T T T T T T T
10.5 95 900 &5 80 7.5 7.0 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 00
£2 (ppm)
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Figure S54. 'H NMR spectrum of 17 in CDCl3
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Figure S56. "H NMR spectrum of 18 in CDCl3
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CHAPTER 2: DSC Traces
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CHAPTER 3: NMR Spectra

***Majority of the NMR data were provided by previous thesis student***
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Figure S66. °C{'H} NMR spectrum of 22 in CDCl3
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Figure S68. 'H NMR spectrum of 24 in CDCl3
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Figure S74. 'H NMR spectrum of 26 in CDCl3
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Figure S76. HSQC 2D-NMR spectrum of 26 in CDCl3

136



7 12
a5 * 10 44
6 "3 l 9
A o ML
- e b ey oy
& &3 Fy 5 RRE =
= ~N o ~ v - o
;.D QTS 9:0 a'. 5 !T-D ?jS 7.'0 6:5 60 S‘S S.'CI QTS ITO ]TS 3‘.0 2: S ‘0 1 .S 1 ..0 O?S [+]
Figure S77. 'H NMR spectrum of 28 in CDCl3
6 5 4 3 8 2 10 11
1
* B g 94 g8 2o 3
§ ¢ # 5 88 g KE 8
— -, - ~
s '..-lJ: ,m,'-.J.. A/‘- p— - _JL.. _,_A_JUL ’Lu'
M2 | 140 | 18 | 16 1 | 12 | 1o | 1m #o s go s 0
1 (ppm) 1 (ppm)
12
7 KR
]
]
8 .
7 / O
N
3 2 é"“
Clqyp 12 g
)
n
Cl
-
% 19 180 170 160 150 140 130 120 110 100 90 80 70 0 40 10 20 10
1 (ppm)

Figure S78. *C{'H} NMR spectrum of 28 in CDCl3

137



107.99

F | -
80 240 200 160 120 80 60 40 20 0 40 80 120 160 200 240 280 320 360
f1 (ppm)
Figure S79. '"Sn{'H} NMR spectrum of 28 in CDCl3
_— A i J .JL__._M.JL__.L.
. + =10
=20
o— GiEesra -
. =30
o :
A 50
el e Sy - | S ~+ Al
125 P N i g
— [ 0 |fo 3
-y - 130 é - —
i 133 & 20 ?
140 = - -
82 80 i’: i {e, 74 72 - % [0
G 20 :ﬂs(m, 1.0 120
— K. pg 130
B e
— 140
85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.0 3.5 3.0 25 20 15 1.0 0S5

4.5
12 {ppm)

Figure S80. HSQC 2D-NMR spectrum of 28 in CDCl3

138



3 2 'I‘“*
Wam A

6 ¢ 9

~

4,5 l

6 3
A _-_l-JL . - R ..___l___.ALM__‘.__________JJ.‘LL._.
v o T oy i
223 5 & 2 S o

8?5 BjO 7?5 ?iO 6_'5 6t0 515 50 4.5 4t0 3:5 3?0 25 210 l:5
f1 (ppm)
Figure S81. 'H NMR spectrum of 29 in CDCl3

RHE8 SIR m -

HBE R85 @ ¥ g

PN b ¥ |

8
8
7/
3 2 'I‘*
i Wam) RS
~9
5 (] él
7
9
. ] I 1
1;5 ' 1;5 155 ‘ 115 ' l(rﬁ ' 9‘5 90 3'5 E‘) /5 ?‘U 6‘5 60 5‘5 ﬂr) 45 4’0 3‘5 3‘0 2‘.‘! 20 1‘5 1’0 ; (I)
f1 (ppm)

Figure S82. *C{'H} NMR spectrum of 29 in CDCl3

139



—96.19

95 -100 -105 -110 -115 -120 -125 -130 -135 -140

40 -45 -5 -55 60 65 -70 -75 80 -85 -90
f1 (ppm)

Figure S83. ''°Sn{'H} NMR spectrum of 29 in CDCl3

8
/8 g 13
3 20 9 '
1s¢"~“ 11 13 2
10 11 12
e e
= 8 9
2 L " ke bk
o -] 7
e & I 1.8 1.6 14 4 10 08
E ~ | '.lll ]'l 0 11 (ppm)
N, U A, 0 ;7
;o ! ?‘7"';5'“;3 ' 7'1 ! r,'g ! L
1 (ppm) - &
6 23
& T8 l L
’r‘*’L s rL‘—-ﬁ"—""’T‘f 'J-:"v e -1
? i R

Lo 5 9.0 85 8.0 7.5 70 65 6.0 5.5 50 45 4.0 35 30 25 2.0 1.5 1.0 0.5 a

Figure S84. 'H NMR spectrum of 30 in CéDs

140



/8
4 3 7
a H‘ =4 *H 11 13 1 12 10 13
g || K& N w g
i T = & - B
[ U’ 8 % % 3
b W_HM ;
129.0 120.5 129.0' 127.5 127.0 1265 1260 4 l
1 (ppm) 6
3 T T
2 = ; 3 30 25 20 15 10
R W ' 1 (ppm)
— 1
1 '2
28
D
TR
| | . = L 2]
210 200 150 180 170 160 150 140 130 120 110 100 90 0 e s 4 30 2 10 0 -0
1 (pom)

Figure S85. °C{'H} NMR spectrum of 30 in C¢Ds

--210.10

T T T T T T
80 200 l(-D 120 HJ 60 ‘O 20 0

Flgure 886 119Sn{lH} NMR spectrum of 30 in CsDs

T
40

141

T T T T T T T T T T T T T
120 160 -200 240 280 -320 =360



__.J._-Ll_

%
s S 7 10
=20
- o e
]
=50
SRR Sh jk_ Bxig
N )k_)l. ___ e
e 128 = — - : )
- e b — - -"“g
E 20 Lo &
133 S | sean ” [P
s ag 140 - 1 | e 5 30 [190
78 76 74 72 70 68 12 (ppm) 120
12 (ppm)
i 130
. 140
80 75 70 65 60 55 50 475“ : m{q 35 30 25 20 15 10 05
Figure S87. HSQC 2D-NMR spectrum of 30 in C¢Ds
Rt LR P LR R S B 32 =g 233
e el o - Y- - - - - T R - i coo
PRty e B 2u 2 L B T [
Il |
1'
1 of
2 / 2 1"y
4 3 o 4 3 0
10 H9 - 10' H
5 SA-H ———— & Sn_
[ Y
6 7 g 6 7
2"
£&6’ 2 8°&8
* /4&0
¥
, / 9°&9
55T ¥r 7
|
RN \ | Y ik
e T b e e
c4usds £y g3 5% d
e -Kals Rk - L L] L)
2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 30 25 20 15 1.0 0.5
ppm

Figure S88. 'H NMR spectrum of 31 in CséDs

142

11 (pom)



*
1!
/
1
2/ % 5
4 3 OH 4 3 "
H9 - 10",
5 mSn-H ~ ¥ Sny
| o
6 7 g &7
356 ';‘.2_3
88| 58
X
| ‘|
-7 11 4-7
N (LAl VI
10 : : ’
1% 120 128 121 128 2.&2 1':(;1 8 &8
B i
160 15 140 130 120 10 10 % 8 70 6 s 40 0 20 1 0 -0
pPpm

Figure S89. °C{'H} NMR spectrum of 31 in Ce¢Ds

—-2218

280 240 200 160 120 80 40 0 20 60 100 160 220 280 340
ppm

Figure S90. ''°Sn{'H} NMR spectrum of 31 in C¢Ds

143



TR LY A I
L-10
Lo
10
L20
30
40
50
: T 60
| 70
1 L] m
90
100
L110
5 120
—d: = +130
4 L140
L150
BO 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Figure S91. HSQC 2D-NMR spectrum of 31 in C¢De
8
7 ./
32/ 7>
1 Sll‘H 11 13
5 G Yo 15
7
13
9
10
4,5 u 12
6 X 3
L | | ) “
—_— A AJL. e "\ | W JIL L A __."(Jk, I 1S ‘JL\A J\ .
& &% é 4 g S 8
E . (=] . ﬂrc) . § -v—< ; . : -v—-l . . ““"\ - § (“J ~ I-ﬂ . l"’!_ .
B.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

Figure S92. '"H NMR spectrum of 32 in CéDs

144




R 8% gue 5 . w
¢ 28 888 : 8 $ 25 $8
| SN e P ‘? I | | I I
7 ./
32 T\
195I'I‘H 1 13
6 ! W
1
®5
he
I
I 8
e ”
fl ) 7 1
(ppm| 10 13
g o i
129.5 128.5 127.5
71 (ppm)
Ju i
145 I 155 125 1i5 105 9’5 9‘0 8.5 B’O 7‘5 ?’0 65 4‘5 4b 3’5 30 2‘5 2‘0 1’5 10
f1 (ppm)
Figure S93. *C{'H} NMR spectrum of 32 in CsDs
a
=
f;l
I
N Jr_ PR T Y ) W A, | — "
5 l.ﬂo -185 -190 -195 -2'00 -205 -210 -215 -2’20 _2’35 -240 -245 -2'50
f1 (ppm)

Figure S94. ''°Sn{'H} NMR spectrum of 32 in Ce¢Ds

145




9
4,5

6 ~ 3 l
A, JLA A

i o il b
B 2 3 o]
[—3 L 1 -

8.0 7.5 7.0 6.5 6.0 5.5 5.0

45 4.0
f1 (ppm)

Figure S95. '"H NMR spectrum of 33 in CéDs

G8h BEra =
TRR BRA
I~ ) §
1 6
8 &G
B R
|

e

1388
f1 (ppm)

' L S
128.5 128.0 127.5

2 f1 (ppm)

ll. 'l

—4358

—11.32

10

T T T T T T

150 140 130 120 110 100 90

70
f1 (ppm)

60

-10

Figure S96. °C{'"H} NMR spectrum of 33 in CsDs

146




—85.71

= =

e — —— +

——— e — A — e ' e
-185 -190 -195 -200 -205 -210 -215 -220 vIﬁf v?l)] -235 -240 -245 -250 -255 -260 -265 -270 -275
1 (ppm

Figure S97. ''°Sn{!H} NMR spectrum of 33 in Cs¢Ds

M=~ 0 00000 M= ™ - -, PP 0 W W W T D 0 W0 M
[N Nl N N N N N ey o o o R N rrrrrrrro00 O
e S 2N A R e NN
- 1
2 0/
4 3 J
n
¥
8
10
5
4
2 1 7-9 10 Hexanes
T L T T T
] 8 8 ® 8
: y o L y ’ v . - Y y o, =
85 8.0 7.5 T.0 6.5 6.0 55 50 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0

ppm
Figure S98. 'H NMR spectrum of 34 in C¢Ds

147



~14272
~136.34
13220
131.35
428:30.
—76.79
57,66

26
\22

1418
1375

Hexanes

/13

6 3
160 1’50 1;0 'lfllﬂ 120 1‘;0 160 90 80 70 6‘0 5’0 “0 30 2‘0 10 0
ppm
Figure S99. >C{'H} NMR spectrum of 34 in C¢Ds
s 5]
5 -
¥ 7

WMWWMWWW“M”MWFW#‘ AWJ{L# W

e

180 240 200 160 120 80 60 40 20 0 -20 50
pPpm

Figure S100. ''°Sn{'H} NMR spectrum of 34 in CsDs

148

=180 =220 -260



§8°0,
1807
740N
i

L8
99~
e
8

8ye-
99¢”

WLy
£0°L-
yo'L
90°2
Wty
€L
vird
o

Hexanes

T - 1
1.0 0.5 0.0

1.5

Le
o~
.“ e
| o~
|
1 Le
| “
{.
~ A/wue_. u
L9
-
(=] |
- 4
=] v ~u
c (==}
—*wn M~ 7 .M
~ |
L]
L9
w
-
[ B— |
o
K]
|
| ")
| o
|
! =
\n M_ ~19% | o
~
*
-
_. ~
-+ ﬁ..no.n‘
| Lo
| ©
|
¢
) Lw

ppm
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CHAPTER 3: DSC Traces
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