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Abstract

This thesis outlines the synthesis and characterization of asymmetric and symmetric 3-
cyanoformazanate BF, complexes and their incorporation into polymers. CUAAC chemistry
was used to synthesize two additional asymmetric BF> complexes and a side product that was
identified as a symmetric dimer. Spectroscopic and electrochemical properties of these

compounds are described.

Incorporation of an asymmetric 3-cyanoformazante BF, complex into polymers was done by
ROMP. This reaction was used to make homo, block, and random copolymers, where the
comonomer was an organic norbornene derivative. Spectroscopic studies of these polymers
revealed that, as the mole fraction of BF2 (fer) in random copolymers decreased, the quantum
yield of fluorescence increased; this was due to less quenching/self-absorption from nearby

chromophores. Thermal and electrochemical properties of all polymers are described.

Keywords

Formazanate ligands, Copper (l)-assisted alkyne-azide cycloaddition, Ring-Opening

Metathesis Polymerization, Absorption/Emission Spectroscopy, Redox-active polymers.
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Chapter 1

1 Introduction

Polymers have been synthesized for over 100 years due to the observation that molecular
properties change dramatically once molecules are incorporated into long chains. Polymers are
essential on a day to day basis whether they are found in plastic containers (polystyrene),
batteries (polyethylene and polypropylene), or as the genetic code needed for human function
and growth (DNA). Furthermore, n-conjugated polymers that have luminescent properties
have been researched for their potential use in biological sensors, semiconductors and LED

applications.! Below, several classes of emissive polymers are highlighted.

1.1 Polymers Containing Quinoline Derivatives

Polymers containing quinoline chromophores (1.1) (or derivatives of) have been studied for
their use in applications such as LEDs,3*® electronic optical materials,®’ and optical sensors.%°
These polymers can be synthesized in different ways so that the quinoline chromophores
appear in the side- or main-chain of polymers. For example, Wen and co-workers synthesized
a novel polymer that contained a quinoline derivative in the side-chain (1.4) (Scheme 1.1). The
synthesis of monomer 1.3 was carried out by dissolving previously synthesized molecule 1.21°
in THF and Et3N, cooling the solution down, and then adding methacryloyl chloride. Monomer
1.3 was then polymerized by using atom transfer radical polymerization (ATRP) where CMPB
was used as the initiator, and CuCI/PMDETA as the catalyst/ligand system. A plot of
In([M]o/[M]) vs. time was plotted where [M]o corresponds to the initial monomer
concentration, and [M] corresponds to the monomer concentration at a certain time interval.
This relationship was found to be linear, which showed the controlled polymerization of
monomer 1.3, along with the fact that the polymers had low dispersity (D) values. The
spectroscopic properties of monomer 1.3 and polymer 1.4 were studied, and it was found that
the emission of the polymer was significantly higher than that of the monomer. This was

attributed to a phenomenon known as “fluorescence structural self-quenching”!

whereby
intra- or intermolecular excimer formation occurs. In this case, the alkene of the methacrylate
group on monomer 1.3 is electron-accepting and will quench fluorescence from the quinoline

portion-of the monomer (excimer formation). However, the absence of alkene group in polymer
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1.4 allows for emission from the chromophore without quenching. These polymers emitted at
424 nm in the solution state (DMF) and 432 nm in the solid state.

CMPB

1.2 1.3 1.4

Scheme 1.1. Synthesis of quinoline containing monomer 1.3 and polymer 1.4.

The effect of quenching or enhancing the fluorescence of quinoline based polymers due to the
presence of other molecules in the structure or in solution has been explored as a means of
using these molecules in sensing applications. For example, quinoline-containing conjugated
polymers 1.5, 1.6 and 1.7 were studied for their potential use in sensing Cu?* ions and amino
acids.'? It was observed that when 1.6 was dissolved in THF it had a wavelength of maximum
absorption (Amax) of 410 nm, and a wavelength of maximum emission (Aem) of 460 nm. This
emission was quenched to 10% of its initial value when 1.6 uM concentrations of Cu?* were
added. The same response was observed for 1.7, but the emission of 1.5 was not affected. This
was attributed to the fact that functional groups on 1.5 do not have a specific affinity to Cu?*
ions, and thus no quenching was observed. However, 1.6 contains an imidazole functional
group and 1.7 contains an 8-hydroxyquinoline group which can chelate Cu?* and result in
quenched emission. The emission of 1.6 was recovered by adding amino acid glycine (1.8);
this was rationalized by the fact that glycine is a stronger chelate to Cu?* than the imidazole
functional group on 1.6. Conversely, no change of the emission of 1.7 was observed upon

addition of glycine because 8-hydroxyquinoline is a stronger chelate than glycine.

www.manaraa.com



OCgH3; _ _ OCygH33
N N N0~ Y—= =
BrMso _ — \l\ // _Jn N\ Ms — \ / I
N C16H330 N\ / CiHas0
\ 7/
1.5 1.6
OC46H33

1.7 1.8

The Liu group synthesized copolymers 1.14 containing derivatives of quinoline, thiophene and
benzothiazole and studied their potential use in metal ion sensing.™® The synthesis of these
copolymers began by the addition of sulfonyl chloride to compound 1.9 in a NaOH/THF
solution. This reaction afforded compound 1.10 in 70% yield, which was then reacted with 8-
hydroxyquinoline in a K>COs/DMF solution to afford 1.11 in 66% yield (Scheme 1.2).
Monomer 1.12 was then synthesized by reacting 1.11 with bis(pinacolato)diboron, Pd(dppf)Cl2
and Na2COz in DMSO for 12 h at 100 °C. Suzuki coupling was then employed as a means to
synthesize polymer 1.14. First, monomer 1.12 and monomer 1.13 were dissolved in a solution
of Na,COs/toluene and then catalyst Pd(PPhs)s was added. The reaction proceeded for 48 h at
110 °C and the polymer was isolated in 65% yield. Spectroscopic studies for the polymer
revealed that it had a Amax at 490 nm, and a Aem at 610 nm (in DMSO), although its emission
was rather weak. However, a 12 fold enhancement of the emission was observed when a 5.0 x
10~° M Hg(ll) ion solution was added, along with a 10 nm blue shift in the Amax. Therefore,
polymers 1.14 are effective as sensors for Hg(Il) ions.
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Scheme 1.2. Synthesis of monomer 1.12 and 1.13 for subsequent Suzuki coupling to afford
polymers 1.14.

Water-soluble copolymers containing quinoline units (e.g., 1.17) have also been synthesized
and studied for their pH tunable fluorescence response.* These polymers were made by free
radical copolymerization of N,N-dimethylacrylamide (1.15) and quinoline containing
monomer 1.16 using AIBN as the free radical initiator (Scheme 1.3).° The resulting polymers
contained approximately 3.5 mol % of quinoline units; this was done to avoid excimer
formation between quinoline units which would result in the quenching of their emission. The
polymers’ Aem Was observed to shift from 411 nm to 484 nm as the pH of the solution decreased,
and its emission intensity changed linearly. This shift in Aem was attributed to the protonation
of the quinoline group in the polymer. A second copolymer containing an anionic backbone
and quinoline units was synthesized (1.18). It was found that this polymer was more readily
protonated than neutral polymer 1.17, due to the electrostatic attraction between the protonated
quinoline unit and the negatively charged chain. This phenomenon was demonstrated by
looking at the fluorescence quantum vyields (®g) at 411 nm (free quinoline) and 485 nm
(protonated quinoline). For polymer 1.17, the ®r at pH 7 and pH 2 were 85% and 38%,
respectively. Conversely, the ®r for polymer 1.18 at pH 7 and pH 2 were 84% and 55%,
respectively. This difference in ®r at 485 nm was attributed to the shift in equilibrium for the

protonation of quinoline whereby polymer 1.18 was more easily protonated due to electrostatic
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interactions of the protonated quinoline group with the polymer backbone. These properties

highlight the use of these polymers as pH indicators.

X
| \I AIBN
_N

—N DMF, 110 °C, 24 h

1.2 Polymers Containing Naphthalene and Anthracene

Derivatives

Naphthalenes have been incorporated into various types of polymers due to their interesting
spectroscopic properties. For example, the Zhu group synthesized linear and cyclic side-chain
phenylazo naphthalene polymers and studied their photoisomerization as well as their
fluorescence.® Synthesis of these polymers began by the addition of the diazonium salt of 4-
methoxy aniline to a solution of 1-naphthol (1.19) in NaHCO3 and NaOH to afford 1.20 which
contains both a naphthalene group and an azo-benzene group (Scheme 1.4).%% This molecule
was then reacted with 6-bromohexanol in a DMF solution containing KoCOz and catalytic

amountsof Kktoobtain 1.21. A polymerizable group (methyl methacrylate) was then attached
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to 1.21 by adding methacryloyl chloride into a solution of 1.21 and EtzN in THF; this resulted
in the synthesis of monomer 1.22. This monomer was polymerized by using ATRP where
propargyl-2-bromoisobutyrate (PBB) was the initiator, and CuBr (with PMDETA as the
ligand) was the catalyst. Post-polymerization functionalization of linear polymer 1.23 was then
used to attach an azide group at the chain end (1.24). CUAAC was employed in order to convert
linear polymer 1.24 into cyclic polymer 1.25. Both linear and cyclic polymer 1.23 and 1.25
have azo-benzene groups as part of their side-chain and thus these polymers could undergo
photoisomerization. Studies of the rate of photoisomerization of the azobenzene unit from
trans to cis revealed that cyclic polymers 1.25 had a faster rate of conversion from trans to cis
than that of the linear polymers 1.23. This was attributed to the fact that there is less resistance
upon conversion due to minimal entanglement in the cyclic polymers vs. the linear polymers.
The naphthalene unit is also found in the side-chain of both the linear (1.23) and cyclic (1.25)
polymers and thus the fluorescence of these polymers was investigated. It was found that the
linear polymers exhibited weak fluorescence at 430 nm, but cyclic polymers showed an
enhancement in fluorescence intensity, which was more obvious when looking at polymers
with lower weight average molecular weights (Mw). Although this phenomenon is not
completely understood, it was suggested that there is more rigidity in the cyclic polymers vs.
the linear ones, reducing both aggregation-caused self-quenching in solution, and vibrational

non-radiative relaxation pathways.
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Scheme 1.4. Synthesis of linear polymer 1.23 and cyclic polymer 1.25.

Copolymers containing naphthalene and a second fluorescent molecule known as oxadizole,
were synthesized by the Bruma group.!” Polycondensation was used to synthesize these
polymers from monomers 1.29 and 1.30. Synthesis of monomer 1.28 began by stirring 5-
amino-naphthol 1.26 with fluorophenyl-oxadiazole derivative 1.27 in K.COgz and 1-methyl-2-
pyrrolidinone (NMP) for 40 h at 180 °C. Polymers 1.31 and 1.32 were prepared through low
temperature (—10 °C) polycondensation reaction of monomer 1.28 with diacid chloride
monomer 1.29 or 1.30 in NMP and pyridine. After 15 min of stirring, the reaction was warmed
to room temperature and stirred for an addition 6 h. Polymer films were made by drop casting
solutions (in NMP) of these polymers into glass plates. The spectroscopic properties of the
polymers in solution and in the solid state were investigated. It was found that in solution, both
polymers absorbed in the UV-vis region at a Am.x Of 312 nm, however, as films, these
absorptions red-shifted to 343—350 nm. This shift in absorbance was attributed to an increase
in intermolecular interactions of the bulk polymer, leading to differences in the conformational
state of the polymer in the solid state vs. in solution. The polymers were also emissive in
solution and in the solid state. In solution, Aen Was at 420 nm and in the solid state (films)
emission occurred at 413—420 nm and at 445-465 nm. The first peak was concluded to arise
from the phenyl-oxadiazole portion of the polymers, whereas the second was due to the

naphthalene-containing portion of the polymers. Polymer 1.31 also gave rise to an emission
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shoulder at 433 nm and polymer 1.32 had an emission shoulder at 498 nm; these emissions
were due to aggregation and excimer formation which led to a red-shift in the emission as well
as quenching.* It is noteworthy that the emission of these polymers in the solid state were blue-
shifted from that in the solution phase. This led to the conclusion that there was no extended
n-conjugation in the polymers in the solid state, but rather there is organization of the chains
that causes their emission to shift.’® This makes these polymers excellent candidates for blue

light-emitting devices.

N-N
OH I\
O /O/(O)\Q\ _ kCOy /
T F F
H>N O NMP 40 h, 180 °C

1.26 1.27 1.28
(o] (o] I
>—< >—R—< < |
Cl Cl N
1.29: R = C(CF;), -10 °C, 15 min,
1.30:R=0 NMP

Scheme 1.5. Synthesis of monomer 1.28 and polymers 1.31 and 1.32.

Anthracenes (1.33) are another class of aromatic molecules that have found use as functional
materials in organic light-emitting diodes (OLEDs),**? transistors®! and photovoltaic cells?;
they are fluorescent and have been incorporated into semiconducting polymers.?®2?* The
Majdoub group synthesized two anthracene containing copolymers (1.39 and 1.41) whose
properties differed greatly as a result of the nature of the comonomer.2°2® Synthesis of polymer
1.39 began by the direct bischloromethylation of anthracene (1.33) with paraformaldehyde
((H2CO)n) and HCI in acetic acid (AcOH) to afford 1.34. The next step was the synthesis of
comonomer 1.35 which was carried out by reacting 1.34 with PPhs in toluene (Scheme 1.6).
Dialdehyde 1.37 was then synthesized by reacting vanillin (1.36) with K.CO3z in DMF and
adding dibromodecane dropwise (Scheme 1.7). Once the monomers had been prepared,

polymers 1.39 and 1.41 were synthesized by using Wittig polycondensation whereby monomer
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1.37 or 1.39 were stirred with 1.35 in THF and 0.5 M t-BuOK solution was added (Scheme 1.8
and 1.9). UV-vis absorption spectra for both polymers revealed three maxima in solution; these
maxima were consistent with UV-vis absorptions of anthracene molecules.?” Polymers 1.39
had a Amax at 365, 385, and 408 nm, while polymers 1.41 had a Amax at 357, 383, and 406 nm,
pertaining to m—>7n* electronic transitions in the anthracene group. Both polymers were
fluorescent in solution, 1.39 had Aem at 410, 432, and 458 nm (®r = 37%), whereas polymer
1.41 had Aem at 420 and 443 nm (Or = 72%). The difference in ®r between the two polymers
was attributed to the fact that in polymer 1.41 the isosorbide groups (functional group on
comonomer 1.40) increased the rigidity of the polymer, which in turn decreased the vibrational
and rotational degrees of freedom of the chain, making vibrational relaxation less likely, and
relaxation through emission more likely. Films of both polymers were also made and their Aem
were found to be at 570 nm and 562 nm for 1.39 and 1.41, respectively. The shift of the Aem Iin
the solid state versus that in solution was due to m-m interactions of the conjugated fluorophores
which lead to excimer formation.?

. -
cl PhypL!

OOO (H2CO0),, HCI OOO PPh,, toluene OOO
—_— — =
AcOH, 50 °C Reflux, 24 h
N
cl “PPh,

Cl

1.33 1.34 1.35

Scheme 1.6. Synthesis of monomer 1.35.

\
o)

gr _K2COy DMF
NN NN Br
o on + B 60 °C,24h O(CH2)1,0

1.36

Scheme 1.7. Synthesis of monomer 1.37.
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Scheme 1.8. Synthesis of polymer 1.39.
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Scheme 1.9. Synthesis of polymer 1.41.
1.3 Polymers Containing Fluorene Derivatives

Polyfluorenes are a class of conjugated fluorescent polymers that benefit from high ®r, and
impressive thermal and chemical stability.?®-3! Polyfluorenes containing phosphonate groups
in the side-chain (e.g., 1.47 and 1.48) have been synthesized and their use as chemosensors has
been explored.®? Synthesis of these polymers began by reacting 2,7-dibromofluorene (1.42)
with 1,3-dibromopropane (Br(CH2)3Br) or 1,6-dibromohexane (Br(CH.)eBr) in an aqueous
solution containing NaOH to afford 1.43 and 1.44. These molecules were then refluxed in the
presence of P(CzHs)s to obtain monomers 1.45 and 1.46. Polymerization was then performed
by Yamamoto polycondensation where monomers were reacted with nickle (0) catalyst
(Scheme 1.10). The spectroscopic properties of these polymers were investigated, and it was
found that their absorption depends on the solvent being used. For example, 1.47 has Amax at
382 nm in CHCl3, but 338 nm in EtOH, and 1.48 has an Amax at 392 nm in CHClI3z and 401 nm
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in EtOH. The emission spectra were also solvent dependent. Polymers 1.47 and 1.48 emit at
418 nm in CHCI3 and 422 nm in EtOH. The ®r for both polymers in EtOH was found to be
74%, suggesting that there is no aggregation in solution since little to no quenching was
observed. Furthermore, the sensing properties of these polymers to metal ions was investigated.
This was done by adding various metal ions (Li*, Na*, K?*, Mg?*, Ca?*, Cd®*, Zn**, Fe3*) to a
solution of polymers 1.47 or 1.48 in CHCI3. No significant changes to the emission of these
solutions was observed for any of the ions, except for when Fe®* was added. Addition of Fe3*
resulted in dramatic quenching of the emission intensity by 210 fold for 1.47 and 130 fold for
1.48. These results demonstrate the efficacy of these polymer as sensitive and selective

chemosensors of Fe3*,

Br(CH2)3Br
O O Br(CHz)sBr 0.0 Br  P(C,Hs);
—_— —_— o o
Br u Br  NaOH/H,0 140 °C, 16 h o-p B_d

60°C,4h | n CI)

1.43: n=1 1.45: n=1

1.42 1.44: n=4 1.46: n=4

Ni(0)

Scheme 1.10. Synthesis of polymers 1.47 and 1.48.

Imidazole-functionalized polyfluorenes 1.51 have also been synthesized and investigated for
their use as chemosensors.®® The design of these polymers was based on the fact that the
imidazole has been demonstrated to have ion coordinating abilities to various ions,* and the
fluorene portion would have strong luminescence properties. Synthesis of this copolymer
began by reacting 1.44 with imidazole in THF and NaH using TBAI. This resulted in the

synthesis of monomer 1.49, which was then copolymerized with 1.50 using Suzuki coupling
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polymerization (Pd(PPhs)s as the catalyst) to obtain polymer 1.51. This polymer was shown to
absorb in the UV-vis region, specifically having a Amax at 390 nm. It was also emissive, with a
Aem at 404 nm, and a shoulder at 425 nm. Their use as chemosensors was explored by adding
various metals (e.g., Fe**, Ni?*, Cd?*, Mn?*, AI**) to polymer solutions in THF; however, no
change in the absorbance of the polymers or their emission was detected. Nevertheless, when
Cu?* was added, a blue-shift in the Amax of the polymer solution was detected (AL = 7 nm); this
was due to the change in the electronic structure of the backbone upon metal binding. The
emission properties of the polymers were affected more dramatically, whereby addition of 1—
2 ppm Cu?* solutions completely quenched the fluorescence. Films of these polymers were
made, and placed into an aqueous solution of CuCl, where the same blue-shift in the Amax, and
quenching of the fluorescence was observed. Furthermore, when the films were placed into an
ammonia solution, the fluorescence was rejuvenated. These properties showed the potential

use of these polymers for applications as fluorescent chemosensors.

Br 0.0 Br 2{} Br O.Q Br

—_— /\ =
Br—; M-Br TBAI, THF, NN GN\¢N
NaH
1.44 1.49

CeHi3 eH13

c
0 o
<: B Q.O g :> Pd(PPhs), / Toluene
[o] o) N32C03 / HZO
1.50

Scheme 1.11. Synthesis of polymer 1.51.

Polymers containing derivatives of fluorene (1.52, 1.53), benzothiadiazole (1.54) and
bisthiophenylbenzothiadiazole (1.55) have also been synthesized, and their use as white-light-
emitting polymers has been demonstrated.® These polymers (1.57) were made by using Suzuki
polycondensation of monomers containing oxidiazole (1.52), triphenylamine (1.53), 4,7-
dibromo2,1,3-benzothiadiazole (1.54), 4,7-bis(5-bromothiophen-2-yl)-2,1,3benzothiadiazole
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(1.55), and the diboronate (1.56), where Pd(PPhs)s was used as the catalyst, and aliquat 336
was used as the phase-transfer reagent as this polymerization took place in a mixture of toluene
and aqueous K>COz (2M) solution (Scheme 1.52). These polymers possessed D of 2.0, typical
for condensation polymerizations, and Amax at around 300 and 380 nm in CHCI3. Emission
spectra collected for these polymers in CHCI3 showed two Aem at approximately 430 and 460
nm. Thin film fabricated devices of these polymers were also made, and emission from these
films ranged from 400—700 nm, having Aem peaks at 430, 460, 518, and 602 nm (each pertaining
to one of the chromophores in the polymer). The combination of these specific emission
wavelengths led to the devices emitting white light when an electric field was applied.
Furthermore, the different emissions from this polymer was concluded to be due to partial
energy transfer from the blue-fluorescent polyfluorene backbone to the other chromophores.
Controlling the contribution of light from each chromophores (by controlling the number of

chromophores within the polymer) led to the emission of white light.

n-Bu n-Bu

& >
@o 55 Q""Q,.Bu N

1.53 1.55

CgHiz CgHi7
. Pd(PPh;),/K,CO;,
Q O toluene/H,0/Aliquat 336 n-Bu n-Bu

1.56
N N
cNh o T
O Q CgHyzo CgHyz NN CgHyzo CgHyr CgHy7 CgHy7 O Q CgHqz  CgHyr

LI M/ 16202808

Scheme 1.12. Synthesis of polymer 1.57.
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1.4 Boron Containing Fluorophores and Polymers

BF> complexes of chelating N,N- and N,O- ligands have received a lot of interest and have
been extensively researched due to their unique properties, which include: large absorption
coefficients, high ®f , redox activity, and excellent stability. These compounds have found use
as photosensitizers, fluorescent imaging agents, OLEDs, and as the functional component of

sensors.36-42

The ability to synthesize asymmetric BF> complexes has allowed for versatility in their
applications as well as in their properties. For example, the Aprahamian group was able to
synthesize N,N-chelated asymmetric BF> molecules containing an azo group (e.g., 1.58) by
reacting BFs*OEt> boron trifluoride etherate with the corresponding hydrazone at room
temperature.*® Isomerization of this molecule from its trans (1.58) to cis (1.59) confirmation
was induced by visible light (570 nm) (Scheme 1.13), and their photoisomerization properties
could be studied using UV/vis spectroscopy thanks to their very distinct Amax at 530 nm and
480 nm, respectively. Furthermore, they were able to obtain a red-shift in the activation
wavelength of these complexes by the addition of an electron donating group in the R? position
such as a methoxy or dimethyl amine group.** The activation wavelength of these complexes

was shifted to the near-IR region of the spectrum (630 nm and 710 nm, respectively).

NC -
- N 570 nm \©\
N8 >D
,‘: F 450 nm or dark

R1

1.57R'=H 1.58 R'=H
Scheme 1.13. Isomerization of trans-1.57 to cis-1.58 using visible light.

Besides being able to introduce interesting functional groups to BF, complexes, asymmetric
synthesis can also be used as a means to create rigid BF2> complexes so that fluorescence in the
solid state can be obtained. For example, phenanthro[9,10-d]imidazole-quinoline BF2 1.59 was
synthesized in hopes of obtaining solid-state fluorescence.*® This approach was taken due to

the fact that phenanthro[9,10-d]imidazole-quinoline dyes display large Stokes’ shifts, which
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aid in minimizing reabsorption and self-quenching in the solid state.*® They found that
compound 1.59 had strong absorbance in solution at 476 nm, and bright luminescence at 585

nm in solution with a ®r of 90% and also possessed emission in the solid state at 622 nm with

a @©r of 18%.
() &f
B,
O révl

1.59

Emission in the solid state can also be realized by synthesizing molecules that undergo
aggregation-induced emission (AIE), which is a phenomenon whereby the structure of the
molecule becomes restricted in the solid state, thereby enhancing the emission of the
chromophores.*” For example, BF, complexes of quinoxaline-p-ketoiminates (e.g., 1.60 and
1.61) have strong absorption and emission properties in solution.*® However, in the solid state,
1.60 was essentially non-emissive (Or = 2%) whereas 1.61 had a solid-state @ of 22%. The
difference in their behaviour was attributed to the phenyl group introduced at the R position
in 1.61. This phenyl group was observed to be twisted in the solid-state structure, which in turn
increased the ©-x distance between adjacent molecules, decreased n-w stacking, and resulted in

the impediment of intermolecular quenching, allowing the molecule to fluoresce in the solid

@ RF
N’B\O
Ny ! =

R!

1.60R'=H

1.61 R" = phenyl

state.

Another class of BF, dyes that have been extensively studied are those of chelating
dipyrromethene ligands (e.g., 1.62).*° These molecules, known as boron dipyrromethenes
(BODIPY?Ss), benefit from tunable optical and chemical properties as well as high ®r. Recently,
the first example of zwitterionic BODIPY's was described (1.63 and 1.64).%° These asymmetric
BODIPYs possessed large Stokes’ shifts, intense emission, and were water soluble. Their

absorption bands (in McOH) were quite broad and ranged from 390—405 nm for compound
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1.63 and 414-434 nm for compound 1.64. Moreover, they displayed Aem in EtOH at 461 nm
with a ®r of 95% for 1.63, and 506 nm with a ®r of 68% for 1.64. Thanks to their solubility
in water, their use as live cell imaging agents was demonstrated by subjecting both dyes to
yeast cells and observing the specific staining of the cells in the granules of the yeast.

1.62

The Liu group synthesized copolymers of BODIPYs and fluorenes in order to take advantage
of their interesting properties.>® The idea was to make three separate copolymers bearing
fluorene units and BODIPY units; these copolymers would differ based on the BODIPY
derivative used. Different functional groups on the BODIPYs would tune their spectroscopic
properties, and thus the polymers would benefit from these differences. Synthesis began by the
iodization of BODIPYs 1.65, 1.66, 1.67 by dissolving each BODIPY in an EtOH/water
solution containing I and HIOg, stirred at 60 °C for 30 min. This yielded monomers 1.68, 1.69,
1.70 which were then copolymerized with fluorene 1.71 using palladium-catalyzed Suzuki
polymerization to yield polymers 1.72, 1.73, 1.74 where both fluorenes and BODIPYs are
found in the main chain. The spectroscopic properties of molecules 1.65, 1.66, 1.67 were
studied, and it was found that they all had Amax in CHCI3 at approximately 500 nm, and
emission at approximately 510 nm, with ®r ranging from 72% for compound 1.65 to 87% for
compound 1.67. Once iodine was installed, all compounds experienced a red-shift in the
absorbance and emission spectra by 33—-38 nm. The ®r decreased, now ranging from 6% for
compound 1.69 to 9% for compound 1.70; this was attributed to quenching by the heavy atom
effect. Once the monomers were copolymerized with fluorene, their absorbance and emission
spectra were further red-shifted by 14-22 nm for the absorbance spectra, and 37-39 nm for the
emission spectra. The @ also increased, ranging from 56% for 1.73 to 85% for 1.74. This red-
shift in the Amax and Aem for polymers 1.72, 1.73, 1.74 was attributed to the extended =-
conjugation in the polymers. It was also observed that emission from the fluorene moiety in

the:backbone.wasnoilonger observed once it had been incorporated into the polymers; this was
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due to efficient photoinduced energy transfer from the fluorene moiety to the BODIPY moiety.
Fluorescence quenching was observed for all polymers when titrated with fluoride or cyanide

ions; this demonstrated their potential use in chemical and biological sensing applications.

o< (HO)ZBB(OH)Z A0
575

1.71

Y

Pd(PPh,),, NaCO,, )
toluene, ethanol, H,0, 575

60°C,36 h
1.65 1.68 1.72

1.71

15, HIO; >
Pd(PPh3),, NaCO;,
EtOH, H,0 toluene, ethanol, H,0,
60°C,36 h
1.66 1.73
1.71
15, HIO3 >
EtOH, H,0 Pd(PPhj),, NaCO,,
toluene, ethanol, H,0,
60 °C,36 h
1.67 1.70 1.74

Scheme 1.14. Synthesis of monomers 1.68-1.70 and polymers 1.72-1.74.

The Jékle group incorporated boron-containing molecules 1.76 into polymers 1.77 and block
copolymers 1.79 in order to study their potential metal complexation properties. Molecule 1.76
was chosen since this polydendate ligand has been previously studied for its potential metal
complexation properties with various metals (e.g., Mg?*, Fe?*, Mn?*).52-% Synthesis of these
polymers was achieved using ring-opening metathesis polymerization (ROMP) of the pendant
norbornene group found in monomer 1.76 and the pendant oxabicycloheptene group on 1.78.
Monomer 1.77 was dissolved in CHClI3 and the 3-bromo pyridine derivative of Grubbs’ third
generation catalyst (Glll, 1.75) was added and the reaction was stirred for 1 h, yielding homo
polymer 1.77. Block copolymer 1.79 was synthesized by dissolving monomer 1.78 in CHCls,
adding G111 (1.75) and stirring for 1 h; then 1.77 was added and the reaction mixture was stirred
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for an additional 4 h. The polymerization for both polymers was terminated using ethyl vinyl
ether. Homopolymer 1.77 had D of 1.29, while block copolymer 1.79 had P of 1.16, which are
within the range of living / step-growth polymerizations.>> Monomer 1.76 was tested for its
metal ion complexation properties. This was done by treating 1.76 with Cu(ClO4)2-6H20 or
FeCly, in the presence of EtsN. Once complexation was done, the UV-vis absorption spectra
of the complexes were studied in CH,Cl, and it was found that for the Fe?* complexes, Amax
were found at 425 and 480 nm, whereas for complexes with Cu?*, the Amax Was at 600 nm.
Successful complexation of metals to the polydendate ligands led the group to test whether or
not aggregates of block copolymers 1.79 would also form complexes with these metal ions
which would lead to crosslinking of the polymers. First, aggregates of the blocks were made
by taking advantage of their amphiphilic properties, where the borate containing block is
soluble in EtOH, but the oxabicyclo dicarboxylate portion is not. Thus, a solution of these
polymers in DMF was placed in a dialysis tube and allowed to stir in EtOH for 3 h; dynamic
light scattering (DLS) of this solution concluded that the block copolymers had formed
aggregates in solution. FeCl, was then added to the aggregate solution followed by addition of
EtsN. It was observed that a red precipitate began to form over time. Energy-dispersive X-ray
(EDX) spectroscopy measurements proved that Fe(ll) had successfully complexed with the
aggregate molecules, and thus caused the polymers to crosslink and precipitate out of solution.
Furthermore, metal exchange reactions could also be achieved by first complexing homo
polymer 1.77 with Cu(ClO4)2-6H20 in EtOH, yielding a green precipitate, and then adding
FeCl2. Over a span of 2 days the colour of the precipitate began to change to beige; and EDX
showed successful metal ion exchange. The complexation of these metal ions resulted in metal-

rich cross-linked polymer networks.
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Scheme 1.15. ROMP of monomer 1.76 to yield homopolymer 1.77.
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Scheme 1.16. ROMP of monomer 1.78 and monomer 1.76 to yield block copolymer 1.79.
1.5 Scope of Thesis

This thesis will focus on the synthesis of various novel asymmetric and symmetric 3-
cyanoformazanate BF, complexes and the incorporation of these molecules into homo, block,
and random copolymers by the use of ROMP. The interest in these studies lies in the
observation that BF, formazanate complexes have low energy absorption/emission, which is
advantageous in various applications such as cell imaging, as well as the fact that polymers are
easier to solution process which is important in applications that would require formation of
films, such as in OLEDs. These complexes also have similar properties to that of the widely
researched BODIPYs, yet their synthesis is easier and yields of these complexes are much
higher making them cost effective. Thus, my goal was to make fluorescent BF;
cyanoformazanate containing polymers that can be used as cell imaging agents, as functional

thin films, and to track block copolymer self-assembly.
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Chapter 2 will focus on the synthesis of an asymmetric 3-cyanoformazan along with its
corresponding BF2 complex. Synthesis of other 3-cyanoformazanate BF, complexes will also
be outlined, and a detailed comparison of their spectroscopic and electrochemical properties
described. Furthermore, X-ray crystallographic studies of two specific BF, complexes will also

be discussed.

Chapter 3 will outline the use of ROMP in order to synthesize various polymers that contain
3-cyanoformazanate BF, complexes. Block and random copolymer synthesis for these 3-
cyanoformazanate BF> complexes with a second organic monomer will also be described.

Spectroscopic, thermal and electrochemical properties of the polymers will be studied in detail.

Chapter 4 will summarize the work in this thesis as well as describe future work involving the
synthesis of new BF containing block copolymers that can self-assemble into fluorescent

micelles.
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Chapter 2

2  Asymmetric 3-Cyanoformazanate BF> Complexes

2.1 Introduction

Extensive research has been done on BF2 containing complexes due to their interesting
properties which include high molar extinction coefficients, high emission quantum yields, and
redox activity.!® One specific family of BF2 molecules that has garnered a lot of attention are
BODIPYs (2.1).* Although BODIPYSs possess a lot of the interesting properties described, they
generally suffer from small Stokes’ shifts which results in low ®f in concentrated solutions
and in the solid state due to self-quenching. One way to increase the Stokes’ shifts, is to break
the pseudo-Cz-symmetry often found in symmetrical BODIPYs. Breaking the symmetry
allows for a large distribution of charge upon excitation of the molecule thereby making the
ground and excited states more energetically different and thus increasing Stokes’ shifts.> In
an attempt to address this issue, boron complexes of iminopyrrolide ligands (BOIMPYSs) were
synthesized (e.g., 2.2) as an asymmetric mimic to BODIPYs.® BOIMPYs retained the
interesting spectroscopic properties found in BODIPYs, such as high absorption coefficients
and fluorescence, but possessed higher Stokes’ shifts. It was also found that the de-excitation
mechanism for these complexes relied on the substituents attached on the para position of Ar.
For example, addition of a dimethylamino substituent in the para position (2.4) allowed the
molecule to possess quinoid type resonance (2.5) that promoted charge separated character
resulting in large Stokes’ shifts (192 nm) and also solvatochromism (Scheme 2.1).
Solvatochromism supported the idea that by obtaining such charge separated character, this
complex had begun to develop charge transfer character. Conversely, having a tert-butyl group
in the para position (2.3) also resulted in large Stokes’ shifts (105 nm), but its emission was
not solvent dependent, and thus relaxation most likely occurred from locally excited states and

charge transfer.
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Scheme 2.1. Benzoid (2.4) to quinoid (2.5) resonance structures.

Another class of BF2 dyes that has shown potential as alternatives to BODIPY's are those of
chelating nitrogen ligands from a formazanate backbone (2.6-2.8). These BF, complexes
exhibit tunable absorption, emission and electrochemical properties, as well as good ®r and
high yielding syntheses.”® Triaryl BF, formazanate complexes (2.7) possess the largest Stokes’
shifts (>100 nm) out of the three. Breaking the symmetry in these BF2> complexes (e.g., 2.9)
has been shown to improve their ®r due to the push-pull electronics of the varying substituents
in the Ar! and Ar® positions. Conversely, BFz complexes of 3-cyanoformazans (2.6) possess
the highest @ in comparison to those with phenyl or nitro groups at the R® position (2.7, 2.8).8
These properties paved the way to pursue asymmetric 3-cyanoformazans, where the
corresponding BF2 complexes would benefit from an increase in emission intensity due to a
combination of the presence of a cyano group in the R® position, and asymmetry. Moreover,
synthesis of an asymmetric BF> complex would allow for functionalization of one of the N-
aryl substituents with a polymerizable group. This would make it possible to synthesize

polymers bearing BF, formazanate units appended to the polymer backbone.
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This chapter describes the synthesis and characterization of various asymmetrically substituted
BF, formazanate complexes. It also outlines the synthesis of the first reported asymmetric 3-
cyanoformazan and its corresponding BF> complex. The use of CUAAC chemistry as a means
of attaching a polymerizable group to one of the N-aryl substituents in the corresponding BF>
complex is also described. The effect on the spectroscopic and electrochemical properties upon
adding a triazole ring or coupling an alkyne group to one of the N-aryl substituents in the

formazanate backbone was also investigated.

2.2 Results and Discussion

2.2.1 Synthesis of Asymmetric 3-Cyanoformazans

Two different methods were used in order to synthesize asymmetric 3-cyanoformazans
(Scheme 2.2 and 2.3).>%° Both of these methods were unsuccessful as yields and purification
of the target formazans were low (Table 1). During optimization of both methods, it was
observed that when the diazoniums of p-anisidine and p-toluidine were used in order to make
either the hydrazone or the asymmetric formazan, a scrambling of aryl groups occurred where
the symmetric formazans of the diazoniums used were observed along with the asymmetric

formazan intended.
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Scheme 2.2. Stolarski synthesis of asymmetric 3-cyanoformazans.®
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Scheme 2.3. Elnagdi synthesis for asymmetric 3-cyanoformazans.°
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Table 2.1. Experimental yields for asymmetric syntheses.

Route R! R? Yield (%)°
Stolarski H Br 29
H OH 23*
Br OCHs 65*
Elnagdi? Br CHs 9*
Cl - -
OCHjs CHs 26*

“Yield stated does not include the yield for the synthesis of enaminonitrile (37%). > Asterisk denotes
crude yield (due to failed purification).

After this discovery, the need to find a route that involved fewer steps and produced
asymmetric formazans in a higher yield was necessary. Therefore, a different method for
obtaining asymmetric 3-cyanoformazan 2.12 was employed (Scheme 2.4), whereby the
asymmetric formazan desired was separated from the two corresponding symmetric formazans
via column chromatography. This route has been previously reported for the synthesis of
symmetric 3-cyanoformazans,!! and although its use for asymmetric formazans is not elegant,
it involves only one step and produces the same yields as the time-consuming methods

mentioned above.

RZ
fo) " $N SN | /@/
cl cl
N Ns
+ - N
NC\)J\OH 10 NaOH » Y OON

CN
2.10: R',R? = C,H 17%
2.11: R',R?= OCH;, 27%

212:R'=C,H,R2=0CH; 33%
Scheme 2.4. Synthesis of asymmetric 3-cyanoformazan 2.12.

2.2.2 Synthesis of BF. 3-Cyanoformazanate Complexes

Formazan 2.12 was dissolved in toluene and excess EtsN and BFs*OEt, were added under an
inert atmosphere. The solution was stirred overnight at 80 °C (Scheme 2.5). After aqueous
work-up and column chromatography, *H NMR spectroscopy revealed the disappearance of
the characteristic NH peak of the formazan seen at 12.5 ppm upon insertion of the BF, moiety.
The introduction of the BF> moiety was also verified by a distinctive 1:1:1:1 quartetand a 1:2:1
triplet in the *°F NMR and !B NMR spectra, respectively.
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Scheme 2.5. Synthesis of asymmetric BF, formazanate complex 2.13.

In order to explore the possibility of using CUAAC chemistry to attach polymerizable groups
to BF> complex 2.13, benzyl azide was used to test the reaction. Copper (I) coordinated by
PMDETA was the catalyst of choice. Benzyl azide and BF2 complex 2.13 were added to the
catalyst solution in dry and degassed THF and stirred at 23 °C for 16 h (Scheme 2.6). *H NMR
spectroscopy (Figure 2.1) revealed the disappearance of the =CH peak at 3.28 ppm (triangle)
and the appearance of the =CH peak of the triazole ring at 7.76 ppm (circle). Further
confirmation for the successful CUAAC reaction was evident when comparing the IR spectra
of BF2 complex 2.13 and benzyl-substituted BF> complex 2.14. The IR spectrum for BF>
complex 2.13 reveals the =CH stretch at 3282 cm™, while the IR spectrum of benzyl-
substituted BF2> complex 2.14 does not show the =CH stretch or the strong R-N3 stretch of an
azide which usually appears around 2170-2180 cm™.22 The unique 1:1:1:1 quartet in the °F
NMR spectrum and 1:2:1 triplet in the 1B NMR spectrum along with the persistent purple
colour of the compound indicated the tolerance of the BF> moiety to the conditions for the
CUAAC reaction. The synthesis of this compound also allowed for the study of the effects a
triazole ring has on the spectroscopic and electrochemical properties of BF> complexes.

N
(o] N
- FF
B
N 1.2 N" N

' ' Cul, PMDETA o { I

Y THF, 23 °C,16 h Y
CN CN
51%
213 214

Scheme 2.6. CUAAC reaction for the synthesis of benzyl-substituted BF, complex 2.14.

www.manaraa.com



30

A
/‘JO\ F‘f Q/ CHCI;
WS
Ns _N
e
H,0
A
cheh, T
N=N
P FF SN L0
15
@n““‘rﬂ .b
Ns N
T
CN
o
| [ l
S
pm 9 8 71 6 5 4 3 21t

Figure 2.1. Overlay of *H NMR spectra of compounds 2.13 (red) and 2.14 (black) in CDCls.
The triangle represents the =CH proton and the circle represents =CH peak of the triazole ring.
In pursuit of side-chain BF, formazanate polymers, azide-substituted norbornene 2.16 was
synthesized (Scheme 2.7). This compound contains a polymerizable norbornene suitable for
ROMP, along with an azide group that could be useful for clicking onto BF, complex 2.13.
Previously reported 3-azido-1-propanol 2.15% was added to a solution of 5-norbornene-endo-
2-carboxylic acid, DCC, DMAP, and dry CH2Cl> and stirred at 23 °C for 2 h. The reagent 5-
norbornene-endo-2-carboxylic acid was separated from the endo/exo mixture purchased by
reacting it with Kl and I in a basic solution, which resulted in the iodolactone formation of the
endo isomer. The iodolactone was then isolated through an aqueous workup, and converted
back to the endo isomer by stirring it in a solution of AcOH and zinc powder to afford pure 5-

norbornene-endo-2-carboxylic acid.*

'H NMR spectroscopy revealed the success of the coupling reaction, and the alkene protons
corresponding to the endo isomer were found at 6.22 ppm and 5.93 ppm. The IR spectrum

verified the presence of the azide functionality due to the strong R-Ns stretch at 2095 cm™.
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Scheme 2.7. DCC coupling for the synthesis of azide-substituted norbornene 2.16.

Azide-alkyne cycloaddition chemistry was then employed as a means of synthesizing a BF:
containing monomer for future polymerization. Again, copper(l) coordinated by PMDETA
was the catalyst of choice. BF2 complex 2.13 was added to a solution of azide-substituted
norbornene 2.16, copper catalyst, and dry and degassed THF and stirred at 23 °C for 2 h
(Scheme 2.8). 'H NMR spectroscopy revealed the disappearance of the =CH peak at 3.28 ppm
and the appearance of the =CH peak of the triazole ring at 7.90 ppm. The IR spectrum of
monomer 2.17 also verified the absence of =CH stretch at 3282 cm™ from BF, complex 2.13.
PF and B NMR spectroscopy revealed the unique 1:1:1:1 quartet and 1:2:1 triplet
respectively, again verifying the stability of the BF2 moeity under the conditions employed.
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77%
2.13 217

Scheme 2.8. Synthesis of monomer 2.17 by CuAAC.

During optimization experiments for the synthesis of monomer 2.17, it was observed that when
the reaction was left overnight, additional products formed. These products were isolated by
column chromatography. One of the fractions was isolated in 7 % yield and was blue in colour.
Its °F NMR and B NMR spectra revealed the presence of a BF2 moiety. Crystals of this
compound (2.18) suitable for X-ray diffraction studies were grown (see below), and it was
discovered that the compound was a dimer of BF2 complex 2.13. This structure was confirmed
by *H NMR spectroscopy and mass spectrometry. Literature precedence confirmed that Cu(ll)

can.catalyze the oxidative dimerization of alkynes,'>°® supporting the hypothesis that this side
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product forms as a result of the gradual oxidation of Cu(l) in the reaction mixture to yield
catalytic Cu(ll).

v
NC FIE
2.18

2.2.3 X-ray Crystallography

Single crystals of BF2 complex 2.13 were grown by slow diffusion of hexanes into a saturated
solution of BF2 complex 2.13 in slow evaporating CH>Cl,. The crystal displayed disorder at
the alkyne and methoxy substituents as a result of a two-fold rotation axis. The solid-state
structure revealed the boron centre to be found in a distorted tetrahedral geometry when
looking at angles (°): F1’~B1-F1 112.01(15), F1’~B1-N1 108.75(5), F1’-B1-N1" 110.42(5),
N1-B1-N1’ 106.34(13). Furthermore, the structure is relatively planar with a torsion angle of
7.2° between the N1-N2-C1-N2-N1 plane of the formazanate backbone, and the C3—C8 plane
of the N-aryl substituents.

Figure 2.2. Solid-state structure of BF> complex 2.13 (top and side views). Hydrogen atoms
have been omitted for clarity. Thermal displacement ellipsoids are shown at 50% probability.

www.manaraa.com



33

Table 2.2. Selected bond lengths (A) and angles (degrees) for 2.13 BF, complex.

2.13

B1-F1 1.3732(14)
B1-N1 1.5759(15)
N1-N2 1.3023(15)
N2-C1 1.3351(13)
N3-C2 1.146(2)
C9'-C10' 1.191(7)
01-C10 1.418(5)
N1-N2-C1 117.24(11)
N21-C1-N2 130.03(16)
N2-C1-C2 114.99(8)
C10'-C9'-C6 174.8(6)
C10-01-C6 112.7(3)
F1-B1-N1-N2 118.09(12)
N2-N1-C3-C8 6.26(16)
C7-C6-01-C10 -1.3(5)
C5-C6-01-C10 178.2(3)

Single crystals of dimer 2.18 were grown by slow evaporation of hexanes into a saturated
solution of dimer 2.18 in benzene. The solid-state structure revealed the planar confirmation
of this molecule with a torsion angle of 9.7° between the N1-N2-C1-N4-N3 plane of the
formazanate backbone and the C10-C15 plane, and a torsion angle of 0.07° between the C10—
C15 plane and the C10°—C15’ plane. The boron centre is also found in a distorted tetrahedron
geometry when looking at angles (°): F1-B1-F2 112.59(11), F1-B1-N3 111.12(11), F2-B1-
N1 109.58(10), N3-B1-N1 106.52(9). The delocalized nature of the formazanate backbone is
apparent when looking at the bond lengths (A): N1-N2 1.3007(14), N3-N4 1.3066(14), N2—
C11.3409(16), and N4—C1 1.3354(14), since these bond lengths are in between those expected
for single and double bonds of the same atoms.?® The torsion angle between the N1-N2-C1-
N4-N3 plane of the formazanate backbone and the C3—-C8 plane is 17.1°.
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ci8 C17 C17' C18

Figure 2.3. Solid-state structure of dimer 2.18 (top and side views). Hydrogen atoms have
been omitted for clarity. Thermal displacement ellipsoids are shown at 50% probability.

Table 2.3. Selected bond lengths (A) and angles (degrees) for 2.18 BF, complex.

2.18
B1-F1 1.3671(17)
B1-F2 1.3736(15)
B1-N3 1.5648(18)
B1-N1 1.5793(16)
N5-C2 1.1453(16)
01-C9 1.4344(15)
C16-C17 1.2063(16)
C17-C17* 1.369(2)
N1-N2-C1 117.24(9)
N3-N4-C1 117.01(10)
N4-C1-N2 129.89(11)
N2-C1-C2 114.68(10)
C17-C16-C13 178.73(14)
C16-C17-C17* 179.48(19)
N4-N3-C10-C15 5.74(16)
N2-N1-C3-C8 16.06(16)
C9-01-C6-C5 -175.67(11)
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2.2.4 Absorption/Emission Properties of BF. 3-
Cyanoformazanate Complexes
The spectroscopic properties of the BF> formazanate complexes that were synthesized are

summarized in Table 2.4. Figures 2.4a and 2.4b display the UV-vis absorption and emission

spectra for selected compounds.
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Figure 2.4. Normalized absorption (a) and emission (b) spectra for BF. complex 2.13 (black),
benzyl-substituted BF, complex 2.14 (blue), monomer 2.17 (green), and dimer 2.18 (red)
recorded in CH2Cl».
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Figure 2.5. Normalized absorption (solid line) and emission (dashed line) spectra for monomer
2.17 recorded in CHClo.
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Table 2.4. Spectroscopic properties of BF2 complex 2.13, benzyl-substituted BF> complex
2.14, monomer 2.17, and dimer 2.18.

Solvent  Amax (nmM)  e(M?cm™)  2Aem(nM) @ (%)*  vst (NM)  vst (cM™)
CHCl; 552 30,400 647 30 95 2660
2.13 THF 550 32,500 650 27 100 2797
Toluene 569 26,800 647 36 78 2119
CHClI; 560 31,000 660 30 100 2706
2.14 THF 560 33,900 671 25 111 2954
Toluene 579 37,400 661 37 82 2143
CHClI; 561 35,300 663 29 102 2742
2.17 THF 560 23,100 668 20 108 2887
Toluene 578 30,100 661 33 83 2172
CHCl; 597 78,500 687 <1 90 2194
2.18 THF 592 77,400 685 <1 93 2293
Toluene 605 62,500 688 <1 83 1994

aQuantum vyields were measured according to published protocol using ruthenium tris(bipyridine)
hexafluorophosphate as a relative standard®*?? and corrected for wavelength-dependent detector
sensitivity (Figure A2.21). Due to error associated with the integration of the fluorescence spectra, we
estimate that the quantum yields determined for dimer 2.18 are less than 1%.

These results reveal that, upon introduction of a triazole ring, the maximum absorption (Amax)
and emission (kem) associated with the BF, formazanates red-shift by approximately 10 nm
when comparing BF2 complex 2.13 with benzyl-substituted BF> complex 2.14 and monomer
2.17. This is likely a result of extended electronic conjugation. Furthermore, the oxidative
dimerization of alkynes to yield dimer 2.18 also resulted in a red-shift of Amax and Aem by
approximately 45 nm and 40 nm, respectively. A larger red-shift can be attributed to the
planarity of the two chromophores with respect to one another which results in an extent of
conjugation along both chromophores as opposed to just the triazole ring in the previous

examples.

BF2 complex 2.13, benzyl-substituted BF, complex 2.14 and monomer 2.17 all have moderate
®r (29-30% in CH2Cly). It is worth noting that, upon introduction of a triazole ring, the
quantum yields were not increased, which is opposite to a phenomenon often reported.? This
can be rationalized by the fact that formation of a triazole ring causes the compound to no
longer possess the push-pull electronics which has been shown to increase ®r.8 Dimer 2.18 is
essentially non-emissive, which can be attributed to possible intramolecular quenching due to
the proximity of both chromophores. The Stokes’ shifts observed provide a range of values for
these compounds that are within the range of typical Stokes’ shifts found in other BF:

formazanate complexes.’
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2.2.5 Electrochemical Properties of BF2

3-Cyanoformazanates Complexes

The redox properties of the BF, formazanate complexes that were synthesized were studied
using cyclic voltammetry and are summarized in Table 2.5. Experiments were performed in
CH:Cl», and the cyclic voltammograms for all compounds are shown in Figure 2.6. BF
complex 2.13, benzyl-substituted BF> complex 2.14 and monomer 2.17 exhibited two
reversible one-electron reduction waves (Scheme 2.9). Each BF; formazante in dimer 2.18 can
also be reversibly reduced twice. The first reduction event, centred at —0.65 mV, corresponds
to the formation of a radical anion on one of the BF, formazanate units. This reduction wave
overlapped a second one electron reduction for the remaining BF, formazanate unit in the
dimer. The second reduction event, centred at —1.65 mV, was also comprised of two
overlapping one-electron reduction waves. The observed behaviour is a demonstration of
electronic communication between the BF> formazanates in dimer 2.18. No oxidation events
were observed within the solvent window. It was observed that, when a triazole moiety was
introduced, reduction of the molecule was made more difficult; this is due to the stronger
electron donating effects of the triazole ring versus the alkyne. Furthermore, when comparing
the potential required to reduce dimer 2.18, it was observed that it was easier to reduce than
BF. complex 2.13 due to the increase in conjugation and the BF> complex-substituted alkyne’s

electron withdrawing effects.
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Scheme 2.9. Redox reactions of a BF, formazanate complex (2.19a) to afford a radical anion
(2.19b) and dianion (2.19c).

www.manaraa.com



38

Table 2.5. Electrochemical properties of BF> complex 2.13, benzyl-substituted BF> complex
2.14, monomer 2.17, and dimer 2.18.

Eredl(V) EredZ(V)
2.13 -0.67 -1.69
2.14 -0.69 -1.73
2.17 -0.69 -1.75
2,182 —-0.65 -1.65

4Potentials reported as the mid-point of two consecutive one-electron reduction processes.

2.18

J\ 2.17

50 pA W
$ \/ﬁ\ -
2.13
-2.50 -2.00 -1.50 -1.00 -0.50 0.00

Potential (V vs. Ferrocene/Ferrocenium)

Figure 2.6. Cyclic voltammograms for BF> complex 2.13 (black), benzyl-substituted BF
complex 2.14 (blue), monomer 2.17 (green), and dimer 2.18 (red), were recorded at a scan rate
of 250 mV s!for 1 mM analyte solutions in CH2Cl, containing 0.1 M [nBusN][PFs] as the
supporting electrolyte. All voltammograms were referenced internally against the
ferrocence/ferrocenium redox couple.

2.3 Conclusion

Attempts to synthesize asymmetric 3-cyanoformazans using literature procedures was
unsuccessful in giving high yields and pure formazans. Thus, a different method was employed
that allowed for the synthesis of the first reported asymmetric 3-cyanoformazan 2.12, which
was then converted to the corresponding BF2 complex 2.13. CUAAC chemistry was used as a
method for synthesizing various types of BF2 complexes. All compounds showed strong Amax
ranging from 552-597 nm in CH2Cl> and Aem from 647—687 nm. The introduction of triazole
rings was shown to red-shift the Amax and Aem by about 10 nm, and the oxidative coupling of
alkynes caused a red-shift in the Amax and Aem by approximately 45 and 40 nm, respectively.

All.compounds.wereredox active, and had cyclic voltammograms comprised of two reversible
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one-electron (2.13, 2.14 and 2.17) or two sets of overlapping reversible one-electron reduction
waves (2.18). Introduction of a triazole ring made it more difficult to reduce the BF:
formazanate due to its electron donating character, while alkyne coupling caused reduction to
be easier due to the increase in conjugation and the BF> complex-substituted alkyne’s
withdrawing effects. The next chapter will focus on the polymerization of monomer 2.17 by

using ROMP of its pendant norbornene group.

2.4 Experimental

2.4.1 General Considerations

Reactions and manipulations were carried out under a nitrogen atmosphere using standard
Schlenk techniques unless otherwise stated. Solvents were obtained from Caledon
Laboratories, dried using an Innovative Technologies Inc. solvent purification system,
collected under vacuum, and stored under a nitrogen atmosphere over 4 A molecular sieves.
Endo-5-norbornene-2-carboxylic acid was separated from the endo/exo mixture using a
published procedure.'* All other reagents were purchased from Sigma Aldrich, Alfa Aesar or

TCIl America and used as received.

NMR spectra were recorded on a 400 MHz (*H: 399.8 MHz, 1'B: 128.3 MHz, '°F: 376.1 MHz,
13C: 100.5 MHz), or a 600 MHz (**C: 150.7 MHz) Varian INOVA instruments. *H NMR
spectra were referenced to residual CHCIz at 7.27 ppm and *C{*H} NMR spectra were
referenced to CDCls at 77.00 ppm. 'B NMR spectra were referenced internally to BFs*OEt;
at 0 ppm. °F NMR spectra were referenced internally to CFCls at 0 ppm. Mass spectrometry
data were recorded in positive-ion mode using a high-resolution Finnigan MAT 8200
spectrometer using electron impact ionization. UV-vis absorption spectra were recorded using
a Cary 5000 Scan instrument using standard quartz cells (1 cm path length) with a scan range
of 200 to 800 nm. Four separate concentrations were run for each sample, and molar extinction
coefficients were determined from the slope of a plot of absorbance against concentration.
Emission spectra were recorded using a Photon Technology Internation QM-4 SE
spectrofluorometer. Emission quantum yields were estimated relative to [Ru(bpy)s][PFe]. and

corrected for wavelength dependent detector sensitivity (Figure A2.21).2! FT-IR spectra were
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recorded using a PerkinElmer Spectrum Two FT-IR spectrometer using an attenuated total

reflectance (ATR) accessory.
2.4.2. X-ray Crystallography Methods

Single crystals for X-ray diffraction studies of BF, complex 2.13 and dimer 2.18 were grown
by slow vapour diffusion of hexanes into a saturated solution of BF, complex 2.13 in CH2Cl>
and dimer 2.18 in benzene; these crystals were analyzed by Stephanie Barbon. The samples
were mounted on a MiTeGen polyimide micromount with a small amount of Paratone N oil.
All X-ray measurements were made on a Bruker Kappa Axis Apex2 diffractometer at a
temperature of 110 K. The data collection strategy was a number of ® and ¢ scans which
collected data over a range of angles, 20. The frame integration was performed using SAINT
program.?* The resulting data was scaled and absorption corrected using a multi-scan averaging
of symmetry equivalent data using SADABS.? The structures were solved by dual space
methodology using the SHELXT program.2® All non-hydrogen atoms were obtained from the
initial solution. The hydrogen atoms were introduced at idealized positions and were allowed
to refine isotropically for BF> complex 2.13, but for dimer 2.18 the hydrogen atoms were
introduced at idealized positions and the positional parameters but not the displacement
parameters were allowed to refine. The structural model was fit to the data using full matrix
least-squares based on F2. The calculated structure factors included corrections for anomalous
dispersion from the usual tabulation. The structure was refined using the SHELXL-2014
program from the SHELX suite of crystallographic software.?® Graphic plots were produced
using the Mercury software. See Table 2.6 for crystallographic data.
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2.13 2.18
Formula C17H128F2N5O C4eH34BzF4N1002
Formula Weight (g/mol) 351.13 856.45
Crystal Dimensions (mm) 0.188 x 0.107 x 0.104 0.509 x 0.244 x 0.074
Crystal Color and Habit purple prism blue plate
Crystal System monoclinic triclinic
Space Group C2lc P1
Temperature (K) 110 110
a(A) 10.248(6) 6.917(2)
b (A) 14.634(7) 10.231(4)
c(A) 11.146(5) 15.408(9)
a (°) 90 101.670(11)
B(°) 107.352(18) 92.500(12)
v(°) 90 107.13(2)
V (A% 1595.5(14) 1014.3(8)
Z 4 1
p (g/cm) 1.462 1.402
A, A, (Mo Ka) 0.71073 0.71073
u, (cm™) 0.111 0.102
Diffractometer Type Bruker Kappa Axis Apex2 Bruker Kappa Axis Apex2
Rimerge 0.0406 0.0425
*R1[201 > 2] 0.0428 0.054
*WR, [261 > 2] 0.0963 0.1153
R: (all data) 0.077 0.1232
WR; (all data) 0.1107 0.1399
GOF 1.038 1.013

aRjL: Z('Fo' - |Fc|)/2Fo

Rz = [ J(w( Fe? - F2 )2) [ Xw Fo* ) T

GOF = [ 2( w( Fo? - Fc2)?) I (No. of reflns. - No. of params.) ]*

2.4.3 Electrochemical Methods

Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASI)
Epsilon potentiostat and analyzed using BASi Epsilon software. Typical electrochemical cells
consisted of a three-electrode setup including a glassy carbon working electrode, platinum
counter electrode, and silver pseudo reference electrode. Experiments were run at 250 mV s
in degassed CH.Cl, solutions of the analyte (~1 mM) and electrolyte (0.1 M [nBusN][PFs]).
Cyclic voltammograms were internally referenced against the ferrocene/ferrocenium redox
couple (~1 mM internal standard) and corrected for internal cell resistance using the BASI

Epsilon software.
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2.4.4. Synthetic Procedures

3-Cyanoformazan 2.12

In air, cyanoacetic acid (1.00 g, 11.7 mmol) and NaOH (4.70g, o

11.7 mmol) were mixed with deionized H>O (60 mL) and the \©\NH /@/
solution was stirred in an ice bath for 20 min. Meanwhile, in a "'YN‘\N

separate flask, 4-ethynylaniline (1.10 g, 9.39 mmol) was mixed o

with 12 M HCI (2.35 mL, 28.2 mmol) in deionized H20 (2.3 mL). The solution was cooled in
an ice bath for 15 min before a cooled solution of sodium nitrite (0.75 g, 11 mmol) in deionized
H20 (5 mL) was added dropwise. The resulting reaction mixture, which contained diazonium
salt, was stirred in an ice bath for an additional 20 min. In the meantime, in a separate flask, p-
anisidine (1.44 g, 11.7 mmol) was mixed with 12 M HCI (2.94 mL, 35.3 mmol) in deionized
H20 (2.9 mL). The solution was cooled in an ice bath for 15 min before a cooled solution of
sodium nitrite (0.93 g, 13 mmol) in deionized H20 (5 mL) was added dropwise. The resulting
reaction mixture, which contained diazonium salt, was stirred in an ice bath for an additional
20 min. The diazonium salt solutions were then mixed together and stirred in an ice bath for
10 min. The diazonium-containing solution was then added dropwise to the cyanoacetic acid
solution. The solution turned dark red after approximately 2 min. After complete addition, the
mixture was stirred in an ice bath for an additional 60 min before being neutralized with 1 M
HCI. The resulting red-brown solid was filtered off and purified by flash chromatography using
a gradient strategy (starting at 1:1 n-hexanes: CH.Cl, and ending with 2:8 n-hexanes: CH2Cl.)
where the second coloured fraction contained the desired product. Removal of the solvent in
vacuo afforded 3-cyanoformazan 2.12 as a dark red microcrystalline solid. Yield = 1.18 g,
33%. M.p 212-213 °C. 'H NMR (400.1 MHz, DMSO-d6): & 12.49 (br s, 1H, NH), 8.08 (d,
3Jun =9 Hz, 2H, aryl CH), 7.54 (br d, 4H, aryl CH), 7.18 (d, 3Jun = 9 Hz, 2H, aryl CH), 4.19
(s, 1H, =CH), 3.91 (s, 3H, OCH3).B*C{*H} NMR (100.6 MHz, DMSO-d6): & 163.4, 146.1,
142.7, 133.0, 127.0, 126.4, 116.8, 115.7, 115.0, 112.8, 83.5, 80.7, 55.9. FT-IR (ATR): 3308
(m), 3230 (m), 2942 (s), 2837 (S), 2224 (m), 2099 (m), 1605 (m), 1579 (m), 1514 (s), 1249 (s),
1183 (s), 1164 (s), 1140 (s), 1110 (m), 1028 (m) cm . UV-vis (CH2Cl2): Amax 444 nm (g =
26,400 M~tcm). Mass Spec. (El, +ve mode): exact mass calculated for C17H13NsO: 303.1120;
exact mass found: 303.1111; difference: —3.0 ppm.
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Asymmetric 3-cyanoformazanate BF2 complex 2.13

Asymmetric formazan 2.12 (0.40 g, 1.3 mmol) was dissolved in o . =
dry toluene (75 mL). EtsN (0.40 g, 0.55 mL, 3.9 mmol) was then ON,‘.;‘\N Q/
added slowly, and the solution was stirred for 10 min before rkr'r'«
BF3+OEt2(0.94 g, 0.81 mL, 6.6 mmol) was added, and the solution N

was heated to 80 °C with stirring for 16 h. The solution became dark purple during this time
and after cooling to 23 °C, deionized H>O (10 mL) was added to quench any excess boron-
containing compounds. The toluene solution was then washed with deionized H2O (3 x 20
mL), dried over MgSOs, gravity filtered, and concentrated in vacuo. The resulting compound
was purified by flash chromatography (THF, neutral alumina) to afford BF2> complex 2.13 as
a dark-purple solid. Yield = 0.31 g, 68%. M.p 199-200 °C. *H NMR (399.8 MHz, CDCls): §
7.97 (d, 3Jun =9 Hz, 2H, aryl CH), 7.87 (d, Jun = 9 Hz, 2H, aryl CH), 7.60 (d, 3Jun = 9 Hz,
2H, aryl CH), 7.01 (d, 3Jun = 9 Hz, 2H, aryl CH), 3.92 (br s, 3H, OCHzs), 3.28 (br s, 1H,
=CH).B*C{*H} NMR (150.7 MHz, CDCls): § 163.6, 142.9, 136.8, 133.1, 125.4, 124.5, 122.5,
115.0, 114.1, 110.0, 82.6, 80.8, 55.9. !B NMR (128.3 MHz, CDCls): § 0.7 (t, 1Jgr = 31 Hz).
F NMR (376.1 MHz, CDCls): § -133.7 (g, }Jre = 31 Hz). FT-IR (ATR): 3282 (m), 2928 (s),
2840 (s), 2240 (m), 1593 (s), 1505 (m), 1407 (s), 1343 (s), 1328 (s), 1307 (s), 1262 (s), 1166
(s), 1138 (s) cm™. UV-vis (CH2Cl2): Amax 552 nm (g = 30,400 M~ cm). Mass Spec. (El, +ve
mode): exact mass calculated for C17H12BF2NsO: 351.1103; exact mass found: 351.1108;
difference: +1.4 ppm.

Benzyl-substituted BF2 complex 2.14

PMDETA (0.002 g, 0.003 mL, 0.01 mmol) was dissolved /°\©\ RF /©/§/N\©
B
NN

in dry THF (2 mL) and the solution was degassed via three "N
freeze-pump-thaw cycles, before Cul (0.003 g, 0.01 Y
mmol) was added and the resulting mixture was stirred for 15 min at 23 °C. Benzyl azide
(0.045 g, 0.043 mL, 0.34 mmol) and BF2 complex 2.13 (0.100 g, 0.285 mmol) were then added
and the reaction mixture was stirred at 23 °C for 16 h. Upon cooling, the THF solution was
purified by flash chromatography (THF, neutral alumina) and recrystallized from MeOH to
afford benzyl-substituted BF> complex 2.14 as a dark-purple microcrystalline solid. Yield =
0:14-0;:51%:-M:p-188-189 °C. *H NMR (400.1 MHz, CDCls): § 7.95-7.93 (m, 6H, aryl CH),
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7.76 (br s, 1H, =CH), 7.42-7.40 (m, 3H, aryl CH), 7.34-7.32 (m, 2H, aryl CH), 7.00 (d, 331
=9 Hz, 2H, aryl CH), 5.61 (br s, 2H, CHz), 3.91 (br s, 3H, OCHs). *C{*H} NMR (150.7 MHz,
CDCl3): 6 162.7, 146.6, 142.6, 136.8, 134.3, 132.9, 129.2, 128.9, 128.1, 126.4, 125.2, 123.3,
120.4,114.9, 114.2, 110.0, 55.8, 54.3. *'B NMR (128.3 MHz, CDCls): 6 -0.7 (t, LJgr =29 H2).
19F NMR (376.1 MHz, CDCla): § —134.2 (q, 2Jre = 29 Hz). FT-IR (ATR): 3123 (m), 2849 (m),
2250 (m), 1603 (s), 1509 (m), 1460 (M), 1375 (s), 1344 (s), 1326 (s), 1308 (s) cmL. UV-vis
(CH2CL2): Amax 560 nm (e = 31,000 M-t cm™t). Mass Spec. (El, +ve mode): exact mass
calculated for C24H10BF2NgO: 484.1743; exact mass found: 484.1759; difference: +3.3 ppm.

Azide-substituted norbornene 2.16

As previously reported,?” endo-5-norbornene-2-carboxylic acid (1.52 g, E :H
11.0 mmol), DCC (2.47 g, 12.0 mmol) and DMAP (1.46 g, 12.0 mmol) o
were dissolved in dry CH2Cl, (110 mL) and the solution was stirred for 15 min at 23 °C. 3-

0N,

azido-1-propanol (1.01 g, 10.0 mmol) was then added to the reaction mixture and stirred at 23
°C for 2 h. The solvent was then removed in vacuo and the crude mixture was purified by flash
chromatography (3:1 n-hexanes:EtOAc, silica) to afford azide-substituted norbornene 2.16 as
a clear and colourless liquid. Yield = 1.88 g, 85%. *H NMR (399.8 MHz, CDCls): § 6.21 (dd,
1H, 3Jun = 6, 3Jun = 3 Hz, =CH), 5.93 (dd, 1H, 3Jun = 6, 3Jun = 3 Hz, =CH), 4.12 (t, 2H, 3Jun
=6 Hz, CH2), 3.40 (t, 2H, 3Jun=7 Hz, CHy), 3.22 (br s, 1H, CH), 2.99-2.95 (m, 1H, CH), 2.92
(brs, 1H, CH), 1.95-1.87 {m, 3H, CH2 (2H) and diastereotopic CH» (1H)}, 1.47-1.41 (m, 2H,
2 x diastereotopic CH2), 1.29 (d, 1H, Jun = 8 Hz, diastereotopic CH,). *C{*H} NMR (150.7
MHz, CDClz): 6 174.6, 137.9, 132.2, 61.0, 49.6, 48.3, 45.7, 43.3, 42.5, 29.2, 28.2. FT-IR
(ATR): 3064 (w), 2968 (m), 2876 (m), 2095 (s), 1730 (s), 1455 (m), 1336 (m), 1270 (m), 1172
(s) cm™. Mass Spec. (El, +ve mode): exact mass calculated for C11H1sN3O2: 221.1164; exact
mass found: 221.1158; difference: —2.7 ppm.
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Monomer 2.17

PMDETA (0.005 g, 0.006 mL, 0.03 mmol) and N ﬁoM

azide-substituted norbornene 2.16 (0.162 g, /°\©\ F,F @N
B
N"°N

0.732 mmol) were dissolved in dry THF (4 mL) N b

and the solvent was degassed via three freeze- \gN

pump-thaw cycles. Cul (0.006 g, 0.03 mmol) was then added and the mixture was stirred for
15 min at 23 °C. BF2 complex 2.13 (0.214 g, 0.610 mmol) was then added and the reaction
mixture was stirred at 23 °C for 2 h. The solvent was removed in vacuo and the mixture purified
by flash chromatography; first a toluene/silica column was employed to remove purple and
blue side products, then 1:1 toluene:EtOAc was added and the third coloured fraction contained
the desired product. Removal of the solvent in vacuo afforded monomer 2.17 as a dark-purple
microcrystalline solid. Yield = 0.27 g, 77%. M.p 75-76 °C. *H NMR (399.8 MHz, CDCl3): &
7.97-7.95 (m, 6H, aryl CH), 7.90 (br s, 1H, triazole =CH), 7.02-7.00 (m, 2H, aryl CH), 6.23
(dd, 1H, 3Jun = 6, 3Jun = 3 Hz, =CH), 5.95 (dd, 1H, 3Jun = 6, 3Jun = 3 Hz, =CH), 4.53 (t, 3Jun
=7 Hz, 2H, CHy), 4.15-4.11 (m, 2H, CH>), 3.92 (s, 3H, OCH?a), 3.22 (br s, 1H, CH), 2.99—
2.94 (m, 2H, 2CH), 2.35-2.29 (m, 2H, CH3), 1.96-1.90 (m, 1H, diastereotopic CH>), 1.48—
1.41 (m, 2H, 2 x diastereotopic CH,), 1.30-1.28 (m, 1H, diastereotopic CH,). *C{*H} NMR
(150.7 MHz, CDCls): & 174.6, 162.7, 146.3, 142.7, 138.1, 138.0, 136.8, 132.9, 132.1, 126.4,
125.2,123.4,120.7,114.9, 114.2, 60.6, 55.9, 49.7, 47.4, 45.8, 43.3, 42.5, 29.6, 29.2. !B NMR
(128.3 MHz, CDCls): §—0.7 (t, “Jsr = 30 Hz). 1°F NMR (376.1 MHz, CDCls): 8 —134.1 (q, “Jrs
= 30 Hz). FT-IR (ATR): 3138 (w), 2933 (m), 2857 (m), 2241 (m), 1726 (s), 1597 (s), 1505
(m), 1334 (s), 1261 (s) cmt. UV-vis (CH2Cl2): Amax 561 nm (& = 35,300 M-t cm™1). Mass Spec.
(El, +ve mode): exact mass calculated for CzsH27BF2NgOs: 572.2267; exact mass found:
572.2256; difference: —1.9 ppm.
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Dimer 2.18

This product appeared when the synthesis —o

for monomer 2.17 was left overnight. The

F
r-F CN
i ifi N-B N=
dimer was purified by flash YO O _ Q N _,<,N
chromatography (silica gel, toluene), where Nc>=N AN
F

the second blue coloured fraction contained Q
the dimer. Yield = 0.02 g, 7%. M.p 249-250 o—

°C. IH NMR (399.8 MHz, CD,Cly): & 7.96 (d, 3Jun =9 Hz 4H, aryl CH), 7.88 (d, 3Jun =9 Hz
4H, aryl CH), 7.66 (d, 3Jun = 9 Hz 4H, aryl CH), 7.04 (d, 3Jun = 9 Hz 4H, aryl CH), 3.91 (s,
6H, OCHs). *C{*H} NMR (150.7 MHz, CD2Cl,): § 164.0, 144.1, 137.5, 134.2, 128.7, 126.1,
124.2,123.3, 115.7, 114.7, 83.0, 77.5, 56.6. !B NMR (128.3 MHz, CD,Cl2): § 0.7 (t, 1Jgr =
31 Hz). °F NMR (376.1 MHz, CD-Cl,): § —134.3 (g, YJrs = 31 Hz). FT-IR (ATR): 3011 (W),
2936 (W), 2843 (W), 2247 (m), 1731 (w), 1599 (s), 1507 (m), 1406 (m) cm L. UV-vis (CH2Cly):
Amax 597 nm (g = 78,500 M~ cm™). Mass Spec. (El, +ve mode): exact mass calculated for
CaaH22B2F4N1002: 700.2049; exact mass found: 700.2061; difference: +1.7 ppm.
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Chapter 3
3  Fluorescent BF2 3-Cyanoformazanate Polymers

3.1 Introduction

F
\

‘M

B

. . . 0" "o

incorporated into polymers that have shown potential use /‘/U\‘\

in various areas such as: spectroscopic sensing, O O o/\(,OﬁOH
o

fluorescence imaging, gene and drug delivery, and light-

Fluorescent, boron-containing molecules have been

-

1
harvesting materials.*?>1" For example, the Fraser

group was able to modulate solid-state fluorescence and phosphorescence of polymer 1 by
varying the length of appended polylactic acid (PLA) chains and using heavy atoms.®
Furthermore, they showed that low molecular-weight polymers had weak fluorescence but
strong phosphorescence spectra in anaerobic/low-oxygen conditions. These properties allowed
the group to carry out in vivo imaging of breast cancer mammary carcinoma tumour regions in

mice, thereby demonstrating their use as tumour hypoxia imaging agents.

Chujo and coworkers synthesized a methacrylate derivative with a
pendant BODIPY unit which was copolymerized with polystyrene using
reversible  addition-fragmentation  chain  transfer  (RAFT)
polymerization to yield polymer 2.1° This polymer self-assembled into
nanosized particles that exhibited absorption and emission properties
similar to that of the free BODIPY monomer unit. The ®r of the 2

particles was much higher than that of the monomer which was due to the fact that polystyrene
units inhibited the n-x stacking of the BODIPY units, which would otherwise cause collision

quenching of the fluorescence.

The controlled ROMP of side-chain BF, formazanate containing polymers 3 has been reported
previously.?’ These polymers retained the properties of the BF2 monomer such as high molar
extinction coefficients, fluorescence, and redox activity. However, the ®r for both the
monomer and polymer were rather low (®F = 1.5 % and 2.5%, respectively). These results
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revealed the need to make a monomer with higher ®r, so that the @\ F F /@
N N

corresponding polymer may also benefit from this property. This chapter Lo
describes the polymerization of monomer 2.21 (BF2N) using ROMP. The

synthesis of various block and random copolymers of BF2N is also

described, along with their thermal and spectroscopic properties.

3.2 Results and Discussion 3

3.2.1 Synthesis of Side-Chain Polymers

Attempts to polymerize monomer BF2N using ROMP began by dissolving the monomer in dry
and degassed CH,Cl, at 50 mg mL™ concentrations, at 23 °C, using the 3-bromo pyridine
derivative of Grubbs’ third generation catalyst (GIII). However, after various attempts to
optimize the conditions of the polymerization (such as temperature and time), there was no
evidence of polymer formation using *H NMR spectroscopy. It was concluded that the polymer
was likely not very soluble in CH2Cl, and that short oligomers were crashing out of solution
upon formation. Thus, dimethyacetamide (DMA) was used as a solvent since it solubilized the
BF2N monomer better than CH.Cl,. The reactions were carried out in dry and degassed DMA
at 50 mg mL™? concentrations, at 23 °C, using GllI. Ethyl vinyl ether was used as the
terminating agent, and the polymer was purified by precipitation from pentane and isolated by
centrifugation (Scheme 3.1). *H NMR spectroscopy of the BF2 polymer (PBF2N) revealed the
disappearance of the alkene protons of the norbornene group on BF2N monomer, which
appeared at 6.22 ppm and 5.93 ppm (triangles), and the appearance of broad signals between
5.25 and 5.35 ppm (circles) which are from the alkene protons found in the backbone of PBF2N
(Figure 3.1). Furthermore, all signals in the *H NMR spectrum were broad, which is often an
indication of polymer formation. The BF, moiety remained intact, which was evident by
looking at the broad signal at —133.4 ppm in the °F NMR spectrum, and a 1:2:1 triplet at —0.8
ppm in the B NMR spectrum (Figure A.3.9.). Cyclic voltammetry experiments were
performed in CH2Cl, and showed that the polymers exhibited two reversible one-electron

reduction waves to yield first the poly radical anion, and then the poly dianion (Figure A.3.17.).
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Scheme 3.1. ROMP of BF2N monomer.
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Figure 3.1. Overlay of the *H NMR spectra for BF2N monomer (red) and PBF2N (black) in
CDCls. The triangles represent the norbornene alkene protons on BF2N and the circles
represents the new alkene protons found in the backbone of PBF2N.

In order to determine the time at which the ROMP reaction was finished, it was monitored by
taking aliquots of a reaction solution at different time intervals and terminating the
polymerization with ethyl vinyl ether. Monitoring the reaction revealed that the polymerization
was complete after approximately 10 min (Figure 3.2). The number average molecular weight
(M), weight average molecular weight (M) and dispersity (D) for each of the aliquots of
PBF2N was then determined by gel permeation chromatography (GPC) relative to polystyrene
standards and summarized in Table 3.1. *H NMR spectroscopy could not be used to determine

the molecular weight of the PBF2N since resonances associated with the phenyl end group
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overlapped with those of the polymer repeating unit. Furthermore, the polymer absorbs at 630
nm, impeding the use of triple-detection GPC as a means for determining absolute molecular
weight. Dispersity values ranged from 1.10—1.31 demonstrating the controlled polymerization
of monomer BF2N using ROMP, which is an important trait for future block and random
copolymer synthesis. Molecular weight data for the BF2N monomer was also collected. It is
worth noting that the molecular weight of the monomer (572.37 g mol™?) has been
overestimated by GPC (Mn = 4,140 g mol™), and thus we postulate that all the molecular

weights found for the polymers are also overestimated.

Table 3.1. Summary of molecular weight data determined by GPC for PBF2N polymers.

Time (min) My, Mw b
BF:N 4,140 4,869 1.18
1 109,200 126,500 1.16
3 151,400 189,200 1.25
5 164,500 210,400 1.28
10 182,100 226,400 1.24
20 185,600 241,400 1.30
30 193,100 241,400 1.25
60 201,500 264,300 1.31

3,5, 10,
20, 30 min
60 min 1 min

250000 1 (a)
200000 - .
™Y L]
.
150000 L
2:
L]

100000

50000

ne . . . . . G L
0 10 20 30 40 50 60 70 9 10 11 12 13 14

Time (min) Retention Time (min)

Figure 3.2. Relationship between M, of PBF2N as a function of time (a), and corresponding
GPC traces (b). Dark blue dot at zero 0 min in (a) represents the My value determined for the
BF2N monomer. GPC traces in (b) are colour coded: 1 min (light blue), 3 min (red), 5 min
(black), 10 min (dark yellow), 20 min (green), 30 min (purple), 60 min (grey).

In order to synthesize copolymers containing BF2N subunits, a second monomer containing a
polymerizable norbornene group was synthesized according to a modified procedure

developed by Alfred et al. (Scheme 3.2).2% First, cis-5-norbornene-exo-2,3-dicarboxylic
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anhydride (exo-NDCAnN) was synthesized by heating cis-5-norbornene-endo-2,3-dicarboxylic
anhydride (endo-NDCAnN) at 200 °C for 2 h, and separating exo-NDCAnN from the remaining
starting material (endo-NDCAn) by the wuse of column chromatography (1:1
n-hexanes:EtOAc). Cis-5-norbornene-exo-2,3-dicarboxylic acid (exo-NDCA) was then
synthesized by stirring exo-NDCAnN in a 1.4 M solution of KOH for 45 min. *H NMR
spectroscopy confirmed the synthesis of solely the exo isomer for both exo-NDCAnN and
exo-NDCA (Figure A.3.1 and Figure A.3.2)

H oo "o g o
i/ / i/
1.4 M KOH
o ——— T 5 o AMKOH S\, oH
200°C,2h 45 min, 23 °C OH
(o] (o] (o]

15% 94%

'T

endo-NDCAN exo-NDCAn exo-NDCA

Scheme 3.2. Synthesis of monomer exo-NDCA.

Polymerization of exo-NDCA was carried out according to a modified procedure,?* where
monomer  exo-NDCA  was dissolved in dry and degassed DMA at
50 mg mL! concentrations, at 23 °C, using GIII; ethyl vinyl ether was once again used as the
terminating agent (Scheme 3.3).

H OH OH
: 0 1) 1 mol% GllI o fo)
4 23 °C, DMA
N OH _—
H OH 2) O
d \/ V n
30 min
exo-NDCA P-exo-NDCA

Scheme 3.3. Polymerization of monomer exo-NDCA.

'H NMR spectroscopy revealed the disappearance of the alkene protons of the norbornene
group on exo-NDCA which appeared as a multiplet at 6.24 ppm, and the appearance two broad
signals at 5.25 and 5.43 ppm which are from the alkene protons found in the backbone of the
cis-5-norbornene-exo-2,3-dicarboxylic acid polymer (P-exo-NDCA) (Figure A.3.3.). The
polymerization of exo-NDCA was monitored as a function of time by taking aliquots of the
reaction solution and terminating the polymerization with ethyl vinyl ether. The M», My and

D for each of the aliquots of polymers was determined by GPC relative to polystyrene
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standards and summarized in Table A.3.1. Prior to GPC analysis, the polymers were
methylated by stirring in dry DMF with excess K.CO3 and CHzl overnight. This was done to
prevent any irreversible adsorption of the polymer to the GPC column due to the presence of
the carboxylic acid groups in the P-exo-NDCA. Monitoring the reaction mechanism revealed
that the polymerization was complete after approximately 6 min (Figure A.3.4). Dispersity

values ranged from 1.07—1.38 showing controlled polymerization of monomer exo-NDCA.

Initial attempts to synthesize block copolymers containing BF2N and exo-NDCA subunits using
ROMP were met with difficulties when trying to obtain a *H NMR spectrum. Although various
solvents were used (e.g., CDCls, DMSO-ds, or both) and variable temperature experiments
were carried out (up to 125 °C in DMSO-dg), all experiments were unsuccessful in revealing
peaks pertaining to both polymers. This difficulty was most likely due to a difference in the
solubility of both blocks rather than failed polymerization, since GPC traces suggest block
copolymer synthesis was successful based on an increase in molecular weight of (PBF2N)-b-
(P-exo-NDCA) vs. solely the first block (PBF2N) (Figure A.3.5). These difficulties, along with
the inconvenience of having to methylate each polymer before GPC analysis, prompted the
synthesis of a new monomer for block copolymer and random copolymer synthesis with BF2N.
Cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate (DND) was synthesized by a modified
procedure from Hennis et al.?? where sulfuric acid was substituted for hydrochloric acid
(Scheme 3.4). 'H NMR spectroscopy confirmed the synthesis of solely DND as the exo isomer
(Figure 3.3).

71 20% HCI 7

(o] _— > v o—

MeOH, 2h, 65 °C

58%
exo-NDCAn DND

Scheme 3.4. Synthesis of monomer DND.

Polymerization of DND was performed in the same manner as exo-NDCA, where DND was
dissolved in dry and degassed DMA at 50 mg mL? concentrations, at
23 °C, using GlII; ethyl vinyl ether was used as the terminating agent (Scheme 3.5). *H NMR
spectroscopy revealed the disappearance of the alkene protons of the norbornene group of

DND:(triangle)whichrsappeared as a broad singlet at 6.21 ppm, and the appearance of two

www.manaraa.com



55

broad signals at 5.24 and 5.42 ppm (circles) due to the presence of the alkene protons found in

the backbone of poly(cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate) (PDND) (Figure 3.3).

||
o 0 0
7 1) 1 mol% Gl o fo)
N o— 23 °C, DMA, 6 min
H fo)
AN
o 2) \/O\/ m
30 min
DND PDND

Scheme 3.5. ROMP of DND.
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Figure 3.3. Overlay of the 'H NMR spectra of compound DND (red) and PDND (black) in
CDCls. The triangle represents the norbornene alkene protons and the circles represent the new
alkene protons found in the backbone of PDND.

The polymerization of DND was monitored over time by taking aliquots of the reaction
solution at 0.5, 1, 3, 5, 7 and 9 min, prior to termination with ethyl vinyl ether. The Mn, Mw
and D for each of the aliquots of polymers was determined by GPC (vs. polystyrene standards)
(without the need of post-polymerization modification) and summarized in Table 3.2.
Monitoring the reaction mechanism revealed that the polymerization was complete after
approximately 3 min due to a plateauing of the My (Figure 3.4a), which is also seen by the
overlap of GPC traces of 3, 5, 7, and 9 min seen in Figure 3.4b. The dispersity for all aliquots
ranged from 1.12—1.14 which shows the controlled polymerization of DND, an important trait

for.future.block-and.random copolymer synthesis.

www.manaraa.com



56

Table 3.2. Summary of molecular weight data determined by GPC for PDND.

Time (min) M Mw D
0.5 36,900 41,250 1.12
1 39,510 44,360 1.12
3 43,680 49,280 1.13
5 42,520 48,510 1.14
7 43,060 48,730 1.13
9 43,190 48,910 1.13
) ! min 0.5 min
3,5, 7,9 min
50000  (a) 1 m)
45000 - . . N 09 1
40000 | o ° 08
35000 1 ° s 07
30000 - Z 06 - /
= 25000 }:' 0.5 /
20000 4 § 0.4 /
15000 - & 03
10000 02 -
5000 - 0.1 -
0 - . . . . § 0 T .
0 2 4 6 8 0 11 1.5 12 125 13 13.5 14 14.5
Time (min) Retention Time (min)

Figure 3.4. Relationship between the M, of PDND as a function of time (a), and corresponding
GPC traces (b). GPC traces in (b) are colour coded: 0.5 min (light blue), 1 min (red), 3 min
(black), 5 min (dark yellow), 7 min (green), 9 min (purple).

3.2.2 Synthesis of Block Copolymers Containing BF:

Complexes

A representative block copolymer (PDND)m-b-(PBF.N)n containing subunits of DND and BF2N
was synthesized by first dissolving DND in dry degassed DMA at a concentration of 50 mg
mL, at 23 °C, and 1 mol % of GlII catalyst was added. The reaction mixture was stirred for
6 min. At this time, an aliquot of the first block (PDND) was removed and added to a solution
containing ethyl vinyl ether; this was done so that the My of the first block could be found
using GPC. A solution of monomer BF2N was then added to the PDND reaction solution and
the second monomer was allowed to polymerize from the active end of PDND for an additional

12 min and then quenched with ethyl vinyl ether (Scheme 3.6).

www.manaraa.com



57

H o) o
H o 1)1mol% G, 23°c 5 d o)
77 6minDMA 7\ 0 \\/ N=N
N o— - N’ (o)
H o 2) BF,N, 12 min Z FF /@/ ~
o >
3) O N’B\N
| 1
30 min N§|/N
DND (PDND),,-b-(PBF,N),, CN

Scheme 3.6. Representative synthesis of (PDND)m-b-(PBF2N)n polymers using ROMP.

As described, the synthesis of all block copolymers began by targeting 100 units of DND in
PDND (1 mol% of GllI to DND). This method was used to synthesize three block copolymers
that differed by the amount of BF2 subunit allowed to grow off of the active PDND chain. The
more BF2N subunits allowed to grow off of the PDND live chain end, the greater the mole
fraction of BF2N subunit (fgr) in each block copolymer, and thus a greater My for the block
polymer (Table 3.3). This was also made evident by comparing the GPC traces for polymers
(PDND)276-b-(PBF2N)255, (PDND)3sss-b-(PBF2N)s3, (PDND)26s-b-(PBF2N)20, and PDND
(Figure 3.5). As the fer2increased, the M, of the block copolymers also increased. D values for
the first blocks of all block copolymers ranged from 1.11-1.16, and D from the block
copolymers ranged from 1.16-1.45, consistent with controlled ROMP.23
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Figure 3.5. GPC traces (in DMF) of polymer PDND (fer. = 0.0, dark yellow) and block
copolymers (PDND)276-b-(PBF2N)2s5 (fsr = 0.48, blue), (PDND)3ss-b-(PBF2N)s3 (fer2 = 0.13,
purple) and (PDND)266-b-(PBF2N)20 (fer. = 0.07, red).

Refractive Index

'H NMR spectroscopy confirmed the synthesis of the block copolymers described above, along
with the fer in each polymer (Figure A.3.10. — A.3.12.). Figure 3.6 shows the 'H NMR
spectrum of block copolymer (PDND)276-b-(PBF2N)2s5, PBF2N and PDND. The alkene
protons of the norbornene group on BF2N which appear between 5.94-5.96 and 6.22—6.24 ppm
and the alkene protons of DND which appear as a broad singlet at 6.21 ppm have disappeared
and new alkene protons that pertain to the backbone of (PDND)276-b-(PBF2N)2s5 have
appeared as two broad signals at 5.25 and 5.43 ppm (circles). Integration of these signals with
respect to the broad singlet at 6.92 ppm (star), which pertains to two aryl protons on the BF2N
containing block, was used in order to determine the block ratio of these polymers. In the case
of block copolymer (PDND)276-b-(PBF2N)z2s5, the integrations of these signals is 2.00 to 4.20.
As the signal that integrates to 4.20 contains two protons from PBF2N, the remaining
integration is attributed to PDND (2.20), thus the mole ratio of BF2N subunit to DND subunits
is 1:1.1, and thus (PDND)27e-b-(PBF2N)2s5 contains fe. = 0.48. Signals pertaining to the
methoxy substituent on PBF2N (triangle) and methyl ester groups on PDND (squares) are
found at 3.83 ppm and 3.64 ppm, respectively. These signals are found in the *H NMR
spectrum of (PDND)276-b-(PBF2N)2s5 as well; the 'H NMR spectrum of (PDND)276-b-
(PBF2N)zss is essentially an overlay of *H NMR spectrum of PBF2N and PDND. All signals

in.the *H.NMR specteum were broad, which is an indication of polymer formation, and the BF,
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moiety remained intact, as evidenced by looking at the broad signal at —133.4 ppm in the '°F
NMR spectrum, and the broad 1:2:1 triplet at —0.75 ppm in the !B NMR spectrum (Figure
A.3.16.). Cyclic voltammetry experiments were performed in CH2Cl, and showed that the
copolymers exhibited two reversible one-electron reduction waves to yield the poly radical

anion and the poly dianion (Figure A.3.17).

CHCI,
PDND

[ N
PBF,N
CHCl4
*
/ 90 A
(PDND),75-b-(PBF;N);s5 o % (0 o
o 0 & "
o O o
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Figure 3.6. Overlay of *H NMR spectra of compound PDND (green), PBF2N (red) and
polymer (PDND)276-b-(PBF2N)2ss. (black) in CDCls. The circles represent the new alkene
protons found in the backbone of (PDND)276-b-(PBF2N)2ss, the triangle represents the protons
on the methoxy substituent of PBF2N, the square represents the methyl groups on PDND, and
the star represents two aryl protons on the PBF2N subunit.

The number of repeating units for each block of (PDND)m-b-(PBF2N)n were determined in
two ways using GPC analysis in DMF (vs. polystyrene) and *H NMR spectroscopy. Method 1
involved the use f&r found using *H NMR spectroscopy, and the M, value found using GPC

analysis. The following formula was used:

Block copolymer (PDND)27s-b-(PBF2N)255

Mn = 204,300 g mol (determined by GPC)
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n is mole fraction of BF2N subunit =

n

—— =0.48 (based on *H NMR spectroscopy)

n+m

m is mole fraction of DND subunit =

— =0.52 (based on 'H NMR spectroscopy)

n+m

MMMobnp + NMMgg, = 204,300 g mol !

where: MMpnp = 210.2265 g mol and MMegg, = 572.3736 g mol ™

Thus, using Equation 3.1 and 3.2 we know:

_ 052

m=
0.48

Substituting Equation 3.4 into Equation 3.3:

E;Z n*MMopnp + NMMgg, = 204,300 g mol*

204,300 g mol-1

— ,0.52
(G2g)*MMpND+ MMpE,

Therefore:
n =255
Substituting n into Equation 3.4 results in:

m =276

60

3.1

3.2

3.3

3.4

3.5

3.6

Therefore, the degree of polymerization (DPn) for each subunit within block copolymer
(PDND)z276-b-(PBF2N)z2ss5 is 276 units for the DND portion, and 255 for the BF2 portion.

Method 2 is more common, and involves finding the DP, of the DND portion of the block

copolymer by determining the M, for an aliquot of the first block (PDND), and dividing it by

the molar mass of DND (38,820 g mol/210.23 g mol™). This resulted in a number average

DP; of 185 units of DND in PDND. As previously discussed, *H NMR spectroscopy revealed
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that the ratio of DND subunit to BF2N subunit in the block copolymer was 1.1 to 1. Using this
information, the number of subunits of BF2N in the second block (PBF2N) was found to be
168. The M of the second block (PBF2N) can then be found by multiplying the DP, by the
molar mass of BF2N (168 * 572.3736 g mol 1), which resulted in a molar mass of 96,159 g
mol. Using this information, the M, of (PDND)276-b-(PBF2N)2s5 was found to be 134,979 g
mol (38,820 g mol~t+ 96,159 g mol™). The results for both methods are summarized in Table
3.3. Although Method 2 is the most widely used, Method 1 was the only way the degree of
polymerization for the random copolymers could be calculated. Therefore, for consistency, the

DP, for both block and random copolymers will be reported using Method 1.

Table 3.3. Summary of molecular weight data determined for the first block and diblock
copolymers (PDND)276-b-(PBF2N)2s5 (fer. = 0.48), (PDND)sss-b-(PBF2N)s3 (fer.= 0.13) and
(PDND)266-b-(PBF2N)20 (far2 = 0.07).

Method 1 Method 2

(PDND)-b-
fors® (PDND)m-b-(PBF2N), PDNDp, (PBF.N),

M, mab  pab M., p° M, mP My, p° | nab M, 20

0.48 | 204,300 276 255 295,400 1.45| 38,820 185 43,070 1.11 | 168 134,980
0.13 | 104,000 355 53 126,300 1.21 | 54,910 261 62,670 1.14 | 38 76,580
0.07 | 66,040 266 20 76,370 1.16 | 42,810 204 48,610 114 | 16 52,140

aDetermined from the relative integrations of unique *H NMR spectroscopic signals. "Determined by
GPC analysis (vs. polystyrene standards).

3.2.3 Synthesis of Random Copolymers Containing BF2

Complexes

Random copolymers of monomers DND and BF2N were synthesized by dissolving DND and
BF2N in dry, degassed DMA at a total monomer concentration of 50 mg mL™, at 23 °C, and
adding 1 mol % of GllI catalyst. The reaction mixture was stirred for 12 min and then quenched
with ethyl vinyl ether (Scheme 3.7). The targeted DP, of the three random copolymers that
were synthesized was 100 (1 mol% GlII). Each random copolymer differed by the fge within
the polymer, and this was calculated using the *H NMR methods described above for the block
copolymers. *H NMR spectroscopy confirmed the synthesis of the copolymers (e.g., Figure
3.7). Two broad signals pertaining to the alkene protons found in the backbone of the random

copolymers were found in the range of 5.40-5.23 ppm (circles). The methoxy group of the
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BF2N unit of the polymer was found as a broad singlet at 3.88 ppm (triangle), and the methyl
groups pertaining to the DND portion of the polymer were found as one broad singlet at 3.62
ppm (square). For random copolymer (PDND)sis-r-(PBF2)316 the ratio of BF2N subunit to
DND subunit was 1.0:1.0, and thus fgr. = 0.50. The BF2 moiety remained intact, which was
made evident by looking at the broad signal at —133.8 ppm in the °F NMR spectrum, and the
broad 1:2:1 triplet at—0.7 ppm in the *B NMR spectrum (Figure A.3.16). GPC (vs. polystyrene
standards) was used to find the My, Mw, and P of the remaining random copolymers, and
Method 1 was used to find the DP,. Cyclic voltammetry experiments were performed in
CH:Cl; and showed that the polymers exhibited two reversible one-electron reduction waves

to yield first the poly radical anion, and then the poly dianion (Figure A.3.17).

e s
fend

/

N=N
_o ~ N\/\/
LS e O
N-Bn 7l 7 1) 1 mol% Glll, 23 °C N Bl
,QY',Q + o\, o— 12 min, DMA ﬁ/“
\
CN ° 2) O CN
BF,N DND 30 min (PDND),,-r-(PBF,N),

Scheme 3.7. Synthesis for random block copolymers (PDND)m-r-(PBF2N)n. m represents the
DP,, for the DND subunit, and n represents the DP, for the BF2N subunit.
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Figure 3.7. 'H NMR spectra of (PDND)a1s-r-(PBF2N)a16 in CDCls. The circles represent the
alkene protons found in the backbone of the polymer, the triangle represents the protons on the
methoxy group on the PBF2N subunit, and the square represents the methyl groups on the
DND subunit. The star represents two aryl protons on the PBF2N subunit.

Table 3.4. Summary of molecular weight data for random copolymers (PDND)3z16-r-(PBF2)316
(fer2 = 0.50), (PDND)292-r-(PBF2N)s2 (fer2 = 0.15) and (PDND)29s-r-(PBF2N)26 (f&r = 0.08).

fort (PDND)m-r-(PBF2N), (PDND)m-r-(PBF2N),
M,° M,? PP m¢ ne
0.50 247,300 335,200 1.36 316 316
0.15 90,890 107,000 1.18 292 52
0.08 77,490 88,820 1.15 298 26

aDetermined by relative integrations of *H NMR spectroscopic signals. ®Determined by GPC analysis
(vs. polystyrene standards). “Determined by relative integrations of *H NMR spectroscopic signals and
M, from GPC.

The GPC data shows that as the fge. increases the My of the polymer will also increase which
makes sense since the BF2N subunit has a molar mass that is 2.7 times greater than that of the
DND subunit. Comparison of the GPC traces of all three random copolymers and PDND (f&r
= 0.0) also displays this trend (Figure 3.8). The dispersity values for the all three random

copolymers range from 1.15-1.36, owing to the controlled polymerization of these polymers.
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Figure 3.8. GPC traces (in DMF) of polymer PDND (fer. = 0.0, dark yellow) and random

copolymers (PDND)si6-r-(PBF2)316 (fer. = 0.50), (PDND)292-r-(PBF2N)s2 (fer. = 0.15) and
(PDND)29s-r-(PBF2N)26 (fsr. = 0.08).

3.2.4 Thermal Properties

Thermal gravimetric analysis (TGA) of the block and random copolymers, along with PBF2N
and PDND was used to determine the temperature corresponding to the onset of decomposition
(2% mass loss, O.D.) for each polymer as well as to study their degradation over a range of
temperatures (25 — 1000 °C). In general, PDND was found to be more thermally stable (O.D.
=155 °C) than PBF2N (O.D. = 136 °C) as it survives a higher temperature range before losing
a significant amount of its mass (Figure 3.9 and 3.10). The block (Figure 3.9) and random
(Figure 3.10) copolymers followed a similar trend whereby thermal stability increased as fzr.

decreased.
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Figure 3.9. TGA graphs of PBF2N (fer = 1.0, black), (PDND)276-b-(PBF2N)2s5 (fer. = 0.48,
blue), (PDND)sss-b-(PBF2N)ss (fer.=0.13, purple), (PDND)266-b-(PBF2N)20 (fer. = 0.07, red),
and PDND (fer. = 0.0, dark yellow).
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Figure 3.10. TGA graphs of PBF2N (fer.= 1.0, black), (PDND)s16-r-(PBF2N)s16 (fer = 0.50,
blue), (PDND)292-r-(PBF2N)s2 (fsr. = 0.15, purple), (PDND)29s-r-(PBF2N)26 (&= 0.08, red),
and PDND (fer.= 0.0, dark yellow).

Differential scanning calorimetry (DSC) studies of all of the polymers described in this work
revealed their glass transition temperatures (Tg). PDND (fer. = 0.0) was found to have a T of
83 °C while PBF2N (fsr. = 1.0) had a T4 of 136 °C. When looking at the DSC traces for the
block copolymers they revealed two Tgs, which proves we have made block copolymers

(except for (PDND)266-b-

(PBF2N)20 (fsr2 = 0.07) (Figure 3.11).24 This behaviour is likely due

to the small percentage of the PBF2N block, making the transition difficult to observe. The

first Ty corresponds to the transition from the glassy state to the rubbery state of the PDND
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portion of the block copolymer. The temperatures at which this transition occurs ranged from
81-85 °C. The second Ty corresponds to the change in state from glassy to rubbery for the
PBF2N block portion. As the fer increases the temperature at which this transition occurred
also increased. This second transition was not observed for (PDND)zes-b-(PBF2N)20 (fer =
0.07) since the fraction of BF2N units was small. DSC traces for the random copolymers reveal
only one Tg, which suggests that we have synthesized random copolymers, and also supports
the idea that polymerization of both monomers occurs at the same rate (Figure 3.12). It was
observed that as the fsrincreases, the T4 also increased. The first derivative of all DSC traces
was also plotted so that the transitions could be seen more clearly (Figure 3.11b and Figure

3.12b). No melt or crystallization events were observed.
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Figure 3.11. DSC traces (a) and first derivative traces (b) for polymer PDND (fer. = 0.0, dark
yellow), PBF2N (fsr. = 1.0, black), and block copolymers (PDND)276-b-(PBF2N)2s5 (fer =
0.48, blue), (PDND)sss-b-(PBF2N)s3 (fsr2 = 0.13, purple) and (PDND)266-b-(PBF2N)20 (fer. =
0.07, red). Decomposition point of PDND was lower than the other polymers, and thus DSC
could only be done up to 130 °C.
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Figure 3.12. DSC traces (a) and first derivative traces (b) for polymer PDND (fgr2= 0.0, dark
yellow), PBF2N (fsr. = 1.0, black), and random copolymers (PDND)z16-r-(PBF2N)316 (fer2 =
0.50, blue), (PDND)292-r-(PBF2N)s2 (fsr. = 0.15, purple) and (PDND)29s-r-(PBF2N)26 (f&r =
0.08, red).
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3.2.5 Spectroscopic Properties

The spectroscopic properties of BF2N and all of the polymers synthesized in this study are
summarized in Table 3.5. Figure 3.13 and 3.14 display the UV-vis absorption and emission
spectra for selected compounds. Figure 3.15 displays the ®r for the random copolymers, BF2N
and PBF2N. All of the spectroscopic data were collected in CH2Clo.

Table 3.5. Spectroscopic properties of BF2N, PBF2N, and all block copolymers (PDND)m-b-
(PBF2N)n and random copolymers (PDND)m-r-(PBF2N)n.

fBr2 Amax (NM) & (M7Pem™)  Aem (nM) @ (%) vst(nM)  vst (cM™?)

BF.N 1 561 35,300 663 35 102 2742
PBF:N 1 559 27,500 663 12 104 2806
(PDND),- 048 559 - 667 2 108 2897
b- 0.13 559 - 665 3 106 2851
(PBF:N)a 007 559 - 665 1 106 2851
(PDND)n- 050 558 - 664 8 106 2861
r- 0.15 560 - 664 19 104 2797
(PBF:N)a 008 561 - 664 26 103 2765

%Quantum yields were measured according to published protocol? using ruthenium tris(bipyridine)
hexafluorophosphate as a relative standard?® and corrected for wavelength-dependent detector
sensitivity (Figure A2.21).

35 - (b)
foe2= - BE.N for2= — BF;N
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Absorbance
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Figure 3.13. UV-vis absorption spectra of BF2N (dark yellow) and PBF2N (fer. = 1.0, black)
(a, b), and block copolymers (PDND)m-b-(PBF2N)n (a), and random copolymers (PDND)m-r-
(PBF2N)n (b). All spectra were recorded in CH,Cl using 0.00005 g mL! solutions.
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Figure 3.14. Emission spectra for BF2N (dark yellow), PBF2N (fer. = 1.0, black) and random
copolymers (PDND)z16-r-(PBF2N)s16 (f&r. = 0.50, blue), (PDND)292-r-(PBF2N)s2 (fsr2 = 0.15,
purple) and (PDND)2gs-r-(PBF2N)26 (fsr. = 0.08, red) (b). All spectra were recorded in CH2Cl:
and their absorbance in the UV-vis region was approximately 0.1.
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Figure 3.15. Summary of the quantum vyields of fluorescence (red dots) for the random
copolymers (PDND)m-r-(PBF2N)n, as well as for BF2N (defined as fe- = 1.0), and PBF2N
(fer2= 1.0). Errors bars associated with the quantum yields calculated were placed by using the
standard deviation for three repeated experiments of each. Spectra were recorded in CH.Cl;
and their maximum absorbance in solution was approximately 0.1.

These results reveal that the polymers have a Amax from 558-561 nm and a Aem from 663-667
nm. The UV-vis absorption spectra were recorded in 0.00005 g mL! solutions in CH2Cl; and
show that as the fer. in the polymer increases, the Amax at approximately 560 nm also increases
(Figure 3.13). The Stokes’ shifts for all polymers ranged from 103—106 nm. The ®r for the
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block copolymers ranged from 1-3%, and were essentially non-emissive. In the case of the
random copolymers, it was observed that as the fer decreased, the ®r increased. Figure 3.15
summarizes the average of the ®r found for three separate runs; error bars were included and
calculated using the standard deviation from three unique measurements. Examining this graph
reveals a clear correlation between the ®r and the average distance between BF2N subunits in
the polymer. For PBFzN, for example, the quantum yield is low (12%) compared to BF2N
monomer (35%) and this is most likely due to the close proximity of the BF2N units within the
polymer resulting in reabsorption of emitted photons, due to the overlap between the absorption
and emission spectra. However, as the fsr decreases in the polymer, the average distance
between each BF2N subunit increases, and thus reabsorption from nearby BF2N units is less
likely. This results in an increase in ®f, with (PDND)29s-r-(PBF2N)26 (fer. = 0.08) having the
highest ®r of 26%. Another argument for the decrease in ®r of polymers relative to monomer
BF2N could be n-stacking of BF2N subunits in the polymer solution.?” However, solutions
were prepared to have absorbance values of approximately 0.1, and thus the amount of BF2N
in solution was approximately the same for all. Also, m-stacking in solution is usually
accompanied by a red-shift in the absorbance and emission maxima, which was not observed
for these systems.?®2° Thus, n-stacking is likely not occurring. Similar approaches have been

employed in order to increase the quantum yield of fluorescence of polymers.t®: 30-3!
3.3. Conclusions

ROMP was used to synthesize a variety of polymers containing 3-cyanoformazanate BF
complexes (PBF2N) and cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate polymer (PDND).
Homopolymers, block copolymers and random copolymers were characterized using *H NMR,
F NMR, and B NMR spectroscopy, UV-vis absorption/emission spectroscopy, IR
spectroscopy, GPC, TGA, and DSC. In order to find the ratio of BF2N and DND subunit in the
copolymers, *H NMR spectroscopy was used where integrations of the backbone alkene
protons and 2 aryl protons on the BF2N subunit were used. GPC was used in order to determine
the time at which the polymerizations of PBF2N and PDND were finished, as well as to find
Mn, Mw, and D values for all polymers. For the block copolymers, it was found that the My
increased as the fgr increased since more BF2N was allowed to grow off of the initial PDND

chain. For the random copolymers, it was found that as the f&r increased the My also increased;
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this is because the BF> portion of the polymer is much heavier than the DND. TGA was used
to determine the decomposition point of all polymers. DSC was used to find the Tg of all
polymers, and it was found that the block copolymers possessed two distinct Tgs, one for the
PDND block, and the other for the PBF2N block. The random copolymers possessed only one
Tg; this Tg increased as fer. increased. All polymers showed strong Amax ranging from 558-561
nm in CH2Cl> and Aem from 663-667 nm. The absorbance of all the polymers increased as the
fer2 Increased. The ®f for the random copolymers increased as fer. decreased; this was
attributed to the fact that in the chain with less BF2N subunits, each BF2N subunit would be
further apart from the other, minimizing self-absorption. In developing this random
copolymerization process, we have also created a dilution strategy allowing for emission
intensity of BF, formazanate polymers to be maximized. It was also concluded that no =-
stacking was occurring due to the absence of a red-shift in the absorbance and/or emission
spectra. The block copolymers had a low ®r and were essentially non-emissive. PBF2N,
(PDND)276-b-(PBF2N)2s5, and (PDND)s16-r-(PBF2N)316 were found to be redox active, and

exhibited two reversible one-electron reduction waves.

3.4. Experimental

3.4.1 General Considerations

Reactions and manipulations were carried out under a nitrogen atmosphere using standard
Schlenk techniques unless otherwise stated. Solvents were obtained from Caledon
Laboratories, dried using an Innovative Technologies Inc. solvent purification system,
collected under vacuum, and stored under a nitrogen atmosphere over 4 A molecular sieves.
All other reagents were purchased from Sigma Aldrich, Alfa Aesar or TCI America and used

as received.

NMR spectra were recorded on a 400 MHz (*H: 399.8 MHz, 1'B: 128.3 MHz, '°F: 376.1 MHz,
13C: 100.5 MHz) or 600 MHz (*3C: 150.7 MHz) Varian INOVA instruments. *H NMR spectra
were referenced to residual CHCI3 at 7.27 ppm and *C NMR spectra were referenced to CDCls
at 77.00 ppm. B NMR spectra were referenced internally to BFs+OEt, at 0 ppm. °F NMR
spectra were referenced internally to CFCls at 0 ppm. UV-vis absorption spectra were recorded

using a Cary 5000 Scan instrument using standard quartz cells (1 cm path length) with a scan
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range of 200 to 800 nm. Emission spectra were recorded using a Photon Technology
Internation QM—4 SE spectrofluorometer. Emission quantum yields were estimated relative to
[Ru(bpy)s][PFs]2 and corrected for wavelength dependent detector sensitivity (Figure C1).2°
FT-IR spectra were recorded using a Perkin EImer Spectrum Two FT-IR spectrometer.

3.4.2 Electrochemical Methods

Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASI)
Epsilon potentiostat and analyzed using BASi Epsilon software. Typical electrochemical cells
consisted of a three-electrode setup including a glassy carbon working electrode, platinum
counter electrode, and silver pseudo reference electrode. Experiments were run at 250 mV s
in degassed CH.Cl, solutions of the analyte (~1 mM) and electrolyte (0.1 M [nBusN][PF]).
Cyclic voltammograms were internally referenced against the ferrocene/ferrocenium redox
couple (~1 mM internal standard) and corrected for internal cell resistance using the BASI

Epsilon software.
3.4.3 Gel Permeation Chromatography

GPC was carried out at a flow rate of 1. mL min~t in DMF with 10 mM LiBr and 1% (v/v) EtsN
added at a regulated temperature of 85 °C using a Waters 515 pump, equipped with a Wyatt
Optilab REx detector and two PLgel 5 um mixed-D (300 mm x 7.5 mm) columns from Polymer
Laboratories connected in series. Calibration was performed using monodisperse polystyrene

standards supplied by Polymer Lab.
3.4.4 Thermal Analysis

Thermal degradation studies were performed using a TA Instruments Q50 TGA. The samples
were placed in a platinum pan and heated at a rate of 10 °C min* from 25 °C to 1000 °C under
a flow of nitrogen (100 mL min™). Glass transition temperatures (Tgs) were determined using
Differential Scanning Calorimetry (DSC) on a TA Instruments DSC Q2000. The polymer
samples were placed in an aluminum Tzero pan and heated to varying temperature ranges at
10 °C min! under a flow of nitrogen (50 mL min?) and cooled down to —75 °C at
10 °C min™?, before the sample underwent two more heating/cooling cycles. Tgs were

determined from the third heating/cooling cycle.
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3.4.5 Synthetic Procedures

Cis-5-norbornene-exo-2,3-dicarboxylic anhydride (exo-NDCAN)

exo-NDCAnN was synthesized according to a modified version of a procedure H 6
previously reported by Alfred et al.2! Cis-5-norbornene-endo-2,3-dicarboxylic 4 = o
anhydride endo-NDCAnN (20.0 g, 122 mmol) was stirred at 210 °C for 2 h. The °
solution was cooled to 80 °C and 20 mL of toluene were added, which allowed white crystals
to crash out. The resulting white crystals were isolated by vacuum filtration and purified by
flash chromatography (1:1 n-hexanes:EtOAc, silica gel) where the first fraction contained the
desired product. Removal of the solvent in vacuo yielded exo-NDCAn as a white solid. Yield
=3.11 g, 15%. 'H NMR (399.8 MHz, CDCls): § 6.34 (br s, 2H, =CH), 3.46 (br s, 2H, CH),
3.00 (brs, 2H, CH), 1.67 (d, 3Jun = 10 Hz, 1H, CHy), 1.45 (d, 3Jun = 10 Hz, 1H, CH,). These

data are consistent with previous reports.?
Cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate (DND)

Cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate (DND) was synthesized by a H
modified version of a procedure reported by Hennis et al.?? In air, exo-NDCAnN ?
(2.47 g, 15.0 mmol) was dissolved in 5.5 mL of MeOH and 0.25 mL of 12 M o

HCI. This solution was refluxed for 2 h. After cooling to room temperature, the solution was

o}
o—
(o)
AN

concentrated in vacuo and then washed with 2 x 25 mL of a saturated solution of NaHCO3 and
1 x 25 mL of H20 and dried over MgSOs, gravitiy filtered and concentrated in vacuo to afford
monomer DND as a white solid. Yield = 1.83 g, 58%. 'H NMR (399.8 MHz, CDCls): § 6.21
(brs, 2H, =CH), 3.66 (br s, 6H, CHg3), 3.10 (m, 2H, CH), 2.63 (m, 2H, CH), 2.12 (d, 3Jun =9
Hz, 1H, diastereotopic CHy), 1.51 (d, 3Jun = 9 Hz, 1H, diastereotopic CH). These data are

consistent with previous reports.?2
Representative ROMP of DND

Monomer DND (0.100 g, 0.476 mmol) was dissolved in 1.9 mL of dry and 0o o
degassed (via three freeze-pump-thaw cycles) DMA, and the solution was

stirred at 23 °C for 15 min. Meanwhile, GIII (0.0126 g, 0.0142 mmol) was n
dissolved.in0:3.ml0f.dry and degassed (via three freeze-pump-thaw cycles) DMA. A 0.1 mL
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portion of the solution of Gl (0.0042 g, 1 mol %) was then added to the solution of monomer
DND and stirred at 23 °C for 6 min. After 6 min, ethyl vinyl ether (0.857 g, 0.62 mL, 11.9
mmol) was added and the solution was stirred at 23 °C for 30 min. The product was precipitated
from pentane, isolated by centrifugation, and dried at 23 °C in vacuo for 16 h to afford PDND
as a white solid. Yield = 0.075 g, 75%. *H NMR (399.8 MHz, CDCls): § 5.42 and 5.24 (br m,
2H, =CH), 3.64 (br s, 6H, 2 x OCHg), 3.38 (br s, 1H, CH), 2.98 (br m, 1H, CH), 2.85 (br m,
2H, 2 x CH), 2.07 (br m, 1H, diastereotopic CH>), 1.23 (br m, 1H, diastereotopic CH>). GPC:
Mhn = 38820 g mol!, My = 43070 g mol %, D = 1.11. These data are consistent with previous

reports.?’
Representative polymerization of BF2N

Monomer BF2N (0.050 g, 0.087 mmol) was N=N,

dissolved in 1.9 mL of dry and degassed (via /0\©\ RE /©/§/N\\\ o
three freeze-pump-thaw cycles) DMA, and the 'l"\B\.'f ©
solution was stirred at 23 °C for 15 min. \CVN
Meanwhile, GIIl (0.003 g, 1 mol %) was

dissolved in 0.3 mL of dry and degassed (via

three freeze-pump-thaw cycles) DMA. A 0.1 mL portion of the solution of GllI (0.001 g,
1 mol %) was then added to the solution of monomer BF2N and stirred at 23 °C for exactly
1 h. After 1 h, ethyl vinyl ether (0.157 g, 2.18 mmol) was added and the solution was stirred at
23 °C for 30 min. The resulting dark-purple solution was purified by flash chromatography
(THF, neutral alumina), and the product was precipitated from pentane, isolated by
centrifugation, and dried at 23 °C in vacuo for 16 h to afford polymer PBF2N as a purple solid.
Yield = 0.030 g, 66%. *H NMR (399.8 MHz, CDCls): § 7.97 (br s, 1 H, triazole CH), 7.84 (br
s, 6 H, aryl CH), 6.92 (br s, 2 H, aryl CH), 5.35-5.25 (2 x br m, 2H, =CH), 4.45 (br s, 2H,
CH?2), 4.07 (br s, 2H, CH>), 3.84 (br s, 3H, OCHj3), 3.13 (br s, 1H, CH), 2.84 (br m, 2H, 2CH),
2.24 (brs, 2H, CHy), 1.90 (br m, 2H, diastereotopic CHz), 1.71 (br m, 1H, diastereotopic CH>),
1.30 (br m, 1H, diastereotopic CH>). !B NMR (128.3 MHz, CDCls): § —0.8 (t, 1Jsr = 30 Hz).
19F NMR (376.1 MHz, CDCls): & —133.4 (br s). ). FT-IR (ATR): 3153 (w), 2952 (m), 2843
(m), 2243 (m), 1729 (s), 1598 (s), 1506 (m), 1343 (s), 1263 (s) cm L. UV-vis (CH2Cl2): Amax =
555 nm (g = 27,500 M~tcm1). GPC: M, = 201,500 g mol~, My = 264,300 g mol, » = 1.31.

www.manaraa.com



74

Block Copolymers:

Representative procedure for the preparation of block copolymers (PDND)m-b-(PBF2N)n
(PDND)276-b-(PBF2N)255 (f&r. = 0.48)

Monomer DND (0.150 g, 0.713 mmol) was dissolved in 2.9 mL of dry and degassed (via three
freeze-pump-thaw cycles) DMA, and the solution was stirred at 23 °C for 15 min. Meanwhile,
GlIl (0.019 g, 0.021 mmol) was dissolved in 0.3 mL of dry and degassed (via three freeze-
pump-thaw cycles) DMA, and BF2N (0.272 g, 0.475 mmol) was dissolved in 0.64 mL of dry
and degassed (via three freeze-pump-thaw cycles) DMA. A 0.1 mL portion of the solution of
Gl (0.0063 g, 1 mol %) was then added to the solution of monomer DND and stirred at 23
°C for 6 min. After 6 min, 1 mL of the reaction solution was removed and added to ethyl vinyl
ether (0.429 g, 0.31 mL, 5.95 mmol) and stirred at 23 °C for 30 min. After removal of the
1 mL aliquot of the reactant solution, the BF2N solution was added and stirred at 23 °C for 12
min. After 12 min, ethyl vinyl ether (0.857 g, 0.62 mL, 11.9 mmol) was added and the solution
was stirred at 23 °C for 30 min. The aliquot removed after 6 min was clear and the product
colourless and was precipitated from pentane, isolated by centrifugation, and dried in vacuo
for 16 h to afford polymer PDND as a white solid. GPC: M, = 38,820 g mol™,
Mw = 43,070 g mol!, ® = 1.11. The second solution was dark-purple, and the product was
purified by precipitation into pentane, isolated by centrifugation and dried at 23 °C in vacuo
for 16 h to afford polymer (PDND)276-b-(PBF2N)2ss5 as a purple solid in quantitative yield. *H
NMR (399.8 MHz, CDCls): 6 7.97 (br s, 1H, triazole CH), 7.83 (br m, 6H, aryl CH), 6.91 (br
s, 2H, aryl CH), 5.42-5.24 (2 x br m, 4.2H, =CH), 4.44 (br s, 2H, CHy), 4.07 (br s, 2H, CH>),
3.83.(br.s;:3H,,0CHz3),.3.64 (br s, 6.6H, 2 x OCHj3), 3.38 (br s, 1H, CH), 3.13 (br s, 1H, CH),
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2.98-2.85 (br m, SH, CH), 2.25 (br s, 2H, CH), 2.05 (br m, 1H, diastereotopic CH2), 1.92 (br
m, 2H, diastereotopic CHy), 1.72 (br m, 1H, diastereotopic CH2), 1.34-1.16 (br m, 2H,
diastereotopic CH,). !B NMR (128.3 MHz, CDCls): § —0.8 (t, 1Jsr = 30 Hz). 1°F NMR (376.1
MHz, CDCls): §-133.4 (br s).). FT-IR (ATR): 3138 (w), 2955 (m), 2849 (m), 2241 (m), 1733
(s), 1597 (s), 1505 (m), 1343 (s), 1261 (s) cm™. UV-vis (CH2Cl2): Amax = 556 nm. GPC:
Mn = 204,300 g mol, My = 295,400 g mol, P = 1.45.

(PDND)3s5-b-(PBF2N)s3 (f&r2 = 0.13)

From monomer DND (0.250 g, 1.19 mmol) and BF2N (0.109 g, 0.190 mmol). The aliquot
removed at 6 min yielded polymer PDND. GPC: M, = 54,910 g mol?, My = 62,670 g mol,
D =1.14. The second solution afforded polymer (PDND)3ss-b-(PBF2N)s3 in quantitative yield.
H NMR (399.8 MHz, CDCls): § 7.97 (br s, 1 H, triazole CH), 7.85 (br s, 6 H, aryl CH), 6.93
(brs, 2 H, aryl CH), 5.43-5.24 (2 x br m, 15.8 H, =CH), 4.46 (br s, 2H, CH>), 4.08 (br s, 2H,
CH?>), 3.85 (br s, 3H, OCH3), 3.64 (br s, 41H, OCHj3), 3.38 (br s, 7H, CH), 3.13 (br s, 1H, CH),
3.02-2.85 (br m, 21H CH), 2.25 (br s, 2H, CHy), 2.07 (br m, 7H, diastereotopic CH), 1.91 (br
m, 2H, diastereotopic CH), 1.70 (br m, 1H, diastereotopic CH>), 1.33—1.14 (br m, 8H,
diastereotopic CH,). !B NMR (128.3 MHz, CDCls): § 0.8 (t, 1Jsr = 30 Hz). °F NMR (376.1
MHz, CDCls): 6 -133.5 (br s). FT-IR (ATR): 2989 (w), 2950 (m), 2849 (w), 2240 (s), 1733
(s), 1599 (s), 1436 (M), 1345 (s), 1263 (s) cm L. UV-vis (CH2Clz): Amax =556 nm. GPC: M, =
104,000 g mol, My = 126,300 g mol ™, b = 1.21.

(PDND)266-b-(PBF2N)20 (f8r2 = 0.07)

From monomer DND (0.300 g, 1.43 mmol) and BF2N (0.068 g, 0.119 mmol). The aliquot
removed at 6 min yielded polymer PDND. GPC: M, = 42,810 g mol, My, = 48,610 g mol,
H =1.13. The second solution afforded polymer (PDND)2e6-b-(PBF2N)20 in quantitative yield.
'H NMR (399.8 MHz, CDCls): § 7.98 (br s, 1 H, triazole CH), 7.89 (br s, 6 H, aryl CH), 6.96
(brs, 2 H, aryl CH), 5.43-5.24 (2 x br m, 27H, =CH), 4.47 (br s, 2H, CH>), 4.09 (br s, 2H,
CHy>), 3.88 (br s, 3H, OCHs3), 3.64 (br s, 73H, OCHj3), 3.38 (br s, 13H, CH), 3.13 (br s, 1H,
CH), 3.02-2.85 (br m, 40 H, CH), 2.27 (br s, 2H, CHy), 2.07 (br m, 13H, diastereotopic CH>),
1.91 (br m, 2H, diastereotopic CH2), 1.70 (br m, 1H, diastereotopic CH2), 1.30-1.17 (br m,
14H, diastereotopic CH2).1*B NMR (128.3 MHz, CDCls): & —0.7 (t, *Jgr = 30 Hz). °F NMR
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(376.1 MHz, CDCls): § —134.0 (br s). FT-IR (ATR): 3000 (w), 2951 (m), 2848 (m), 1733 (s),
1599 (m), 1436 (s), 1362 (m), 1264 (s) cm. UV-vis (CH2Cl2): Amax =558 nm. GPC: M, =
66,040 g mol, Mw = 76,370 g mol™*, b = 1.16.

Random Copolymers:

Representative procedure for the preparation of random copolymers (PDND)m-b-
(PBF2N)n

(PDND)316-r-(PBF2N)316 (f&ar. = 0.50)

Monomer BF2N (0.150 g, 0.262 mmol) and DND (0.055g, 0.262 mmol) was dissolved in
3.9 mL of dry and degassed (via three freeze-pump-thaw cycles) DMA, and the solution was
stirred at 23 °C for 15 min. Meanwhile, GI11 (0.0092 g, 0.0104 mmol) was dissolved in 0.4 mL
of dry and degassed (via three freeze-pump-thaw cycles) DMA. A 0.2 mL portion of the
solution of GIII (0.0046 g, 1 mol %) was then added to the solution of monomer BF2N and
DND and stirred at 23 °C for exactly 12 min. After 12 min, ethyl vinyl ether (0.945 g,
0.69 mL, 13.1 mmol) was added and the solution was stirred at 23 °C for 30 min. The resulting
dark-purple solution was purified by precipitation from pentane, isolated by centrifugation,
and dried at 23 °C in vacuo for 16 h to afford (PDND)s16-r-(PBF2N)s16 as a purple solid. Yield
= 0.248 g, 60%. *H NMR (399.8 MHz, CDCls): & 7.90 (br m, 7 H, triazole CH + aryl CH),
6.97 (brs, 2 H, aryl CH), 5.41-5.23 (2 x br m, 4H, =CH), 4.49 (br s, 2H, CH>), 4.11 (br s, 2H,
CH?>), 3.88 (br s, 3H, OCH3), 3.63 (br s, 6H, 2 x OCHg), 3.35 (br s, 1H, CH), 3.13 (br s, 1H,
CH), 2.98-2.85 (br m, 5H, CH), 2.29 (br s, 2H, CH>), 2.07-1.91 (br m, 3H, diastereotopic
CHy>), 1.72 (br m, 1H, diastereotopic CH,), 1.36—1.20 (br m, 2H, diastereotopic CH2). 1B NMR
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(128.4 MHz, CDCl3): § 0.7 (t, 1Jsr = 30 Hz). *F NMR (376.4 MHz, CDCl3): 5 —133.8 (br s).
FT-IR (ATR): 2980 (w), 2951 (m), 2845 (m), 2240 (m), 1736 (s), 1604 (s), 1505 (m), 1348 (s),
1263 (s) cm. UV-vis (CH2Cl2): Amax =558 nm. GPC: M, = 247,300 g mol*, My, = 335,200 g
mol?, b =1.36.

(PDND)292-r-(PBF2N)s2 (f&r. = 0.15)

From monomer BF2N (0.030 g, 0.053 mmol) and DND (0.056 g, 0.265 mmol). Yield =
0.81 g, 94%. H NMR (399.8 MHz, CDCls): & 8.04 (br s, 1 H, triazole CH), 7.95 (br s, 6 H,
aryl CH), 7.00 (brs, 2 H, aryl CH), 5.42-5.24 (2 x br m, 13H, =CH), 4.51 (br s, 2H, CH>), 4.14
(brs, 2H, CHy), 3.91 (br s, 3H, OCHg), 3.63 (br s, 33H, OCHj3), 3.38 (br s, 6H, CH), 3.13 (br
s, 1H, CH), 2.98-2.85 (br m, 19 H, CH), 2.29 (br s, 2H, CH), 2.06 (br m, 6H, diastereotopic
CHy>), 1.90 (br m, 2H, diastereotopic CH>), 1.72 (br m, 1H, diastereotopic CH>), 1.38 (br m,
1H, diastereotopic CH2), 1.30-1.16 (br m, 5.5 H, diastereotopic CH2). !B NMR (128.3 MHz,
CDCl3): § 0.7 (t, YJgr= 31 Hz). 1°F NMR (376.1 MHz, CDCls): § -134.0 (br s). FT-IR (ATR):
3002 (w), 2951 (m), 2852 (w), 1743 (s), 1597 (s), 1439 (m), 1344 (s), 1267 (s) cm L. UV-vis
(CH2Cl2): Amax =560 nm. GPC: M, = 90,890 g mol*, My = 107,000 g mol*, » = 1.18.

(PDND)29s-r-(PBF2N)26 (fer. = 0.08)

From monomer BF2N (0.021 g, 0.036 mmol) and DND (0.076 g, 0.362 mmol). Yield =
0.85 g, 88%. *H NMR (399.8 MHz, CDCls): 6 8.05 (br s, 1 H, triazole CH), 7.94 (br s, 6 H,
aryl CH), 7.01 (br m, 2 H, aryl CH), 5.42-5.24 (2 x br m, 26.6 H, =CH), 4.51 (br s, 2H, CH>),
4.14 (brs, 2H, CHy), 3.91 (br s, 3H, OCHBa), 3.63 (br s, 74H, OCH3), 3.37 (br s, 12H, CH), 3.14
(br s, 1H, CH), 3.02-2.84 (br m, 36 H, CH), 2.28 (br s, 2H, CH), 2.07 (br m, 12H,
diastereotopic CH2), 1.90 (br m, 2H, diastereotopic CH), 1.73 (br m, 1H, diastereotopic CHy),
1.33—1.19 (br m, 13 H, diastereotopic CH2). !B NMR (128.3 MHz, CDClz): § —0.7 (t, 1Jgr =
33 Hz). °F NMR (376.1 MHz, CDCls): 5 —134.0 (br s). FT-IR (ATR): 2998 (m), 2952 (m),
2850 (m), 1733 (s), 1599 (w), 1436 (m), 1363 (w), 1264 (m) cm™L. UV-vis (CH2Cl2): Amax =
561 nm. GPC: M, = 77,490 g mol?, My = 88,820 g mol?, D = 1.15.
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Chapter 4
4 Conclusions and Future Work

4.1 Conclusions

This thesis describes the development of synthetic procedures required to produce asymmetric
and symmetric 3-cyanoformazanate BF> complexes and the incorporation of the first reported
asymmetric 3-cyanoformazanate BF, complex (2.13) into polymers using ROMP. The work
began by synthesizing asymmetric 3-cyanoformazans using a different whereby the
asymmetric formazan was isolated from a mixture containing symmetric derivatives through
column chromatography. The BF2 complex of this formazan was then synthesized by stirring
it in a solution of toluene and excess EtsN and BF3s*OEt, under an inert atmosphere at 80 °C
overnight. Using CUAAC chemistry two additional BF> complexes were synthesized, one
containing a benzyl group (2.14) and the other a polymerizable norbornene group (2.17); the
latter would become the monomer used for future polymerization studies. The reaction used to
make the monomer yielded a side product which was identified to be a dimer (2.18) of BF;
complex 2.13; connectivity of both of these structures was determined through X-ray
crystallographic studies. Spectroscopic properties of all the BF2 complexes synthesized
revealed strong Amax ranging from 552-597 nm in CH2Cl, and Aem from 647-687 nm. It was
observed that the introduction of a triazole ring in compound 2.14 and monomer 2.17 caused
a red-shift in the Amax and Aem (relative to 2.13). This was attributed to an increase in the extent
in electronic conjugation. A greater red-shift was observed for dimer 2.18; this was concluded
to be due to the extent of conjugation along both chromophores. Quantum vyields of
fluorescence for compounds 2.13, 2.14 and 2.17 ranged from 29-30% in CH2Cl>. Dimer 2.18
was found to be non-emissive, most likely due to intramolecular quenching of the adjacent
chromophores. All compounds were redox active and possessed two reversible reduction
processes in their cyclic voltammograms that yielded a radical anion, and dianion. Introduction
of a triazole ring resulted in the need for a more negative potential to be attained before
reduction occurred (relative to 2.13); this was due to the electron donating character of this

group. Conversely, dimer 2.18 could be reduced at a lower potential (relative to 2.13); this was
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attributed to the increase in conjugation and the BF, complex-substituted alkyne’s withdrawing

effects.
N=N
= N
s \s
B B,
NN NN
" e
CN CN
213 2.14
H

Figure 4.1. BF> complexes studied in Chapter 2.

Polymers containing 3-cyanoformazanate BF, complex (2.13/BFzN) in the side chain were
synthesised using ROMP. Homopolymers (PBF2N) were synthesized by using GllI; the DP;
per polymer chain was targeted to be 100 (1 mol % catalyst). Block and random copolymers
of BF2N and cis-dimethyl-5-norbornene-exo-2,3-dicarboxylate (DND) were also synthesized.
For block copolymers (PDND)m-b-(PBF2N)n, the first block (PDND) was targeted to have a
DP,, of 100, whereas the second block (PBF2N) differed in length based on the mole ratio of
BF2N added to the living end of the first block. This difference gave rise to three separate block

copolymers that differed in the fgr. In the case of the random copolymers (PDND)m-r-
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(PBF2N)n, they all had targeted degrees of polymerization of 100 and differing fee. *H NMR,
F NMR, and B NMR spectroscopy, UV-vis absorption/emission spectroscopy, IR
spectroscopy, GPC, TGA, and DSC were used in order to characterize all of the polymers
synthesized. GPC data for the block copolymers and PDND revealed that as the fsr, increased,
the My of the polymers also increased. This was also true for the random copolymers. In both
cases, molecular weights for polymers containing BF2N were over estimated. TGA revealed
PDND to be more thermally stable than PBF2N, and the block and random copolymers
increased in thermal stability as the fer. decreased. DSC revealed two Tgs for the block
copolymers, the first one pertaining to the PDND block, and the second to the PBF2N block.
Random copolymers had one Tg, and it was observed that as the fer increased, the Tg also
increased. All BF2 containing polymers had strong Amax ranging from 558-561 nm in CHCl;
and Xem from 663-667 nm. The block copolymers were found to be non-emissive, while the
random copolymers showed an increase in the ®r as the fer, decreased (Figure 4.1). This was
attributed to the fact that in the random copolymers, BF2N subunits would be further apart as
the fgsr. decreased, which would lead to less self-absorption and thus a higher ®¢. All BF
containing polymers were also found to be redox active, and exhibited two reversible one-

electron reduction waves.

Synthesis of the first asymmetric BF2 complex has opened up a way to synthesize various
functional fluorescent molecules by using CUAAC chemistry. ROMP was demonstrated to be
an efficient way to incorporate these complexes into polymers; these polymers demonstrated

interesting properties, which showed their potential use as functional fluorescent materials.

(PDND),,-b-(PBF,N),, (PDND),,,-r-(PBF;N),

Figure 4.2. Block and random copolymers of PBF2N and PDND studied in Chapter 3.
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4.2 Future Work

Future work in this area will involve the synthesis of amphiphilic fluorescent block copolymers
(e.g., 4.1 and 4.2) that can self-assemble into micelles. The first block will ideally have very
different solubility properties than the second.!2 The second block will be a random copolymer
of PBF2N and PDND, where the fge, should be less than 0.10 so that the ®r is high enough to
eventually make fluorescent micelles whereby the fluorescence will allow for micelle
formation to be followed using laser confocal microscopy. It is hypothesized that when the
PBF2N / PDND block is found on the outside of micelles (the corona) fluorescence from the
subunit will be observed. However, if the PBF2N / PDND containing block is found on the

inside of the micelles, the close proximity of the PBF2N subunits may quench the fluorescence.

Figure 4.3. Block copolymers 4.1 and 4.2. The cartoon is a representation of the block
copolymer where the blue represents the first block (BF2 containing random copolymer) and
the black represents the non-fluorescent organic block.
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Figure 4.4. Visual representation of micelle formation of block copolymers 4.1 and 4.2.
Yellow cartoon around the micelle on the right represents fluorescence.
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Appendix 1 - Supporting Information for Chapter 2
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Figure A2.1. *H NMR spectrum of formazan 2.12 in DMSO-d6.
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Figure A2.7. *H NMR spectrum of benzyl-substituted BF, complex 2.14 in CDCls.
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Figure A2.8. 3C{*H} NMR spectrum of benzyl-substituted BF, complex 2.14 in CDCls.
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Figure A2.9. 1B NMR spectrum of benzyl-substituted BF, complex 2.14 in CDCls.
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Figure A2.10. **F NMR spectrum of benzyl-substituted BF, complex 2.14 in CDCls.
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Figure A2.11. *H NMR spectrum of azide-substituted norbornene 2.16 in CDCls.
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Figure A2.12. 3C{*H} NMR spectrum of azide-substituted norbornene 2.16 in CDCls.
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Figure A2.13. *H NMR spectrum of monomer 2.17 in CDCls.
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Figure A2.15. 1B NMR spectrum of monomer 2.17 in CDCls.
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Figure A2.16. *F NMR spectrum of monomer 2.17 in CDCls.
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Figure A2.19. !B NMR spectrum of dimer 2.18 in CD2Cl..
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Appendix 2 - Supporting Information for Chapter 3
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Figure A3.1. *H NMR spectrum of exo-NDCAn in CDCls.
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Figure A3.2. 'H NMR spectrum of exo-NDCA in CDCls.
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Figure A3.3. 'H NMR spectrum of P-exo-NDCA in DMSO-ds.

Table A3.1. Summary of molecular weight data determined by GPC for P-exo-NDCA.

Time (min) Mhn Muw D
1 26,740 23,710 1.13
2 46,300 33,480 1.38
3 49,830 43,430 1.15
4 57,120 53,170 1.07
5 61,590 53,690 1.15
6 63,970 59,010 1.08
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Figure A3.4. Relationship between number average molecular weight (M,) of P-exo-NDCA as a
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Figure A3.5. Corresponding GPC traces for PBF2N and (PBF2N)-b-(P-exo-NDCA).
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Figure A3.6. *H NMR spectrum of DND in CDCls.
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Figure A3.10. *H NMR spectrum of (PDND)276-b-(PBF2N)2s5 (fsr: = 0.48) in CDCls.
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Figure A3.12. 'H NMR spectrum of (PDND)2e6-b-(PBF2N)20 (fgr2 = 0.07) in CDCls.
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Figure A3.13. 'H NMR spectrum of (PDND)316-r-(PBF2N)316 (fsr2 = 0.50) in CDCls.
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Figure A3.14. 'H NMR spectrum of (PDND)292-r-(PBF2N)s2 (fsr2 = 0.15) in CDCls.
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Figure A3.16. Representative !B NMR and **F NMR for block and random copolymers in
CDCls.
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Figure A3.17. Cyclic voltammograms for BF2N (dark yellow), PBF2N (black), (PDND)276-b-
(PBF2N)2s5 (blue), and (PDND)316-r-(PBF2N)316 (red), were recorded at a scan rate of 250 mV
s1for 1 mM analyte solutions (calculated using an average molar mass for blocks and random
copolymers from fgr2 in each) in CH2Cl> containing 0.1 M [nBusN][PFs] as the supporting
electrolyte. Voltammograms were referenced internally against the ferrocence/ferrocenium
redox couple.
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