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ABSTRACT
The incorporation of iminophosphorano substituents (-N=PR3) onto the electron-rich
bispyridinylidene (BPY) scaffold has allowed for the development of electron donors
with exceptionally low redox potentials. By substitution of the –R group on phosphorus,
various reductive strengths of the BPY can be achieved, allowing for enhanced
selectivities. In order to expand the application of these reductants in organic synthesis,
the range of redox potentials must be further developed, thereby increasing the need for
stronger electron donors.
In recent years, a tetrasubstituted BPY was prepared utilizing four triphenyliminophosphorano groups (-N=PPh3), located ortho and para to the pyridyl nitrogen of
the BPY scaffold. This resulted in the strongest organic electron donor to date, with a
record-breaking redox potential of -1.70 V vs. SCE. The donor was probed for its
reductive capabilities, establishing success in the ground-state reduction of various
challenging substrates. Recently, a novel tetra(iminophosphorano)-substituted BPY of
increased reductive strength has been prepared. This study will describe its utility in
reducing similar challenging organic substrates, in efforts to provide milder reaction
conditions, as well as increasing the substrate scope. In addition, the synthesis of a novel
bis(iminophosphorano)-substituted BPY, derived from a highly electron-rich phosphine,
was explored. This study will describe a proposed synthetic route toward its preparation,
where its synthesis could assist in expanding the range of reduction potentials accessible
by organic reductants.
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Chapter 1 - Introduction

1.1 General Introduction

Electron transfer reactions are fundamental transformations in organic synthesis.
Metal and metal-based reductants have proven to be effective reagents in the reduction of
various organic molecules, as a result of their low redox potentials (for example Na+/Na
= -2.95 V vs. the saturated calomel electrode (SCE), Li+/Li = -3.28 V vs. SCE).1 Strong
metal-based reductants including lanthanide(II)-species have also displayed impressive
reductive capabilities, for instance, in the Birch reduction of selected aromatic
hydrocarbons under mild reaction conditions (Scheme 1.1).2 In recent years, convenient
methods have been established for the preparation of new samarium(II)-based reagents
(SmBr2= -1.55 V vs. SCE in THF, SmCl2= -1.78 V vs. SCE in THF), expanding the
reductive capabilities of lanthanide(II)-species.3

Scheme 1.1. Birch reduction of anthracene by a samarium(II) iodide - water complex.
Despite the reductive properties of these powerful reagents, metal and metal-based
reductants also have their shortcomings. For instance, additional care is often required in
the safe-handling of these reagents. In the case of Kagan’s reagent, SmI2 is often used in
1

combination with hexamethylphosphoramide, HMPA, a toxic additive that drastically
enhances the reduction potential of SmI2/THF complexes by -0.77 V.3 Similarly, safe
handling procedures for traditional alkali metals, which react violently with water, must
also be employed. Other considerations when using metal and metal-based reductants
have included their insolubility in organic solvents. Because of this low solubility,
reactions are often performed as heterogeneous mixtures at elevated temperatures and
with long reactions times.4
In recent years, the development of organic-based reductants as reagents in organic
synthesis has gained considerable attention.5,6 Organic reducing agents, also referred to as
organic electron donors, are a class of ground-state, neutral molecules capable of
undergoing electron transfer of one or more electrons to various substrates. These
reagents can complement metal and metal-based reductants by providing alternate
reaction conditions that can alleviate the need for elevated temperatures and long reaction
times. With the increase in solubility, homogeneous reaction mixtures can be achieved. In
addition, organic reductants are tunable reagents, where slight structural modifications to
the organic framework can result in variations in the reduction potential. Therefore,
acquiring a diverse library of reductants with a broad range of reductive strengths can
allow for unique reactivity, as well as enhanced selectivity among the reduced products.
Although these reagents have shown much promise, they are still subject to some
limitations. For instance, organic reducing agents are not as readily available as their
metal-based counterparts and the range of reduction potentials currently available for
organic reductants is rather limited. Therefore, in order to expand the application of these
2

reductants in organic synthesis, the range of redox potentials must be further developed,
particularly to include stronger electron donors.
1.2 Development of Organic Reducing Agents

The area of organic electron donors has progressed rapidly since the early
introduction of reagents such as tetrathiafulvalene, TTF (1.1, E11/2 (CH3CN)= +0.32/ E21/2
(CH3CN) = +0.71 vs. SCE) and tetrakis(dimethylamino)ethylene, TDAE (1.2, E11/2
(CH3CN) = -0.78/ E21/2 (CH3CN) = -0.61 vs. SCE).7 In the early 1990s, studies conducted
by Murphy and coworkers8 explored the application of TTF as an organic reductant. TTF
and other related derivatives have been vastly studied, gaining considerable attention for
their involvement in reductive radical-polar crossover reactions, involving the activation
of arenediazonium salts to aryl radicals.8–10 Upon oxidation of TTF to radical cation 1.1•+
(Scheme 1.2), a degree of aromatic stabilization is gained with the formation of one
dithiolium ring and full aromaticity is achieved following the oxidation of 1.1•+ to
dication 1.12+. This increase in aromatic stabilization, in conjugation with the
stabilization of the positive charges among the oxidized species (1.1•+/1.12+) from sulfur
lone pairs, greatly assists the electron donating capabilities of TTF as an organic
reductant. Although TTF has proven its effectiveness in the activation of unactivated aryl
diazonium substrates, it wasn’t strong enough to facilitate the reduction of aryl radicals to
aryl anions.7 Other challenging substrates such as alkyl and aryl halides were considered
out of reach, as a result of TTF’s low reductive strength.

3

Scheme 1.2. The oxidation of 1.1 and 1.2 to their radical cation and dication forms.
Despite TDAE having no gain in aromatic stabilization upon oxidation to its radical
cation 1.2•+ and dication 1.22+ forms (Scheme 1.2), an increased reductive strength was
observed when compared to TTF. The replacement of sulfur with more electron-rich
atoms such as nitrogen has led to the development of stronger electron donors, due to
their ability to contribute more electron density into the π-system. The incorporation of
stronger π-donating groups results in a higher energy HOMO, which thereby renders the
donor more reactive to oxidation. Additionally, the incorporation of dialkylamino groups
(-NR2) can afford greater resonance stabilization among its oxidized forms (1.2•+/1.22+),
as a result of better orbital overlap (2p-2p) between nitrogen and adjacent carbocations,
which can be attributed to their similarity in size (compared to 3p-2p for S-C π
interactions).11 TDAE has demonstrated its effectiveness as an electron donor in the
reductive defluorination of electron-poor perfluoro substrates (1.3, Scheme 1.3), as well
in the activation of benzylic halides (1.5, Scheme 1.3) to benzylic anions, which can
undergo further reactivity with carbonyl electrophiles (i.e. aldehydes and ketones) to
form alcohols.12 Although a significant increase in reductive strength was demonstrated
4

by TDAE, its application in the reduction of more challenging substrates including
unactivated aryl halides, was unsuccessful.12

Scheme 1.3. Successful reductive dehalogenation reactions conducted by TDAE, 1.2.
In the search for stronger organic reductants, subsequent developments have involved
the incorporation of both electron-donating nitrogen groups and aromatic stabilization
within the same organic framework.5,6,13 The application of these two beneficial features,
as previously seen in predecessors TTF and TDAE, were first observed in studies
involving benzimidazole-derived donor 1.7 (E11/2 (CH3CN) = -0.82 V/ E21/2 (CH3CN) = 0.76 vs. SCE) and imidazole-derived donor 1.8 (E11/2 (CH3CN) = -1.20 V vs. SCE)
(Scheme 1.4).14 Benzimidazole derivative 1.7, despite having a similar first oxidation
potential to that of TDAE (-0.04 V difference), was the first neutral organic reductant to
successfully reduce both alkyl and aryl iodides to their corresponding radicals in the
ground-state. In regard to the reductive deiodination of iodoarenes, the difference in
reactivity between TDAE and donor 1.7 was attributed to better π-stacking between
polycyclic donor 1.7 and various aryl iodides, which can assist in lowering the activation
energy barrier associated with the electron transfer step.12
5

Scheme 1.4. The gain in aromatic stabilization upon oxidation of benzimidazole(1.7) and imidazole-derived (1.8) organic reductants.

Furthermore, an increase in reductive strength was observed in imidazole derivative
1.8, when compared to benzimidazole derivative 1.7, as a result of differing degrees of
aromatic stabilization among their corresponding dications (1.72+/1.82+), following the
two-electron oxidation of donors 1.7 and 1.8, respectively (Scheme 1.4). Dication 1.72+
experiences less aromatic stabilization, due to the pre-existing benzene rings fused to
each newly developed aromatic ring, whereas dication 1.82+ experiences greater aromatic
stability, since the newly formed imidazolium rings are not fused to any pre-existing
conjugated system, resulting in a stronger reducing agent.6 Donor 1.8 has gained
considerable attention for its success in the reductive deiodination of iodoarenes,
desulfonation reactions, as well as various arenesulfonamide deprotections.12,15 In
particular, arenesulfonamide deprotections involving the cleavage of resonance-stabilized
toluenesulfonyl leaving groups have led to the most success, whereas N,Ndialkylarenesulfonamide substrates remained inert. Unfortunately, the preparation of
6

donor 1.8 requires an extensive work-up procedure, in order to facilitate the separation of
donor 1.8 from an unwanted byproduct, making the utility of this organic reductant less
accessible for widespread use.

In attempt to find easily accessible alternatives to imidazole-derivative 1.8, Murphy
and coworkers introduced a new series of organic electron donors, employing a structural
motif derived from 4-methylaminopyridine (DMAP).16,17 Bispyridinylidene (BPY) 1.9
(Scheme 1.5) has demonstrated an impressively low reduction potential (E1/2 (DMF) = 1.24 V vs. SCE), due to the incorporation of four strongly π-donating nitrogen atoms that
can readily donate electron density into the π-system. In addition, the enhanced reducing
power of BPY 1.9 can be attributed to the gain in both aromatic and resonance
stabilization among its oxidized species 1.92+, following electron transfer (Scheme 1.5).

7

Scheme 1.5. Two-electron oxidation of BPY 1.9 to its corresponding dication 1.92+
and resonance-stabilized form 1.92+'.

The reactivity of BPY 1.9 was tested in the reduction of various aryl halides and
performed similarly to imidazole-derivative 1.8. Successful reduction of iodoarenes to
their corresponding aryl anions under mild reaction conditions was observed by BPY 1.9,
whereas the reduction of aryl bromides generally required elevated temperatures and a
greater excess of BPY 1.9. More challenging substrates involving chloroarenes remained
unreactive, even under harsh reaction conditions.11 With BPY 1.9 being more readily
accessible than 1.8, as a result of its facile, two-step preparation in multigram quantities,
its utility in expanding the substrate scope was explored with Weinreb amides18 and alkyl
triflates.19 Successful N-O bond cleavages were observed in the reduction of electrondeficient Weinreb amides (1.10, Scheme 1.6) under mild reaction conditions by BPY 1.9,
8

whereas elevated temperatures were required in the activation of more electron-rich
derivatives (1.12, Scheme 1.6).18 In addition, selective S-O bond cleavages were
observed in the reduction of alkyl triflates (such as 1.14, Scheme 1.7) by BPY 1.9,
resulting in their corresponding alcohols (1.16, Scheme 1.7) under mild reaction
conditions. Interestingly, a unique selectivity was observed with the deprotection of alkyl
triflate 1.14 to alcohol 1.16 using organic reductant 1.9, when compared to its
deprotection using metal reductants, which resulted in a C-O bond cleavage, yielding
arene 1.15 (Scheme 1.7).20

Scheme 1.6. Activation of selected Weinreb amides by BPY 1.9.

Scheme 1.7. Reductive cleavage of alkyl triflate 1.14 by BPY 1.9 vs. metal
reductants.
9

Furthermore, photoexcitation studies were conducted with BPY 1.9, prompted by its
vibrant-colored reaction mixtures. Photoexcitation can allow for the promotion of an
electron from the HOMO to a higher energy orbital, which enhances the reductive
strength of organic electron donors. As a result, the photoactivation of BPY 1.9 has
allowed for the reduction of challenging substrates that have been otherwise unreactive
under thermal conditions. BPY 1.9 has gained success in the activation of selected
chloroarenes,21 as well as with various unactivated N,N-dialkylarenesulfonamides22 at
room temperature, demonstrating its effectiveness as an organic reductant, while also
pushing the boundaries of organic electron transfer reagents.

Recent advancements in the area of organic reductants have been greatly influenced
by the observations of Clennan and coworkers in 2006, involving their work with a
family

of

4,4’–disubstituted-2,2’-bipyridinium

tetrafluoroborates.23,24

Clennan

demonstrated that the substitution of various electron donating and withdrawing groups at
the 4,4’- positions of bipyridinium 1.17 (Figure 1.1) led to variations in its experimental
reduction potential. When methoxy (1.17d) and dimethylamino groups (1.17e) were
incorporated onto the bipyridinium scaffold, their two-electron reductions to their
corresponding BPYs exhibited low reduction potentials, due to the strong π-donating
abilities of these substituents. As a result, lower reduction potentials were observed for
bipyridinium ions 1.17d-e, when compared to unsubstituted derivative 1.17c.
Furthermore, the incorporation of more electron withdrawing groups at the 4,4’- positions
of bipyridinium 1.17, including CO2Me and Cl in 1.17a and 1.17b respectively,
demonstrated higher reduction potentials. These studies have introduced a method for
10

tuning the reductive strengths of 4,4’–disubstituted-2,2’-bipyridinium ions, suggesting
that the incorporation of stronger π-donating substituents on these scaffolds should allow
for the development of even stronger BPY reductants.

Figure 1.1. Bipyridinium ions 1.17a-e and their corresponding reduction potentials
(in CH3CN vs. SCE) determined by cyclic voltammetry.

Current developments led by Dyker and coworkers regarding the preparation of
highly reducing BPY electron donors have involved the incorporation of strongly πdonating iminophosphorano-substituents in place of amino groups.25,26 Due to the ylidic
nature of these substituents (see the 1,2 – dipolar resonance contributor, Figure 1.2), they
are superb π-donors and electron density can be delocalized into the π-system more
readily. Moreover, as a class of substituents, the donating abilities of the R3P=N- groups
are tunable by choice of R. Stronger electron donating groups substituted on phosphorus
can better stabilize its positive charge of the dipolar form (ii), pushing more electron
density onto the nitrogen atom, which further increases the π-donor ability of the group.
11

As a result, more powerful organic reductants with enhanced reductive strengths can be
prepared.

Figure 1.2. Resonance contributors of ylidic iminophosphorano substituents.

The exceptional π-donating ability of iminophosphorano-substituents can be observed
when comparing DMAP-derived BPY 1.9 (E1/2 = -1.24 V vs. SCE) with bridged
iminophosphorano-substituted analogues 1.19a (E11/2 = -1.36 V vs. SCE, E21/2 = -1.23 V
vs. SCE) and 1.19b (E11/2 = -1.50 V vs. SCE, E21/2 = -1.39 V vs. SCE) (Figure 1.3). A 60
mV decrease in reduction potential (for the two-electron process) was observed between
phenyl derivative 1.19a and BPY 1.9, whereas a 210 mV decrease was observed between
tricyclohexyl derivative 1.19b and BPY 1.9. In addition, lower reduction potentials were
observed when the propylene bridge between pyridyl rings (N(CH2)3N) was replaced
with methyl groups. In the case of BPY 1.18, a 30 mV difference in reduction potential
was observed, when compared to bridged analogue 1.9.16 More recently, a series of nonbridged, 4,4’-iminophosphorano-substituted BPYs were prepared by Dyker and
coworkers, demonstrating variations in their corresponding reduction potentials,
depending on the electron donating or withdrawing ability of the -R group substituted
onto the phosphorus atom (BPYs 1.20a-d, Scheme 1.3).25 From this series of organic
reductants, a notable decrease in reduction potential was observed when triphenyl
12

derivative 1.20a was replaced with tricyclohexyliminophosphorano groups (BPY 1.20b),
resulting in a 170 mV difference. This drastic decrease in reduction potential can be
attributed to the increased electron donating ability of tricyclohexyl groups, in
comparison to phenyl groups. As mentioned, the 1,2–dipolar resonance contributor (ii,
Figure 1.2) for the corresponding tricyclohexyliminophosphorano substituent will be
more favored, when compared to its phenyl counterpart, resulting in a stronger π-donor.

Figure 1.3. Various amino- and iminophosphorano-substituted BPYs with their
corresponding reduction potential vs. SCE (in DMF).
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Dyker and coworkers have also developed tetrasubstituted BPY electron donors that
incorporate iminophosphorano substituents at both the 4,4’- and 6,6’- positions of the
BPY scaffold, resulting in the strongest neutral organic reductants reported to date.26 The
preparation of BPY 1.21a (E1/2 (DMF)= -1.70 V vs. SCE, Figure 1.4), comprising of four
triphenyliminophosphorano groups has demonstrated a reduction potential that surpasses
the most reducing 4,4’-iminophosphorano-substituted BPY electron donor (1.20b) by 190
mV. Tetrasubstituted BPY 1.21a has also gained considerable attention for its
effectiveness in the ground-state reduction of various challenging organic substrates
including

aryl

halides

and

malonitriles.26

Furthermore,

a

series

of

N,N-

dialkylarenesulfonamides were reduced upon treatment with BPY 1.21a, which had only
been previously observed with DMAP derived donor 1.9 following photoactivation. More
recent advancements led by Dyker and coworkers have involved the preparation of a
tricyclohexyliminophosphorano-substituted derivative 1.21b (Figure 1.4), where the
replacement of triphenyliminophosphorano groups with more strongly π-donating
tricyclohexyl analogues resulted in a 150 mV difference in its reduction potential, which
corresponds to a 105 increase in the equilibrium constant for a given two electron
reduction, rendering it the strongest neutral organic electron donor of its class (-1.85 V
vs. SCE, unpublished work). Due to its recent preparation, its reductive capabilities have
not been extensively explored.
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Figure 1.4. Tetra(iminophosphorano)-substituted BPYs 1.21a and 1.21b with their
corresponding reduction potential vs. SCE (in DMF).

The introduction of the BPY scaffold has significantly impacted the rapidly
developing field of organic reductants, helping to establish the efficiency of these
electron transfer reagents in organic synthesis, with efforts toward making
complementary reagents to metal and metal-based reductants. In order to continue
expanding their application as electron donors, the range of reduction potentials must be
further developed, thereby increasing the need for stronger derivatives.

1.3 Thesis objectives

This thesis aims to describe the utility of recently synthesized BPY 1.21b as an
organic reductant in the reduction of challenging organic substrates, similar to those
previously explored with BPY 1.21a (Chapter 2). Due to the increased reductive
strength exhibited by BPY 1.21b, efforts toward improved reaction yields under milder
reaction conditions were sought out, along with aims of expanding the substrate scope.
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Moreover, in the pursuit for stronger organic reductants, it has been demonstrated that
the choice of -R group of the iminophosphorano substituent (R3P=N-) is imperative in the
preparation of powerful BPY reductants. Tolman electronic parameters (TEPs) can be
used as a measure of electron donating and withdrawing ability for various phosphines,
which are determined by the carbonyl stretching frequencies (via IR spectroscopy) of the
related R3P-Ni(CO)3 complexes, where more electron donating phosphines result in a
lower CO stretch.27 In recent years, Nicholas Richard (MSc. 2016) demonstrated a linear
correlation between the experimental redox potential of 4,4’-iminophosphoranosubstituted BPY electron donors (BPY/BPY2+) and the TEP of their corresponding
phosphine.28 The correlation demonstrated that phosphines (R3P) with lower TEPs were
associated with R3P=N- substituted BPYs with lower redox potentials. Encouraged by
these findings, attempts toward the incorporation of more electron donating phosphines
such as phosphine 1.22 (Figure 1.5) were explored on the BPY scaffold (1.23, Figure
1.5), in efforts to pursue even stronger organic reductants (Chapter 3). In addition to the
objectives previously outlined for Chapters 2 and 3, this thesis has been arranged such
that the experimental sections will be discussed in Chapter 5 and all relevant spectra
referenced within each chapter will be presented in Appendix A.
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Figure 1.5. Targeted phosphine 1.22 for the preparation of iminophosphoranosubstituted BPY 1.23.
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Chapter 2 - Investigating the Reductive Capabilities of a Novel
Tetra(Iminophosphorano)-Substituted BPY Electron Donor

2.1 Introduction

In previous years, Samuel Hanson (PhD, 2015) successfully prepared tetra(iminophosphorano)-substituted BPY 1.21a, which incorporated four triphenyliminophosphorano groups (-N=PPh3) onto the BPY scaffold, demonstrating an exceptionally
low redox potential of -1.70 V vs. SCE (in DMF) for its redox couple (1.21a/1.21a2+,
Scheme 2.1).26 BPY 1.21a exceeded the capabilities of previous ground-state organic
reductants by expanding the range of reduction potentials, gaining recognition shortly
after its preparation as one of six molecules of the year in 2015 in C&EN magazine.29
The utility of BPY 1.21a as a two-electron donor has been demonstrated in the reduction
of various aryl halides, unactivated dialkylarenesulfonamides, as well as with malonitriles
without photoactivation.26
More recent advancements by Nadine Arseneault (MSc. 2018) have described a
stronger tricycloiminophosphorano-substituted derivative, BPY 1.21b, demonstrating an
enhanced reduction potential of -1.85 V vs. SCE (in DMF) for its redox couple
(1.21b/1.21b2+, Scheme 2.1), comparable to that of aluminum metal (Al3+/Al= -1.90 V
vs. SCE).30 Encouraged by the recent success exhibited by BPY 1.21a and the enhanced
reducing power of BPY 1.21b, we set out to explore the utility of BPY 1.21b as an
18

organic reductant. As a means of comparing the reductive strengths of BPYs 1.21a and
1.21b, previously reported reductions facilitated by BPY 1.21a were carried out with
stronger derivative 1.21b, in efforts to achieve milder reaction conditions. Once this
comparison has been established, the reductive capabilities of BPY 1.21b can be further
probed for its utility in the reduction of more challenging substrates.

Scheme 2.1. Two-electron oxidation of BPYs 1.21a and 1.21b to their corresponding
dications 1.21a2+ and 1.21b2+, respectively.

2.2 Results and Discussion

The in situ generation of BPY 1.21b was carried out according to Scheme 2.2, where
pyridinium 2.1 was deprotonated by potassium bis(trimethylsilyl)amide (KHMDS) in
benzene under inert atmosphere.30 The formation of BPY 1.21b in benzene also revealed
the presence of an unknown species, which was observed in the 31P NMR spectrum at δ
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24.2 ppm and δ 24.7 ppm (see appendix Figure A1) and its identification is currently
being pursued by other group members. In order to determine the lifespan of the
unknown species, NMR experiments were conducted, where the formation of BPY 1.21b
was monitored over various time intervals. These studies demonstrated that the unknown
signals corresponded to an intermediate species in the reaction mixture that was present
in high concentrations earlier into the reaction but continued to disappear over time as the
signals for BPY 1.21b (E/Z isomers: δ 12.9 ppm, δ 17.3 ppm, δ 18.9 ppm and δ 19.2
pp)31 began to develop. After a period of 24 hours, the intermediate species was still
present in small amounts within the reaction mixture (Figure A2).32 Similar NMR
experiments were carried out for the generation of BPY 1.21a and an intermediate
species was also detected by

31

P NMR spectroscopy at δ -74.8 ppm and δ -5.8 ppm

(Figure A3). 31P NMR monitoring studies revealed that the intermediate species was last
observed two hours into the reaction. These studies have confirmed that the intermediate
observed during the formation of BPY 1.21b was longer-lived than the corresponding
intermediate species observed in the reaction mixture for the in situ generation of BPY
1.21a, providing insight as to why the intermediate relating to BPY 1.21a was not
observed at the time of the initial report.32 Furthermore, it should be noted that the
formation of BPY 1.21b was also investigated in toluene, since reductions involving BPY
1.21a were successfully carried out in toluene. Results from these experiments revealed
two major unidentified signals (δ 15.4 ppm and δ 22.2 ppm) in the 31P NMR spectrum for
the formation of BPY 1.21b in toluene that remained consistent in intensity after 20
hours, as well as the presence of a more persistent intermediate, when compared to its
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formation in benzene.31 Based on these experimental findings, it was determined that
benzene would be the most suitable solvent for the in situ generation of BPY 1.21b.

Scheme 2.2. General procedure for the in situ generation of BPY 1.21b.

In order to ensure that optimal reaction conditions had been selected for the formation
of electron donor 1.21b, a test reduction with 1-bromonaphthalene (2.2) (see Table 2.1)
was conducted. In previous studies involving 4,4’-tricyclohexyliminophosphoranosubstitued BPY 1.20b, the reduction of 2.2 was carried out under mild reaction conditions
(see Table 2.1, entry 1) resulting in a 93% conversion to naphthalene (2.3).25 Due to the
substantial difference in reduction potential exhibited between BPY 1.21b and BPY
1.20b of 340 mV, the goal set out by this preliminary test was to achieve similar or
higher yields for the reduction of 2.2 by stronger donor 1.21b under the same reaction
conditions (Table 2.1, entry 2). As expected, BPY 1.21b was able to facilitate the
reductive debromination of 2.2 with a conversion of 95% for reduced product 2.3, which
was determined by 1H NMR spectroscopy (Figure A4). Unreacted bromoarene 2.2 (5%)
was also observed within the crude reaction mixture. Based on the results of this
experiment, the reaction conditions selected for the in situ generation of BPY 1.21b were
considered suitable for future testing.
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Table 2.1. Reduction of 2.2 using BPY 1.20b and BPY 1.21b.
Entry

Electron Donor

Solvent

T [ºC]

t [hr]

Conversion to 2.3
[%][a]

1

BPY 1.20b

DMF

RT

20

93

2

BPY 1.21b

Benzene

RT

20

95

[a] Determined by 1H NMR spectroscopy.

Encouraged by these results, BPY 1.21b was tested in the reduction of a more
challenging aryl halide, p-bromophenoxy-1-phenylpropane (2.4) (see Table 2.2).
Previous attempts with BPY 1.21a in the reduction of bromoarene 2.4, which was carried
out in toluene at 110 ºC for 24 hours (Table 2.2, entry 1) had resulted in the successful
reductive debromination of 2.4 with an isolated yield of 83% of arene 2.5.26 Maintaining
the same reaction conditions, aside from the choice of solvent used to generate the in situ
electron donor, BPY 1.21b was tested in the reduction of bromoarene 2.4 (Table 2.2,
entry 2), resulting in 79% conversion to reduced product 2.5. Despite efforts extended
toward the purification of arene 2.5 by column chromatography, the isolation of the
reduced product was unsuccessful, as a result of byproducts having similar solubility and
polarity to the product. Therefore, the conversion of arene 2.5 (79%) was determined by
quantitative NMR spectroscopy, which allowed for determining the concentration of
arene 2.5 within the impure mixture. Reduced product 2.5 was identified in the NMR
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spectra of the fractions collected by column chromatography by comparison to spectral
data reported in the literature.26 Biaryl derivative 2.6, derived from bromoarene 2.4, was
also observed within the reaction mixture and contributed to the difficulty associated with
the isolation of arene 2.5.

Table 2.2. Reduction of bromoarene 2.4 using BPYs 1.21a and 1.21b.
Entry

Electron Donor

Solvent

T [ºC]

t [hr]

Yield of 2.5 [%]

1

BPY 1.21a

Toluene

110

24

83[a]

2

BPY 1.21b

Benzene

110

24

79[b]

3

BPY 1.21b

Benzene

RT

24

40[a]

[a] Isolated yield
[b] Determined by quantitative NMR (qNMR) spectroscopy.
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The formation of byproduct 2.6 can be attributed to a radical chain reaction that has
been characterized by a base-promoted homolytic aromatic substitution pathway (Figure
2.1).33,34 The transfer of an electron to bromoarene 2.4 from BPY 1.21b results in the
formation of an aryl radical species, 2.8, which can then proceed to accept a second
electron from organic reductant 1.21b, resulting in the formation of desired arene 2.5,
following a proton transfer. Aryl radical 2.8 can also interact with the solvent, resulting in
the addition of benzene to aryl radical 2.8, forming an intermediate radical species, 2.9.
This intermediate can undergo deprotonation when in the presence of excess base,
generating aryl anion 2.10. Upon oxidation of aryl anion 2.10, the radical chain reaction
can be reinitiated, as a result of the one-electron reduction of bromoarene 2.4 to aryl
radical 2.8, yielding biaryl derivative 2.6 in the process. Biaryl derivative 2.6 (8%) was
identified in the NMR spectra of the fractions collected by column chromatography by
comparison to an isolated sample and its concentration was determined by qNMR
spectroscopy. Cyclohexylbenzene (2.7), a byproduct derived from the decomposition of
BPY 1.21b, was also observed in small quantities in the fractions collected from column
chromatography and the total amount (1.8 mg, which corresponds to 2.5 mol % of the
total added BPY 1.21b) was determined by qNMR spectroscopy. Byproduct 2.7 was
identified by 1H NMR spectroscopy (Figure A5) by comparison to an isolated sample
(Figure A6) and was further characterized by
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C NMR spectroscopy (Figure A7) and

GC-MS (Figure A8/A9). Furthermore, no starting material (2.4) was observed in the
reaction mixture.
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Figure 2.1. The formation of biaryl derivative 2.6 via a base promoted homolytic
aromatic substitution (BHAS) pathway.
Due to the high conversion of arene 2.5 observed in the reduction of bromoarene 2.4
by organic reductant 1.21b under thermal activation, the effectiveness of BPY 1.21b was
tested in the reduction of 2.4 under milder reaction conditions. The reduction was
conducted at room temperature for 24 hours (Table 2.2, entry 3), which showed a lower
conversion to reduced product 2.5 (46%), as well as unreacted bromoarene 2.4 (43%) and
biaryl derivative 2.6 (10%) (Figure A10). The crude mixture was then purified by
column chromatography, resulting in isolated yields for reduced product 2.5 (40%),
unreacted bromoarene 2.4 (31%) and biaryl derivative 2.6 (9%). Arene 2.5 was identified
by 1H NMR spectroscopy (Figure A11) and GC-MS (Figure A12/A13). Moreover,
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biaryl derivative 2.6 was characterized by 1H NMR spectroscopy (Figure A14) and GCMS (Figure A15/A16). Interestingly, when the reduction of bromoarene 2.4 was carried
out under mild reaction conditions, cyclohexylbenzene (2.7) was not observed in the
reaction mixture.

In an attempt to further probe the reductive capabilities of BPY 1.21b, the reduction
of chloroarene 2.11 was investigated (see Table 2.3). Previous trials conducted using
BPY 1.21a for the reduction of 2.11 were unsuccessful, showing 2.11 to be inert to
reductive hydrodehalogenation under the tested conditions.26 The reduction of 2.11 by
BPY 1.21b was carried out at 150 ºC for 24 hours (Table 2.3, entry 2), utilizing the same
reaction conditions as outlined in trials conducted with BPY 1.21a. The reduction of 2.11
by BPY 1.21b demonstrated a low conversion to arene 2.5 (15%) and unreacted
chloroarene 2.11 (85%), based on 1H NMR spectroscopy (Figure A17). Due to the low
conversion to arene 2.5 and the presence of byproducts derived from BPY 1.21b, as
evident by 1H NMR signals corresponding to cyclohexyl region of the NMR spectrum,
efforts toward the isolation of 2.5 were unsuccessful. In attempt to further confirm the
presence of reduced product 2.5 in the reaction mixture, the crude sample was analyzed
by GC-MS (Figure A18/A19). The presence of arene 2.5 within the reaction mixture was
confirmed based on the retention time for 2.5 in the gas chromatogram, as well as the
molecular ion [M+] and fragmentation patterns in the mass spectrum of arene 2.5, which
were identical to those of 2.5 from the reduction of bromoarene 2.4 by BPY 1.21b (Table
2.2, entry 3). As a result of these studies, the increased reducing strength of BPY 1.21b
over triphenyliminophosphorano-substituted derivative 1.21a was demonstrated.
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Table 2.3. Reduction of chloroarene 2.11 using BPYs 1.21a and 1.21b.
Entry

Electron Donor

Solvent

T [ºC]

t [hr]

Conversion to 2.5 [%]

1

BPY 1.21a

Toluene

150

24

0

2

BPY 1.21b

Benzene

150

24

15[a]

[a] Determined by 1H NMR spectroscopy.

After exploring the reactivity of organic reductant 1.21b in the hydrodehalogenation
of various aryl halides, our attention was directed to the reductive S-N bond cleavage of
sulfonamides. In the reduction of arenesulfonamides, the ease of reductive cleavage is
governed by the stability of the nitrogen-containing leaving group, therefore the reduction
of activated substrates with π-systems in conjugation with the N atom can be more easily
facilitated, in comparison to unactivated N,N-dialkylarenesulfonamides, due to the
formation of resonance-stabilized leaving groups.22,26 Arenesulfonamide 2.12 (see Table
2.4) was selected as the first substrate to be reduced by BPY 1.21b. Previous trials
conducted using triphenyliminophosphorano-derivative 1.21a in the reduction of 2.12 at
110 ºC for 16 hours (Table 2.4, entry 1) resulted in a high isolated yield of 92% for
amine 2.13. Under similar reaction conditions, except for the use of BPY 1.21b (Table
2.4, entry 2), a lower yield of amine 2.13 (38%) was achieved. Due to undesired
byproducts having similar solubility and polarity to the product, the concentration of
amine 2.13 was determined via qNMR spectroscopy and its presence was identified in the
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1

H NMR spectrum of the impure mixture by comparison to spectral data reported in the

literature (Figure A20).26 Furthermore, no starting sulfonamide was recovered from the
reaction mixture, despite the low conversion to amine 2.13. Based on these observations,
it was postulated that the increased reductive strength exhibited by electron donor 1.21b,
in combination with thermal activation, could allow for the formation of unknown
byproducts derived from sulfonamide 2.12, which could explain both the absence of
arenesulfonamide 2.12 in the reaction mixture and the low yield of amine 2.13.

Table 2.4. Reduction of activated sulfonamide 2.12 using BPYs 1.21a and 1.21b.
Entry

Electron Donor

Equiv.

Solvent

T [ºC]

t [hr]

Yield of 2.13 [%]

1

BPY 1.21a

2

Toluene

110

16

92[a]

2

BPY 1.21b

2

Benzene

110

18

38[b]

3

BPY 1.21b

2

Benzene

RT

16

33[c]

4

BPY 1.21b

1.2

Benzene

RT

16

18[b]

5

BPY 1.21b

2

Benzene

5.5- RT

16

34[b]

[a] Isolated yield
[b] Determined by qNMR spectroscopy.
[c] Determined by 1H NMR spectroscopy.
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In order to investigate the effects of temperature on the reduction of sulfonamide
2.12, the reduction using BPY 1.21b was repeated at room temperature (Table 2.4, entry
3), giving a similar yield of 33% for amine 2.13. Reduced product 2.13 was identified by
1

H NMR spectroscopy (Figure A21) and was compared to spectral data reported in the

literature.26 Similar to the reduction of 2.12 at elevated temperatures by organic reductant
1.21b (Table 2.4, entry 2), no starting material was recovered from the reaction mixture.
In order to track the progression of the reduction of 2.12, NMR monitoring experiments
were conducted under the same conditions as previously mentioned (Table 2.4, entry 3),
where sulfonamide 2.12 was added to the reaction flask containing in situ generated BPY
1.21b and its progress was carefully monitored by 1H NMR spectroscopy at different
time intervals. The reaction mixture was first analyzed thirty minutes into the reduction
of sulfonamide 2.12, but unfortunately the respective signals for 2.12 were no longer
apparent in the 1H NMR spectrum for the reaction mixture after thirty minutes of its
addition to in situ generated BPY 1.21b, indicating that the reaction between sulfonamide
2.12 and BPY 1.21b occurs rapidly.
Based on these results, it was observed that the yield of amine 2.13 from the
reduction of sulfonamide 2.12 using BPY 1.21b was minimally affected by changes in
temperature. It was then postulated that perhaps having an excess of organic reductant
1.21b could lead to overreduction of the substrate, resulting in the formation of unwanted
byproducts. The overreduction of 2.12 could potentially involve the formation of
byproducts such as aniline and toluene, following the cleavage of the N-benzyl bond, if a
consecutive electron transfer to the benzyl group were to occur.35 In order to investigate
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the possibility of overreduction, the reaction conditions for the reduction of sulfonamide
2.12 by BPY 1.21b were modified so that a minimal excess of BPY 1.21b would be used
with respect to 2.12. The reduction of sulfonamide 2.12 was conducted at room
temperature, while using 1.2 equivalents of organic reductant 1.21b (Table 2.4, entry 4).
A slight excess (20%) was used to ensure proper formation of in situ donor 1.21b. With
these modifications, the yield of amine 2.13 (18%) determined by qNMR spectroscopy
methods (Figure A22) was substantially lower than any of the previous trials.
Furthermore, unreacted starting material was recovered (32%) after work-up procedures,
which was identified by 1H NMR spectroscopy (Figure A23). Despite the recovery of
unreacted sulfonamide 2.12, 50% of the starting material remained unaccounted for.
In a final attempt in the reduction of 2.12 by electron donor 1.21b, the reaction
conditions were modified so that the temperature of the reaction would be lowered (in
comparison to previous trials), in efforts to mitigate unwanted byproducts, while
maintaining an excess of BPY 1.21b (2 equiv.). The in situ generated BPY 1.21b was
prepared under inert atmosphere and upon confirmation of adequate formation of 1.21b,
the reaction vessel was placed in a -35 ºC freezer for an hour, prior to the addition of
arenesulfonamide 2.12. Unfortunately, changes to the temperature of the reaction mixture
resulted in similar yields observed for amine 2.13 (34%), which was determined by
qNMR spectroscopy (Figure A24). Moreover, no starting material was observed within
the reaction mixture, which provided consistent results with all other trials that used two
equivalents of BPY 1.21b, regardless of temperature. The results from these studies have
demonstrated that perhaps the increased reductive strength exhibited by BPY 1.21b is not
30

suitable for activated arenesulfonamides, as a result of possible overreduction of the
substrate. It must also be noted that the unknown intermediate species detected during the
generation of 1.21b, which was present during the reduction of sulfonamide 2.12, could
potentially play a role in the reaction, which could offer an alternative explanation for the
low yields observed for amine 2.13.
Since the reduction of activated sulfonamide 2.12 by BPY 1.21b was proven
ineffective, possibly because of overreduction, our attention was directed to the
deprotection of a more challenging substrate, dialkylarenesulfonamide 2.14 (Table 2.5),
since its overreduction by BPY 1.21b is less likely to occur. In previous studies involving
BPY 1.21a (2 equiv.), the reduction of 2.14 was conducted at 110 ºC for 24 hours (Table
2.5, entry 1), resulting in an isolated yield of 33% for amine 2.15. In an attempt to
increase the yield of amine 2.15, the reduction of sulfonamide 2.14 was repeated using 4
equivalents of BPY 1.21a (Table 2.5, entry 2), which resulted in a higher isolated yield
of 56% for reduced product 2.15. Accordingly, two equivalents of BPY 1.21b were
utilized in the deprotection of 2.14 at 110 ºC for 24 hours (Table 2.5, entry 3). A
moderately high yield of 60% was observed for amine 2.15 by BPY 1.21b, which was
determined by qNMR spectroscopy and its presence was identified in the NMR spectra
(Figure A25) of the impure sample by comparison to spectral data reported in the
literature.26 As a result of these studies, the increased reductive strength of BPY 1.21b
over triphenyliminophosphorano-substituted derivative 1.21a was demonstrated in the
reduction of unactivated arenesulfonamide 2.14, where similar yields of amine 2.15 were
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observed using half the molar equivalents of BPY 1.21b, in comparison to organic
reductant 1.21a.

Table 2.5. Reduction of dialkylarenesulfonamide 2.14 using BPYs 1.21a and 1.21b.
Entry

Electron Donor

Equiv.

Solvent

T [ºC]

t [hr]

Yield of 2.15 [%]

1

BPY 1.21a

2

Toluene

110

24

33[a]

2

BPY 1.21a

4

Toluene

110

24

56[a]

3

BPY 1.21b

2

Benzene

110

16

60[b]

[a] Isolated yield
[b] Determined by qNMR spectroscopy.

After examining the reactivity of organic reductant 1.21b in a series of
hydrodehalogenation and deprotection reactions, its reductive capabilities were further
probed in the birch reduction of arenes. The birch reduction of aromatics to their
corresponding dihydro-compounds generally involve the use of an alkali metal such as
sodium (Na+/Na = -2.95 V vs. SCE) or lithium (Li+/Li = -3.28 V vs. SCE) in liquid
ammonia, in the presence of a proton source including methanol or ethanol.36,37 Strong
samarium iodide (II) complexes with high reductive strengths have also demonstrated
successful birch reductions of various aromatic hydrocarbons.2 Previous studies involving
organic reductant 1.21a in the birch reduction of anthracene (2.16) have been attempted,
32

resulting in trace amounts of 9,10-dihydroanthracene (2.17, Table 2.6, entry 1).38 The
reduction of 2.16 using stronger derivative 1.21b was conducted at 110 ºC for 24 hours
(Table 2.6, entry 2), yielding similar results to those obtained in previous trials involving
BPY 1.21a, where trace amounts of reduced product 2.17 were observed within the
unpurified reaction mixture. The concentration of 2.17 was determined by qNMR
spectroscopy, based on the tentative assignment for the chemical shift of the methylene
protons of 2.17 (δ 3.8 ppm in CDCl3) in the 1H NMR spectrum (Figure A26), which was
compared to literature reports.2 Furthermore, unreacted 2.16 (35%) was observed within
the reaction mixture. The concentration of 2.16 was determined by qNMR spectroscopy
and its presence in the NMR spectra of the crude sample was identified by the
comparison of spectral data reported in the literature.39 Although the birch reduction of
anthracene using organic reductants 1.21a and 1.21b was unsuccessful, the results of
these studies have highlighted the importance of expanding the range of reduction
potentials by the preparation of stronger organic electron donors, in order to access more
challenging substrates.
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Table 2.6. Birch reduction of anthracene using BPYs 1.21a and 1.21b.
Entry

Electron Donor

Solvent

T [ºC]

t [hr]

Yield of 2.17 [%]

1

BPY 1.21a

Toluene

110

24

Trace amounts

2

BPY 1.21b

Benzene

110

24

2[a]

[a] Determined by qNMR spectroscopy.

2.3 Summary and Future Work

Recently prepared tricyclohexyliminophosphorano-substituted BPY 1.21b, with its
redox potential (E1/2 (DMF) = -1.85 V vs. SCE) surpassing previous record holder 1.21a
by 150 mV, was probed for its effectiveness in the reduction of various aryl halides,
arenesulfonamides, as well as in the birch reduction of aromatic hydrocarbon 2.16.
Previously reported reductions involving BPY 1.21a were repeated with stronger
derivative 1.21b, as a means of comparing their reductive strengths, as well as
determining whether reductions using BPY 1.21b could be achieved under milder
conditions.
The

reductive

capabilities

of

BPY

1.21b

were

first

examined

in

the

hydrodehalogenation of various aryl halides. The reduction of bromoarene 2.2 using
organic reductant 1.21b showed a high conversion to 2.3 (95%), which was determined
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by 1H NMR spectroscopy. Moreover, the reduction of bromoarene 2.4 by BPY 1.21b at
elevated temperatures (Table 2.2, entry 2) resulted in similar yields for arene 2.5, when
compared to previous studies involving BPY 1.21a. Unlike with organic reductant 1.21a,
the presence of byproducts derived from BPY 1.21b and bromoarene 2.4 led to
difficulties in the isolation of reduced product 2.5. In addition, byproduct 2.7, derived
from the decomposition of organic reductant 1.21b, was only observed when the
reduction of bromoarene 2.4 was carried out at elevated temperatures (Table 2.2, entry
2), while biaryl derivative 2.6 was present in the reaction mixtures for both trials, as a
result of the reactivity of the benzene solvent under these reaction conditions. These
studies have also demonstrated the first room temperature reduction of bromoarene 2.4 to
arene 2.5 using an organic reductant (1.21b). Furthermore, the reductive capabilities of
BPY 1.21b were investigated in the reductive dechlorination of chloroarene 2.11,
resulting in a 15% conversion to arene 2.5, which was determined by 1H NMR
spectroscopy. Despite the low conversion observed for arene 2.5, this study has
demonstrated the first ground-state reduction of aryl chloride 2.11 by an organic
reductant.

BPY 1.21b was further investigated for its effectiveness in the reduction of
arenesulfonamide 2.12 and dialkylarenesulfonamide 2.14. Trials involving BPY 1.21b in
the reduction of sulfonamide 2.12 led to low yields of amine 2.13 ranging from 18-38%
(Table 2.4, entries 2-5), where no unreacted 2.12 was recovered from the respective
reaction mixtures, when reductions were carried out using two equivalents of BPY 1.21b.
The isolation of amine 2.13 from the impure reaction mixtures could not be accomplished
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in most cases, as a result of byproducts derived from BPY 1.21b having similar solubility
and polarity to reduced product 2.13; therefore, the concentration of amine 2.13 within
the crude samples were determined by qNMR spectroscopy. The yield of amine 2.13
obtained from the reduction of sulfonamide 2.12 using 1.2 equivalents of organic
reductant 1.21b (Table 2.4, entry 4) was significantly lower in comparison to all other
trials, where two equivalents of BPY 1.21b were used. In addition, it was observed that
changes to the temperature of the reaction had minimal effects to the yield of amine 2.13.
Since no starting material (2.12) was recovered from the respective reaction mixtures,
following the reduction of sulfonamide 2.12 by organic reductant 1.21b (with the
exception of entry 4 in Table 2.4, when 1.2 equivalents of BPY 1.21b was used), it was
postulated that the increased reductive strength of BPY 1.21b could potentially lead to
the overreduction of sulfonamide 2.12, giving rise to unwanted byproducts. Based solely
on the 1H NMR spectra of the corresponding reaction mixtures, byproducts derived from
2.12 could not be identified. Furthermore, the increased reductive strength of organic
reductant 1.21b was demonstrated over BPY 1.21a in the reduction of challenging
arenesulfonamide 2.14, where two equivalents of BPY 1.21b resulted in a moderately
high yield for amine 2.15 (60%) (Table 2.5, entry 3), which was determined by qNMR
spectroscopy. When compared to previous studies involving BPY 1.21a, the reductive SN bond cleavage of 2.14 led to similar yields for amine 2.15 (56%), although four
equivalents of BPY 1.21a were required.
In an attempt to further probe the reductive capabilities of BPY 1.21b, the reduction
of anthracene (2.16) was conducted, resulting in trace amounts of dihydro-product 2.17,
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based on a tentative assignment for 2.17 in the 1H NMR spectrum of the crude mixture
after work-up procedures. Based on these preliminary results, the identification of 2.17 in
the reaction mixture, following the reduction of 2.16 using organic reductant 1.21b, will
require more experimental support, since its assignment was based on a single signal in
the 1H NMR spectrum. Since the molecular weight of aromatic hydrocarbon 2.16 is low,
a large amount of pyridinium 2.1 (Scheme 2.2) is required to form in situ generated BPY
1.21b, therefore scaling up the reaction in order to better observe reduced product 2.17
would be considered impractical. Future studies may include spiking the crude reaction
mixture with commercial 2.17, while monitoring the integration of the methylene singlet
of 2.17 (approx. δ 3.8 ppm in CDCl3, Figure A26)2 before and after its addition, to
confirm the assignment of this signal.
These studies have demonstrated the enhanced reductive strength of BPY 1.21b in the
reduction of various organic substrates. Unfortunately, BPY 1.21b has demonstrated
several limitations in its utility as an organic reductant. For instance, the isolation of
reduced products from byproducts derived from BPY 1.21b after electron transfer was
rather challenging, unlike with BPY 1.21a. Furthermore, the solvent (benzene) used in
the formation of organic reductant 1.21b was not inert during the reduction of
bromoarene 2.4, which led to decreases in yield for arene 2.5. In addition, previous NMR
monitoring experiments revealed that the intermediate species formed during the
preparation of BPY 1.21b was still present in the reaction mixture after 24 hours, which
further complicates the utility of BPY 1.21b as an organic reductant, since the role of the
intermediate in the reaction remains unknown.
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Future studies involving BPY 1.21b could involve the reduction of other dialkylarenesulfonamides that were challenging for triphenyl derivative 1.21a (Figure 2.2).26
The reduction of sulfonamide 2.18 using organic reductant 1.21a led to a high conversion
of amine 2.19 (75%), although its reduction was carried out at elevated temperatures,
while using four equivalents of BPY 1.21a (Figure 2.2). Another substrate to be reduced
by BPY 1.21b may include mesyl-substituted sulfonamide 2.20. The reduction of
sulfonamide 2.20 is more difficult than previously reduced tosyl-derived 2.14, due to the
lack of the relatively low energy LUMO pertaining to the arene fragment in 2.14.26 The
difficulty associated with the deprotection of 2.20 was demonstrated in its reduction by
BPY 1.21a, which resulted in a low yield for amine 2.21 (6%). Based on the results of
previous sulfonamide reductions involving BPY 1.21b, greater success was achieved
with more unactivated substrates, making sulfonamides 2.18 and 2.20 suitable candidates
for future studies involving organic reductant 1.21b.

Figure 2.2. Reduction of challenging dialkylarenesulfonamides using BPY 1.21a.

38

Recent advancements led by Dyker and coworkers have involved the preparation of
bridged derivative 2.22 (unpublished) (E11/2 (DMF) = - 1.89 V vs. SCE , E21/2 (DMF) = 1.71 V vs. SCE) (Figure 2.3). Some of the limitations demonstrated by organic reductant
1.21b could potentially be avoided in the application of bridged analogue 2.22, since the
in situ generation of BPY 2.22 in benzene, with broad peaks at δ 11.8 ppm and δ 20.7
ppm in the
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P NMR spectrum (Figure A27), doesn’t appear to have an intermediate

species present within the reaction mixture (or if any, in low concentrations).
Furthermore, bridged BPY 2.22 would be expected to have more thermal stability when
compared to its non-bridged analogue 1.21b, since the trimethylene bridge functionality
would assist in keeping the bispyridinylidene from dissociating into a pyridinylidene
intermediate when heated at elevated temperatures. Although the utility of BPY 2.22 has
some potential advantages in comparison to BPY 1.21b, it must be noted that the cyclic
voltammogram for BPY 2.22 revealed a two-electron transfer step occurring at different
potentials, therefore its average redox potential (-1.80 V vs. SCE) would better describe
its reductive strength for a two-electron transfer process. The reductive strength of
bridged derivative 2.22, in comparison to non-bridged counterpart 1.21b, would be
lessened, as a result of the 50 mV increase in redox potential observed for BPY 2.22,
corresponding to a decrease in the equilibrium constant by almost two orders of
magnitude for a given two-electron reduction carried out by BPY 2.22.
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Figure 2.3. Bridged analogue (2.22) to BPY 1.21b.

40

Chapter 3 - Toward the Synthesis of a Novel Bispyridinylidene Electron
Donor Based on a Strongly π-Donating Iminophosphorane

3.0 Preface

The results presented in this chapter were obtained in collaboration with former
undergraduate student, Brandon Frenette (CHEM 4000, 2019), with contributions from
Evan Morehouse (NSERC USRA, 2019), a former summer student who worked under
my supervision. Their names are mentioned below in relation to any of their relevant
contributions.

3.1 Introduction

As mentioned previously in Chapter 1, the incorporation of strongly π-donating
iminophosphorano-substituents onto the BPY scaffold has led to the preparation of
powerful organic reducing agents with remarkably low reduction potentials. The
strongest neutral organic reductant prepared by Dyker and coworkers (BPY 1.21b, E1/2
(DMF)= -1.85 V vs. SCE, unpublished),31 exhibited a reduction potential comparable to
that of aluminum metal (Al3+/Al= -1.90 V vs. SCE), leaving a large gap in the range of
reduction potentials accessible by organic electron donors and more reducing metal
reductants such as potassium (K+/K= -3.16 V vs. SCE) and lithium metal (Li+/Li= -3.28
V vs. SCE).1 In the preparation of stronger organic derivatives, the range of reduction
potentials can be further expanded, in aims of increasing the substrate scope.
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During the process of developing stronger organic reductants, a correlation (Figure
3.1) was established by Nicholas Richard (MSc. 2016), which demonstrated that more
electron-donating phosphines (R3P) with lower TEPs were associated with lower redox
potentials for the corresponding R3P=N- substituted BPYs.28 The correlation was later
used as a predictive measure for the redox potentials of various iminophosphoranosubstituted BPYs by fitting the TEPs of highly electron donating phosphines onto the
graph (Figure 3.1), thereby guiding the preparation of prospective derivatives with
specific reduction potentials.

Figure 3.1. Correlation plot of the redox potentials of R3P=N- substituted BPYs against
their known TEP for the respective phosphines (R3P). Predicted values for the redox
potentials of R3P=N- substituted BPYs derived from P(NIiPr)3, (dma)P3P and (pyrr)P3P
are projected onto the line (labeled in blue), based on experimental TEPs.

In recent years, Dielmann and coworkers introduced a highly electron-rich
tris(imidazolin-2-ylidenamino)phosphine

(P(NIiPr)3,

3.1,

Figure

3.2)

with

an

exceptionally low TEP of 2029.7 cm-1.40 When fitted onto the graph (as highlighted in
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blue, Figure 3.1), a redox potential of -1.90 V vs. SCE was predicted for the
corresponding (iPrIN)3P=N- substituted BPY (3.2, Figure 3.2), which was anticipated at
the time of the phosphine’s preparation (3.1) to be the strongest iminophosphoranosubstituted BPY of its class. While the preparation of BPY 3.2 was already underway by
Morgan Burgoyne (MSc. 2018), our aim was directed toward the synthesis of a
bis(iminophosphorano)-substituted BPY with iminophosphorano-groups derived from
highly electron-donating phosphine 1.22 (BPY 1.23, Figure 3.2).

Figure 3.2. Various disubstituted BPYs derived from strongly electron-donating
phosphines.
Although the TEP for phosphine 1.22 is currently unknown, recent studies by
Sundermeyer and coworkers41 reported a novel family of phosphazenyl phosphines
including phosphines 3.3 (dmaP3P) and 3.4 (pyrrP3P) (Figure 3.3) with exceeding low
TEPs of 2022.4 cm-1 and 2018.6 cm-1, respectively, sharing structural similarities to
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phosphine 1.22. Upon fitting the known TEPs for phosphines 3.3 and 3.4 onto the graph
(as highlighted in blue, Figure 3.1), the redox potentials for the corresponding R3P=Nsubstituted BPYs were predicted to be -2.01 V vs. SCE and -2.07 V vs. SCE,
respectively, which are expected to be even more reducing than the corresponding
R3P=N- substituted BPY derived from phosphine 3.1 (BPY 3.2), as well as the previous
record holder for the strongest neutral organic reductant, tetra(iminophosphorano)substituted BPY 1.21b (-1.85 V vs. SCE). Since phosphine 1.22 belongs to the family of
electron-rich phosphazenyl phosphines, the corresponding R3P=N- substituted BPY is
expected to yield a low reduction potential, possibly surpassing the predicted redox
potential of BPY 3.2. Furthermore, the use of phosphine 1.22 has proven to be
advantageous, due to the fact that it is derived from commercially available
triphenylphosphine, which is easy to work with and can be acquired in bulk quantities.
Once the method involved in the preparation of targeted BPY 1.23 from phosphine 1.22
has been well established, derivatives based on other electron-rich phosphines including
3.3 (dmaP3P) and 3.4 (pyrrP3P) can be prepared.

Figure 3.3. Recently prepared electron-rich phosphazenyl phosphines.
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3.2 Results and Discussion

Initial steps in the preparation of BPY 1.23 involved the synthesis of
amino(triphenyl)phosphonium bromide 3.5, in accordance with the proposed synthetic
route outlined in Scheme 3.1-A. Phosphonium 3.5 was prepared following literature
procedures with slight modifications established by Samuel Hanson (PhD, 2015), where
dibromotriphenylphosphorane, obtained from the oxidation of triphenylphosphine with
bromine, was treated with anhydrous ammonia, resulting in the formation of
phosphonium 3.5 (Scheme 3.1-A).42,43 Following the removal of ammonium bromide, a
by-product of the reaction, 3.5 was isolated in moderately high yield (73%) and was
characterized via
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P NMR spectroscopy (Figure A28), revealing a singlet in the

31

P

NMR spectrum at δ 36.6 ppm. Phosphonium 3.5 was also analyzed by 1H NMR (Figure
A29) and

13

C NMR spectroscopy (Figure A30), which was in agreement with spectral

data reported in the literature.42

45

Scheme 3.1. Proposed synthetic pathway for the preparation of targeted BPY 1.23.
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Following the isolation of phosphonium 3.5, it was deprotonated in a subsequent
reaction with 1,8-diazabicyclo[5.4.0]undec-7-ene, DBU, affording imino(triphenyl)phosphorane 3.6 (Scheme 3.2), in accordance with literature procedures.42,44 Due to the
air and moisture sensitivity of 3.6, the reaction was conducted under an inert atmosphere
and its presence within the reaction mixture was identified by
(Figure A31). The
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31

P NMR spectroscopy

P NMR spectrum revealed a singlet at δ 16.9 ppm, as well as a

minor peak at δ 24.2 ppm, corresponding to triphenylphosphine oxide, which resulted
from the reaction of iminophosphorane 3.6 with trace amounts of water present within the
THF solvent. Phosphorus trichloride (PCl3) was added to in situ generated 3.6, in
accordance with literature procedures, where their reaction involved iminophosphorane
3.6 serving as both a nucleophile and a base.42 As a result, a one-sixth equivalent of PCl3
was required per equivalent of iminophosphorane 3.6, in order to successfully facilitate
the preparation of desired phosphonium 3.7-PF6 (Scheme 3.2). It is worth noting that
phosphonium 3.7 (with chloride or bromide counterion) is isolated under the reported
reaction conditions, as a result of the protonation of highly basic phosphine 1.22 by
residual water present within the solvent.42,44

Scheme 3.2. Synthetic pathway to 3.7-PF6 from phosphonium 3.5.

In regard to the purification of 3.7-Cl/Br, an aqueous work-up was conducted to
ensure the removal of all water-soluble by-products, which was followed by an anion
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metathesis with lithium hexafluorophosphate (LiPF6) first implemented by Brandon
Frenette (CHEM 4000, 2019) in the purification of this compound. As a result, the
addition of the anion metathesis step ensured the absence of mixtures of phosphonium
salts derived from 3.7 with varying counterions (ie. Br-, Cl-). Phosphonium 3.7-PF6 was
further purified by recrystallization from hot ethanol to ensure the isolation of a pure
product, since it has been observed from the preparation of various BPY derivatives
carried out by Dyker and coworkers that the sensitivity of reactions to minor impurities
increases substantially as we approach the target compound.45 Following its purification,
3.7-PF6 was obtained in a moderately high yield of 71% and could be acquired in
multigram quantities.
The analysis of phosphonium 3.7-PF6 by 31P NMR spectroscopy revealed singlets at
δ -10.7 ppm and δ 13.4 ppm in the
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P NMR spectrum, corresponding to the central

phosphorus atom and the phosphorus atoms of the iminophosphorano groups,
respectively, which was in accordance with literature reports for 3.7-Cl,44,46 as well as a
septet for the PF6- anion (Figure A32). Considering that the multiplicities for each of the
phosphorus atoms of 3.7-PF6 were observed as singlets, both experimentally and in
literature reports, it is possible that the coupling constant associated with the phosphorus
atoms (JP’P) is either very small and unresolved or zero hertz. Furthermore, phosphonium
3.7-PF6 was analyzed by proton-coupled

31

P NMR spectroscopy, which revealed a

doublet (d) in the proton-coupled 31P NMR spectrum for the central phosphorus atom (Pˈ)
directly bonded to hydrogen at δ -10.7 ppm, with a corresponding coupling constant of 579.1 Hz (JP’H) (Figure A33), which can also be observed in the 1H NMR spectrum
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acquired for phosphonium 3.7-PF6 (Figure A34). In addition, 3.7-PF6 was further
characterized by

13

C NMR spectroscopy (Figure A35), which was in agreement with

literature reports.44,46
After acquiring phosphonium 3.7-PF6, our aim was directed toward the preparation of
chlorophosphonium 3.8 (Scheme 3.3), which had been synthesized in previous studies
led by Volle and coworkers, involving the nucleophilic substitution of lithium azayldiide
(Ph3P=NLi) onto the electrophilic phosphorus center of phosphorus pentachloride.47
Unfortunately, the preparation of chlorophosphonium 3.8 via this route was unsuccessful
in our hands, which led to the consideration of an alternative pathway that involved the
deprotonation of 3.7-PF6 by potassium tert-butoxide to its corresponding in situ
generated phosphine 1.22 (Scheme 3.3). The
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P NMR spectrum of 1.22 (Figure A36)

revealed a doublet (d) at δ -0.75 ppm for the three equivalent phosphorus atoms of the
iminophosphorano groups and a quartet (q) at δ 101.1 ppm for the central phosphorus
atom with a coupling constant (JP’P) of 29.6 Hz, which compared very well with literature
reports (δ -0.13 ppm (d) and δ 101.2 ppm (q), JP’P = 27.1 Hz).46 Highly reactive
phosphine 1.22 was then oxidized by hexachloroethane (C2Cl6), in accordance with the
proposed synthetic route (Scheme 3.1-A), in preparation of chlorophosphonium 3.8
(Scheme 3.3).
Preliminary studies toward the synthesis of phosphonium 3.8 by Brandon Frenette
(CHEM 4000, 2019) revealed that the room temperature oxidation of phosphine 1.22 led
to the formation of unknown byproducts that were observed in the 31P NMR spectrum of
the crude reaction mixture at δ 0.38 ppm (s) and δ 11.7 ppm (d), followed by the presence
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of residual phosphonium 3.7-PF6.45 Since the oxidation of phosphine 1.22 was observed
to be an exothermic process, further optimization of the reaction conditions involved
changes with respect to temperature. Upon deprotonation of phosphonium 3.7-PF6 to
generate the corresponding free phosphine, 1.22, the reaction mixture was filtered and the
filtrate was chilled to -35 °C, prior to the dropwise addition of a chilled solution of
hexachloroethane in toluene, which resulted in the formation of chlorophosphonium 3.8,
along with an unknown impurity observed at δ 11.7 ppm in the

31

P NMR spectrum.45

Unfortunately, the reproducibility of the reaction was relatively poor, as a result of the
deprotonation of phosphonium 3.7-PF6 to 1.22 and its subsequent oxidation by
hexachloroethane being highly sensitive with respect to slight changes in the procedure.45
Recent contributions by Evan Morehouse (NSERC USRA, 2019) led to more consistent
and reproducible results, in regard to the synthesis of chlorophosphonium 3.8, which
involved using heat (50 ºC) during the deprotonation of phosphonium 3.7-PF6 by
potassium tert-butoxide, in order to ensure complete formation of phosphine 1.22.
Procedural changes implemented by Brandon Frenette (CHEM 4000, 2019) were also
maintained, in regard to the cooling of the filtrate to -35 °C, prior to the dropwise
addition of hexachloroethane, in order to mitigate the formation of unwanted byproducts.
Chlorophosphonium 3.8 was obtained in moderate yield (61%) and was identified by
P NMR spectroscopy, revealing 31P NMR chemical shifts at δ -4.3 ppm and δ 12.6 ppm,
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which were in agreement with spectral data reported previously by Volle and
coworkers,47 as well as the presence of a minor impurity peak at δ 11.5 ppm (Figure
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A37). It should be noted that 3.8 was used in subsequent reactions without further
purification, despite the presence of the minor impurity. In addition, chlorophosphonium
3.8 was characterized by 1H NMR (Figure A38) and

13

C NMR spectroscopy (Figure

A39), as well as by various 2D NMR experiments including DEPTQ (Figure A40),
which assisted in the assignment of the quaternary carbons in 3.8, and 1H-13C HSQC
experiments (Figure A41), for assistance in the assignment of the aromatic protons. In
order to further confirm the isolation of chlorophosphonium 3.8, the high-resolution mass
spectrum (HRMS) was obtained, where the calculated m/z for C54H45ClN3P4+ was
894.2247 [M+1], which was in accordance with the experimentally determined m/z of
894.2249 (Figure A42).

Scheme 3.3. Synthesis of 3.8 from phosphonium 3.7-PF6.
The following steps toward the preparation of BPY 1.23 involved the integration of
the pyridine moiety, in accordance with the proposed synthetic route (Scheme 3.1-B).
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Starting from 4-aminopyridine, its alkylation by iodomethane (MeI) was carried out,
affording pyridinium 3.9 in moderately high yield (81%, Scheme 3.4). Upon isolation of
pyridinium 3.9, it was characterized by

1

H NMR (Figure A43) and

13

C NMR

spectroscopy (Figure A44), which were in agreement with literature reports.48

Scheme 3.4. Attempted synthetic routes toward the preparation of pyridinium 3.10.
The direct synthesis of pyridinium 3.10 from alkylated pyridinium 3.9 was next
attempted by Brandon Frenette (CHEM 4000, 2019), in accordance to the Kirsanov
reaction, involving the amination of polyhalophosphorus(V) compounds.45,49 Initial
efforts toward the synthesis of pyridinium 3.10 involved the use of triethylamine, in aims
of deprotonating alkylated pyridinium 3.9, in which could then undergo nucleophilic
substitution onto the phosphorus center of chlorophosphonium 3.8 (Scheme 3.4).
Unfortunately, the deprotonation of 3.9 could not be facilitated by triethylamine, as a
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result of its insufficient basicity; therefore, an alternative reaction pathway for the
synthesis of pyridinium 3.10 was considered, involving the use of imine 3.11 (Scheme
3.4). Imine 3.11 was prepared via the deprotonation of pyridinium 3.9 by potassium tertbutoxide, in accordance with literature procedures.50 The utility of 3.11 should allow for a
better nucleophile, when compared to pyridinium 3.9, while also serving as a stronger
base than triethylamine. Imine 3.11 was prepared in high yield (86%) and was
characterized by 1H NMR (Figure A45) and

13

C NMR spectroscopy (Figure A46),

which were in agreement with previous reports.50
Upon isolation of imine 3.11, its subsequent reaction with chlorophosphonium 3.8
was conducted, toward the formation of BPY precursor, pyridinium 3.10 (Scheme 3.4).
Preliminary trials previously carried out by Brandon Frenette (CHEM 4000, 2019)
involved the reaction of chlorophosphonium 3.8 with imine 3.11 at elevated
temperatures. The reaction required two equivalents of 3.11, in order to enable its role as
both a nucleophile and a base. Upon work-up of the reaction mixture, a crude solid was
obtained and its analysis by

31

P NMR spectroscopy revealed significant peaks at δ -2.3

ppm and δ 5.3 ppm (in d-chloroform) in the

31

P NMR spectrum, as well as two minor

peaks at -2.6 ppm (q, J= 8.6 Hz) and 0.0 ppm (d, J= 8.8 Hz).45 In addition, the 1H NMR
spectrum of the crude solid was in agreement with the expected peaks for pyridinium
3.10 as a constituent of the sample, although attempts in the separation of the two
compounds present within the mixture were unsuccessful.45
More recently, the reaction conditions for the preparation of pyridinium 3.10 were
optimized by Evan Morehouse (NSERC USRA, 2019). His work allowed for the
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isolation of 3.10 in much larger quantities (up to 500 mg), while avoiding the formation
of impurities. One of the major changes to the reaction procedure included the omission
of heat during the reaction of imine 3.11 and chlorophosphonium 3.8, which led to a
significant increase in the yield obtained for pyridinium 3.10. Following the isolation of
3.10 in moderately high yield (79%), it was characterized by
demonstrating novel

31

P NMR spectroscopy,

P NMR chemical shifts, in comparison to precursor 3.8, at δ -0.7

31

ppm and δ 6.2 ppm (in acetonitrile, Figure A47). Furthermore, the 1H NMR spectrum
was in agreement with the expected peaks for pyridinium 3.10, which revealed a singlet
at δ 3.4 ppm, corresponding to the methyl group directly bonded to the pyridyl nitrogen
of the pyridine ring, two sets of doublets for the pyridyl protons at δ 6.3 ppm (meta) and δ
7.0 ppm (ortho), followed by three sets of multiplets at δ 7.29 ppm (ortho/meta), δ 7.44
ppm (ortho/meta) and δ 7.5 ppm (para), associated with the aromatic protons (Figure
A48). Moreover, a 2D 1H-13C HSQC experiment (Figure A49) was conducted to further
confirm the above assignments for pyridinium 3.10.
In regard to the characterization of 3.10 by

13

C NMR spectroscopy (Figure 50), the

quaternary carbon located on the pyridine ring of 3.10 could not be observed solely based
on its 13C NMR spectrum, therefore several 2D NMR experiments were conducted. Initial
efforts involved the use of DEPTQ experiments, in attempt to better visualize the
quaternary carbons in pyridinium 3.10, but unfortunately only those on the phenyl rings
of the iminophosphorano substituents could be observed, which could be accredited to
the 9:1 ratio of quaternary carbons on the phenyl rings versus on the pyridine ring. In
addition, an extended 1H-13C HMBC experiment (Figure A51) was conducted over 16
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hours, which revealed a cross peak for a carbon atom with a chemical shift at δ 161.1
ppm that had a correlation with the pyridyl protons at δ 7.0 ppm (ortho) on the pyridine
ring, corresponding to a three-bond coupling. When comparing this chemical shift with
the corresponding quaternary carbon shift on similar systems, such as in pyridinium 2.1
(δ 165.2 ppm), the shifts are in the same range, which can provide a degree of certainty
with respect to its assignment.30,50 Furthermore, the high-resolution mass spectrum
(HRMS) was obtained for 3.10, where the calculated m/z for C60H52N5P4+ was 966.3168
[M+1], which was in agreement with the experimentally determined m/z of 966.3153
(Figure A52).
The final step toward the synthesis of BPY 1.23 involved the deprotonation of 3.10,
in accordance with the proposed synthetic route (Scheme 3.1-B). Based on previous
procedures developed by Dyker and coworkers, in regard to the in situ generation of
various BPY derivatives, the deprotonation of the respective BPY precursors involved the
use of potassium bis(trimethylsilyl)amide, KHMDS.30,43,50 Therefore, our initial efforts
involved the deprotonation of pyridinium 3.10 by KHMDS, which was carried out in
various solvents, including both toluene and benzene. Unfortunately, no reaction was
observed from the deprotonation of 3.10 by KHMDS in toluene, resulting in no
observable signals in the
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P NMR spectrum for the reaction mixture, due to the

insolubility of 3.10 in toluene. Subsequent reactions were conducted involving the
deprotonation of pyridinium 3.10 in benzene, where the reaction mixture was heated at
70 ºC for a period of 16 hours (Table 3.1, entry 2). Since the iminophosphorano groups
substituted on pyridinium 3.10 are relatively bulky, heat was introduced to the reaction
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mixture in order to help overcome the activation barrier potentially associated with the
formation of BPY 1.23 via dimerization of the two monomeric units. The reaction
mixture for the deprotonation of 3.10 under thermal conditions was analyzed by 31P NMR
spectroscopy, which revealed signals corresponding to unreacted pyridinium 3.10 at δ 1.1 ppm and δ 4.5 ppm (Figure A53). A substantial amount of solid was collected from
the reaction mixture, where its analysis by

31

P NMR spectroscopy exhibited peaks

corresponding to pyridinium 3.10 at δ -2.3 ppm and δ 5.3 ppm (in d-chloroform) (Figure
A54). Since the incorporation of heat had a negligible impact on the deprotonation of
3.10, subsequent reactions were focused on the utilization of a stronger base, nbutyllithium (n-BuLi). Preliminary studies involving the deprotonation of pyridinium
3.10 by n-BuLi revealed a broad singlet (bs) in the

31

P NMR spectrum of the reaction

mixture with a chemical shift of δ -14.9 ppm, spanning approximately 40 ppm of the 31P
NMR spectrum (Figure A55). The resulting reaction mixture was oxidized with
hexachloroethane, in attempt to trap the in situ generated BPY 1.23 as its dichloride salt,
3.12 (Table 3.1), although the results obtained from the oxidation of the reaction mixture
were inconclusive. Therefore, in order to confirm the initial presence of targeted BPY
1.23 within the reaction mixture, further experimental support will be required.
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Table 3.1 Attempted trials for the deprotonation of pyridinium 3.10 to BPY 1.23.
Observed 31P NMR
Chemical Shifts (ppm)

Entry

Base

Solvent

T [ºC]

t [hr]

1

KHMDS

Toluene

RT

2

-

2

KHMDS

Benzene

70 °C

16

-1.1, 4.5 (3.10)

3

n-BuLi

Benzene

RT

2.5

-14.9 (bs)

3.3 Summary and Future Work

A novel bis(iminophosphorano)-substituted BPY electron donor (1.23), derived from
electron-rich phosphazenyl phosphine 1.22, was targeted, in efforts to further expand the
range of reduction potentials accessible by organic electron donors. In accordance with
the proposed synthetic pathway toward the preparation of BPY 1.23 (Scheme 3.1-A),
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phosphonium 3.5, iminophosphorane 3.6, as well as phosphonium 3.7-Cl/Br were
successfully prepared without any modifications to literature procedures.42–44
Phosphonium 3.7-PF6 and chlorophosphonium 3.8 were successfully prepared in high
yield (71% and 61%, respectively) and were characterized by NMR spectroscopy, as well
as high-resolution mass spectrometry.45,47 Initial efforts toward the synthesis of
chlorophosphonium 3.8 revealed that the deprotonation of phosphonium 3.7-PF6 to
phosphine 1.22 and its subsequent oxidation by hexachloroethane was highly sensitive to
slight variations in the procedure.45 Interestingly, the temperature at which the
deprotonation of phosphonium 3.7-PF6 was conducted at had a significant impact on the
isolated yield obtained for chlorophosphonium 3.8, where the best results were obtained
when the reaction mixture was heated to 50 ºC. Furthermore, previous trials involving the
room temperature oxidation of phosphine 1.22 led to the formation of impurities, which
was later circumvented by cooling the solution containing in situ generated 1.22 to -35
ºC, prior to its oxidation. Furthermore, the way in which hexachloroethane was added to
the solution of phosphine 1.22 played a role in the success of the reaction, where the best
results were observed upon first dissolving the oxidizing agent in toluene and allowing
the solution to cool down to -35 ºC, rather than adding it to the solution of in situ
generated 1.22 as a solid.

The incorporation of the pyridine moiety was conducted in accordance with the
proposed synthetic pathway (Scheme 3.1-B), where alkylated pyridinium 3.9 was
prepared in moderately high yield (81%) from 4-aminopyridine, following literature
procedures.48 In the preparation of BPY precursor 3.10, an alternate route, previously
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established by Morgan Burgoyne (MSc. 2018), was employed that involved the synthesis
of imine 3.11 from the deprotonation of pyridinium 3.9.50 The utility of imine 3.11 as
both a nucleophile and a base, in its reaction with chlorophosphonium 3.8, allowed for
the successful preparation of BPY precursor 3.10 in moderately high yield (79%), which
was characterized by NMR spectroscopy, as well as high-resolution mass spectrometry.
Interestingly, the yield of pyridinium 3.10 was greatly affected by the temperature at
which the reaction involving imine 3.11 and chlorophosphonium 3.8 was conducted at,
where the formation of impurities observed in earlier trials at elevated temperatures was
avoided simply by performing the reaction at room temperature. Unfortunately, the
deprotonation of pyridinium 3.10 to our target compound, BPY 1.23, was unsuccessful,
despite several attempts using KHMDS in different solvents. Furthermore, the 31P NMR
analysis of the reaction mixture from the deprotonation of 3.10 by KHMDS under
thermal conditions confirmed the presence of unreacted 3.10. Although a novel signal in
the 31P NMR spectrum of the reaction mixture was observed, following the deprotonation
of 3.10 by n-BuLi, additional experimental evidence will be required in order to confirm
its assignment.
Future studies involving the deprotonation of pyridinium 3.10 could involve
performing cyclic voltammetric studies on the reaction mixture for the deprotonation of
pyridinium 3.10 by n-BuLi, as well as on the oxidized reaction mixture, as a way of
determining the presence of any redox active species within the mixture. Other
approaches toward the preparation of targeted BPY 1.23 could involve selecting a
different base for the deprotonation of 3.10. It should be noted that the successful
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preparation of many BPY derivatives from their corresponding BPY precursors have
involved the use of potassium-derived bases;25,26,31 therefore, other potassium-derived
bases, aside from KHMDS, should be considered when moving forward. This could
include non-nucleophilic bases such as potassium hydride or perhaps even stronger bases
such as potassium diisopropylamide (KDA), although its preparation would be much
more involved. Upon forming BPY 1.23, cyclic voltammetric studies would be required
for the determination of the reduction potential for the redox couple (1.23/1.232+),
followed by its characterization by NMR spectroscopy. Once the reduction potential of
BPY 1.23 has been determined, its effectiveness as an electron donor can be assessed.

In addition, the preparation of bridged derivative 3.14 (Figure 3.4) could also be
explored. Despite the anticipated lower reduction potential for BPY 3.14 over nonbridged analogue 1.23, the incorporation of the trimethylene bridge could perhaps assist
in the formation of BPY 3.14, following the deprotonation of 3.13, as a result of the two
pyridinium ions in 3.13 being held together in close proximity (Figure 3.4). Furthermore,
the preparation of R3P=N-substituted BPYs derived from highly electron-donating
phosphazenyl phosphines 3.3 (dmaP3P) and 3.4 (pyrrP3P) with exceptionally low TEPs
could also be prepared, since their corresponding reduction potentials have been
predicted to surpass previous recorder holder, BPY 1.21b, for the strongest neutral
organic reducing agent reported to date.
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Figure 3.4. Prospective derivatives 3.14, 3.15 and 3.16, derived from a novel family of
electron-rich phosphazenyl phosphines.
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Chapter 4 - Conclusion
The field of organic reducing agents has progressed rapidly since the early
development of TTF (1.1) and TDAE (1.2), where studies involving their utility have
demonstrated the importance of aromatic stabilization, as well as electron donating atoms
such as nitrogen onto the organic scaffold.7–12 The incorporation of these features onto
the same organic framework led to the development of benzimidazole- and imidazolederived reductants 1.7 and 1.8, respectively, as well as a new class of electron donor with
a structural motif derived from 4-dimethylaminopyridine, namely BPY 1.9.14–17 In more
recent years, stronger BPY derivatives have been developed by Dyker and coworkers that
involved the incorporation of strongly π-donating iminophosphorano-substituents
(R3P=N-) in place of amino groups, where changes to the -R group on phosphorus
allowed for variations in the reduction potential for the corresponding redox couple
(BPY/BPY2+).25,26

This

led

to

the

preparation

of

various

bis-

and

tetra-

(iminophosphorano)-substituted BPY derivatives with exceptionally low reduction
potentials, with the strongest neutral organic reductant reported to date (BPY 1.21a)
having a redox potential of -1.70 V vs. SCE.26
Recent advancements by Dyker and coworkers led to the preparation of
tricyclohexyliminophosphorano-substituted BPY 1.21b, with an exceptionally low
reduction potential (-1.85 V vs. SCE, unpublished) that surpassed current recorder holder
1.21a by 150 mV.31 The reductive capabilities of BPY 1.21b were investigated in the
reduction of various aryl halides, arenesulfonamides, as well as in the birch reduction of
anthracene. The experiments demonstrated the increased reductive strength of organic
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reductant 1.21b, however the utility of 1.21b as a reductant has several limitations. Issues
arose with the purification of the reduced products, where by-products of 1.21b, as well
as those derived from the substrates themselves, following electron transfer, had similar
solubility and polarity to the reduced products, further complicating their purification.
Moreover, the unknown intermediate species relating to the formation of BPY 1.21b was
determined to be longer-lived within the reaction mixture, in comparison to the
intermediate generated during the formation of organic reductant 1.21a; therefore, it is
possible that the intermediate relating to 1.21b could be interfering with the reductions
involving 1.21b.30
In the pursuit for stronger organic reductants, the synthesis of a novel BPY electron
donor, based on a strongly π-donating iminophosphorane (-N=P-(N=PPh3)3), was
attempted. Based on the correlation previously established by Nicholas Richard (MSc.
2016), which related the TEPs of phosphines (R3P) with the experimentally determined
redox potentials of the corresponding R3P=N-substituted BPYs (Figure 3.1),28 electronrich phosphazenyl phosphines were targeted for their incorporation onto the BPY
scaffold, where our aim was directed toward the formation of BPY 1.23, derived from
phosphazenyl phosphine 1.22. Despite efforts extended toward the deprotonation of BPY
precursor 3.10, the preparation of BPY 1.23 still remains to be completed. If the
reduction potential for the 1.23/1.232+ redox couple were to surpass the redox potential of
BPY 1.21b (-1.85 V vs. SCE), its preparation would assist in bridging the gap toward
metal reagents with exceptionally low reduction potentials such as lithium metal (-3.28 V
vs. SCE).1
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Chapter 5 - Experimental Procedures

5.1 General Considerations

All air and moisture sensitive reactions were carried out in oven-dried or flame-dried
glassware under an argon atmosphere using standard Schlenk line techniques or in an
Innovative Technology glovebox. Tetrahydrofuran, dimethylformamide and benzene
were distilled over calcium hydride, degassed using freeze-pump-thaw procedures and
were stored over 4 Å molecular sieves prior to use. Solvents including dichloromethane,
toluene, diethyl ether and acetonitrile were dried with a Seca solvent purification system,
degassed using Schlenk techniques and were stored over 4 Å molecular sieves for 24
hours prior to use. Deuterated solvents including CDCl3 and C6D6, used for air and
moisture sensitive compounds and reactions, were distilled over calcium hydride,
degassed using freeze-pump-thaw procedures and were stored under an argon atmosphere
over 4 Å molecular sieves. Deuterated solvents (CDCl3, CD3CN, D2O) were used without
further purification for non-sensitive compounds. Reactions that required cooling to -35
ºC were placed in the Innovative Technology glovebox freezer.

5.2 Chemical Reagents Used in Syntheses

Tetrabromomethane (99%), 3-phenyl-1-propanol (98%), 1-bromo-3-phenylpropane
(98%), 4-bromophenol (99%), 4-chlorophenol (≥ 99%), n-benzylaniline (≥99%), ptoluenesulfonyl chloride (≥ 99%), dioctylamine (97%), ethyl acetate (≥ 99.5),
hydrochloric acid (37%), potassium bis(trimethylsilyl)amide (95%), anthracene (99%),
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1,3,5-trimethoxybenzene (≥ 99%), potassium tert-butoxide (98%) and 4-aminopyridine
(98%) were purchased from Sigma Aldrich and were used without further purification.
Phosphorus trichloride (99%) and 1-bromonaphthalene (95%) were also purchased from
Sigma Aldrich and were distilled and stored under argon. Pyridine (99.8%) that was
purchased from Sigma Aldrich was distilled and stored over 4 Å molecular sieves.
Triphenylphosphine (99%), potassium carbonate (99%), bromine (99.8%) and
iodomethane (99%) were purchased from Alfa Aesar and were used without further
purification. Triethylamine (99%) and 1,8-diazabicyclo[5.4.0]undec-7-ene (99%) were
also purchased from Alfa Aesar and were distilled and stored under an argon atmosphere
over 4 Å molecular sieves prior to use. Lithium hexafluorophosphate (98%) was
purchased from Novolyte Technologies and was used without further purification.
Anhydrous diethyl ether, hexanes, chloroform and acetone were purchased from Fisher
Scientific and were used without further purification. Ethanol (95%) was purchased from
Commercial Alcohols and hexachloroethane (99%) was purchased from Oakwood
Chemicals and were used without further purification. Pyridinium 2.1 was prepared in
accordance with literature procedures.30

5.3 Standard Analyses

Proton (1H) NMR spectra were recorded on a 300 MHz Varian UNITY INOVA
spectrometer or on an Agilent 400-MR NMR spectrometer at 25 ºC and were referenced
to the proton resonances of deuterated solvents (CDCl3: δ 7.26 ppm, C6D6: δ 7.16 ppm.,
CD3CN: δ 1.94 ppm, D2O: δ 4.79 ppm). Carbon (13C) NMR spectra were recorded at 25
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ºC on an Agilent 400-MR NMR spectrometer at 100.6 MHz and were referenced to the
carbon resonances of deuterated solvents (CDCl3: δ 77.16 ppm, C6D6: δ 128.06 ppm.,
CD3CN: δ 1.32 ppm and δ 118.26 ppm). Phosphorus (31P) NMR spectra were recorded at
25 ºC on a 300 MHz Varian UNITY INOVA spectrometer at 121.4 MHz and were
referenced externally to 85% phosphoric acid at δ 0.00 ppm. All

31

P NMR spectra are

proton-decoupled unless stated otherwise. Chemical shifts (δ) are reported in parts per
million (ppm), coupling constants are reported in hertz (Hz) and resonance multiplicities
are abbreviated to singlet (s), broad singlet (bs), doublet (d), doublet of quartets (dq),
triplet (t), septet (sept) and multiplet (m). Two dimensional NMR experiments (1H-13C
HSQC, 1H-13C HMBC and DEPTQ) and quantitative NMR (qNMR) experiments were
recorded on an Agilent 400-MR NMR spectrometer. Concentration determination by
qNMR experiments (precision of ± 5%) was performed by comparing the integrals within
the sample of interest to a known concentration standard (external standard calibration).
High-resolution mass spectra were recorded using the electrospray ionization (ESI)
technique in positive ion mode at the Mass Spectroscopy Lab at Dalhousie University in
Halifax, NS, Canada. Melting points were determined using a DigiMelt 160 melting point
apparatus. Thin layer chromatography was performed using silica gel coated aluminumbacked plates, which were analyzed under a UV lamp (254 nm) and by staining methods
using a phosphomolybdic acid stain (10 g phosphomolybdic acid hydrate in 100 mL of
ethanol). Flash chromatography was performed using ultra-pure flash silica (230-400
mesh size). GC-(EI)MS analyses were recorded on an Agilent Technologies 7890A GC
system connected to an Agilent Technologies 5975C inert XL EI/CI MSD triple axis66

mass detector at the University of Strathclyde in Glasgow, Scotland, UK. The GC was
equipped with a Rxi5Sil MS column (30 m x 0.25 mm x 0.25 μm). Helium was used as
the carrier gas (1.0 mL/min flow rate). The injector temperature was 320 °C and was
conducted in splitless mode. Each run was 28 minutes, where the starting temperature of
40 ºC remained constant for the first four minutes of the run. The oven temperature
increased at a rate of 20 ºC/min until reaching maximum temperature (320 ºC) at 18
minutes, where it remained constant in temperature for the remainder of the run.
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5.4 Experimental Procedures for Organic Substrates (Chapter 2)

Synthesis of 1-bromo-3-phenylpropane

1-bromo-3-phenylpropane

was

prepared

according

to

literature

procedures.51

Tetrabromomethane (5.4742 g, 16.5 mmol, 1.5 eq.) and triphenylphosphine (4.3292 g,
16.5 mmol, 1.5 eq.) were added to a solution of 3-phenyl-1-propanol (1.50 mL, 11.0
mmol,

1.0

eq.)

in

dichloromethane

(33

mL).

Following

the

addition

of

triphenylphosphine, the reaction vessel became warmer and the contents of the flask
underwent a color change from colorless to yellow. The reaction mixture was heated to
reflux for 1 hour and was then treated with a n-hexane:ethyl acetate solution (9:1) to
allow for the precipitation of triphenylphosphine oxide. The precipitate was agitated until
the solid became a fine powder. The oxide was removed via vacuum filtration and the
filtrate was concentrated under reduced pressure. The resulting yellow oil was purified
via column chromatography (eluent system: n-hexane). The fractions containing 1bromo-3-phenylpropane were collected, concentrated under reduced pressure and further
dried under high vacuum overnight, resulting in a colorless oil (1.4345 g, 65%). The
purified product was stored in a fridge until further use. Spectral data were in agreement
with reports in the literature.52
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Synthesis of p-bromophenoxy-1-phenylpropane, 2.4

Compound 2.4 was prepared according to a modified literature procedure.21 1-bromo-3phenylpropane (0.480 mL, 3.2 mmol, 1.0 eq.) was added to a solution of 4-bromophenol
(0.780 g, 4.5 mmol, 1.4 eq.) in dimethylformamide (5 mL). The reaction mixture was
further treated with an excess of ground up potassium carbonate (4.020 g, 29.1 mmol, 9.1
eq.), resulting in a white suspension that was stirred overnight. The supernatant was
decanted and the residual unreacted potassium carbonate was washed thoroughly with
diethyl ether (3 x 5 mL). The supernatant and the combined ether washes were added to
an extraction funnel containing water (50 mL) and the phases were separated. The
aqueous phase was washed with diethyl ether (3 x 20 mL) and the combined organic
phases were washed with water (5 x 10 mL), brine (1 x 10 mL) and were dried over
magnesium sulfate. The filtered solution was concentrated under reduced pressure and
was purified by column chromatography in an eluent system comprised of DCM:nhexane (15:85). Fractions containing 2.4 were collected, concentrated under reduced
pressure and were further dried under high vacuum overnight, resulting in a white solid
(0.805 g, 88%). The product was stored under inert atmosphere until further use. Spectral
data were in agreement with reports in the literature.21
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Synthesis of p-chlorophenoxy-1-phenylpropane, 2.11

Compound 2.11 was prepared according to a modified literature procedure.21 1-bromo-3phenylpropane (0.30 mL, 2.0 mmol, 1.0 eq.) was added to a solution of 4-chlorophenol
(0.5797 g, 4.5 mmol, 2.25 eq.) in dimethylformamide (5 mL). The reaction mixture was
further treated with an excess of ground up potassium carbonate (4.0050 g, 29.0 mmol,
14.5 eq.), resulting in a white suspension that was stirred overnight. The supernatant was
decanted and the residual unreacted potassium carbonate was washed thoroughly with
diethyl ether (3 x 5 mL). The supernatant and the combined ether washes were added to
an extraction funnel containing water (50 mL) and the phases were separated. The
aqueous phase was washed with diethyl ether (3 x 20 mL) and the combined organic
phases were washed with water (5 x 10 mL), brine (1 x 10 mL) and were dried over
magnesium sulfate. The filtered solution was concentrated under reduced pressure and
was purified by column chromatography in an eluent system comprised of DCM:nhexane (15:85). Fractions containing 2.11 were collected, concentrated under reduced
pressure and were further dried under high vacuum overnight, resulting in a colorless oil
(0.4447 g, 94%). The product was stored under inert atmosphere until further use.
Spectral data were in agreement with reports in the literature.21
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Synthesis of N-benzyl-4-methyl-N-phenylbenzenesulfonamide, 2.12

Compound 2.12 was prepared according to a modified literature procedure.26 Nbenzylaniline (0.915 g, 5.0 mmol, 1.0 eq.) was added to a flame-dried flask containing
dichloromethane (10 mL). The reaction mixture was then treated with pyridine (1 mL),
followed by p-toluenesulfonyl chloride (1.138 g, 6.0 mmol, 1.2 eq.), resulting in a yellow
colored solution. The mixture was stirred at room temperature for 2 hours and was then
quenched with 1 M HCl (10 mL). Diethyl ether (20 mL) was added to the reaction
mixture, causing a white solid to precipitate out of solution, which was collected by
vacuum filtration. The collected solid was dissolved in dichloromethane (5 mL) and was
washed with water (10 mL) and brine (10 mL). The organic phase was collected, dried
over anhydrous magnesium sulfate and was filtered. Volatiles were removed under
reduced pressure, resulting in a white solid, 2.12 (0.704 g, 42%). Characterization data
was in accordance with reports in the literature.26
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Synthesis of N,N-dioctyltoluenesulfonamide, 2.14

Compound 2.14 was prepared according to a modified literature procedure.26 Pyridine (1
mL) was slowly added to a solution of dioctylamine (0.400 g, 1.7 mmol, 1.0 eq.) in
dichloromethane (10 mL). After stirring for 15 minutes, the reaction mixture was treated
with a solution of p-toluenesulfonyl chloride (0.400 g, 2.1 mmol, 1.2 eq.) in
dichloromethane (5 mL), resulting in a clear, yellow solution. The mixture was stirred at
room temperature for 1 hour. The reaction was washed with 1 M HCl (10 mL) and the
layers were separated. The aqueous layer was extracted with diethyl ether (2 x 10 mL)
and the combined organic layers (DCM/diethyl ether) were washed with water (1 x 10
mL) and brine (1 x 10 mL). The organic phase was dried over anhydrous magnesium
sulfate, filtered and all volatiles were removed in vacuo, resulting in a yellow oil. The
crude oil was further purified via column chromatography with an eluent system of
EtOAc:hexanes (1:9), resulting in a colorless oil, 2.14 (0.390 g, 60 %). Characterization
data was in accordance with reports in the literature.26
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5.5 Experimental Procedures for Reductions Facilitated by BPY 1.21b

General procedure for the in situ generation of BPY 1.21b

Scheme 5.1. The deprotonation of pyridinium 2.1 to form electron donor 1.21b.

The following procedure was carried out in the glovebox under an inert, argon
atmosphere. A solution of KHMDS (2.2 eq.) in benzene was added dropwise to a solution
of pyridinium 2.1 (2 eq.) in benzene, generating a dark red colored mixture. The reaction
was stirred for 2 hours to ensure adequate formation of electron donor 1.21b (verified via
P – NMR spectroscopy, prior to the addition of the substrate- see Figure A1).
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Reduction of 1-bromonaphthalene, 2.2

Electron donor 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium salt 2.1 (0.7275 g, 0.90 mmol) in 7 mL benzene; KHMDS (0.2084 g, 1.04
mmol) in 2 mL benzene. 1-bromonaphthalene, 2.2 (0.0466 g, 0.23 mmol) in 1 mL
benzene was added to the mixture containing 1.21b. The reaction mixture was stirred for
20 hours at room temperature. The reaction was quenched with water (15 mL) and then
diethyl ether (40 mL) was added, resulting in a precipitate, which was collected by
vacuum filtration. The filtrate was collected and transferred to a separatory funnel, which
was followed by the addition of an internal standard, 1,3,5-trimethoxybenzene (0.0302 g,
0.18 mmol). The phases were separated and the aqueous layer was extracted with diethyl
ether (3 x 15 mL). The collected organic layers were further washed with water (3 x 30
mL), brine (1 x 35 mL) and then dried over anhydrous sodium sulfate. The drying agent
was filtered off and the resulting solution was concentrated under reduced pressure. A
small amount of the resulting dark red oil was dissolved in d-chloroform and was
analyzed by 1H NMR spectroscopy, which showed unreacted 2.2 (5%) and 2.3 (95%). 1H
NMR: (400 MHz, CDCl3): δ 7.49 ppm (m, 4H, ArH), δ 7.85 ppm (m, 4H, ArH), as well
as internal standard and other impurities (see Figure A4).
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Reduction of p-bromophenoxy-1-phenylpropane, 2.4

i.

i.

110 ºC, 24 hrs.

ii.

RT, 24 hrs.

Electron donor 1.21b was generated according to the general procedure (Scheme
5.1): pyridinium 2.1 (0.7195 g, 0.89 mmol) in 7 mL benzene; KHMDS (0.1957 g,
0.98 mmol) in 3 mL benzene. P-bromophenoxy-1-phenylpropane, 2.4 (0.0648 g, 0.22
mmol) in 3 mL benzene was added to the mixture containing 1.21b. The reaction
mixture was heated at 110 °C in a sealed pressure flask for 24 hours. Upon cooling to
room temperature, the reaction mixture was quenched with 1 M HCl (10 mL). Diethyl
ether (40 mL) was added and the reaction flask was agitated. The resulting solid was
removed via vacuum filtration and the filtrate was transferred into a separatory
funnel. The aqueous phase was collected and washed with diethyl ether (3 x 10 mL).
The collected organic phases were washed with water (1 x 20 mL), brine (1 x 20 mL)
and were then dried over anhydrous magnesium sulfate. The drying agent was
removed via vacuum filtration and the remaining organic phase was concentrated
under reduced pressure, yielding a yellow oil. The crude oil was purified by flash
chromatography with an eluent system of DCM:hexanes (15:85). Four fractions (F1F4) were eluted from the column and their volatiles were removed. Each fraction was
dissolved in d-chloroform

(total volume: 1.0 mL) for NMR analysis. F1:

Cyclohexylbenzene, 2.7 (11.3 mM, 1.80 mg) was eluted from the column as a crude
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mixture (see Figure A5) and was identified in NMR spectra of the mixtures by
comparison to another isolated sample (see Figure A6/A7). 1H NMR (400 MHz,
CDCl3): δ 1.21-1.48 ppm (m, CH2, 5H), δ 1.73-1.78 ppm (m, CH2, 1H), δ 1.83-1.90
ppm (m, CH2, 4H), δ 2.50 ppm (m, CH, 1H), δ 7.27-7.31 ppm (m, Ar, 2H), δ 7.157.22 ppm (m, Ar, 3H).

13C

NMR: (100.6 MHz, CDCl3): δ 26.3 ppm, δ 27.1 ppm, δ

34.6 ppm, δ 44.8 ppm, δ 125.9 ppm, δ 127.0 ppm, δ 128.4 ppm, δ 148.3 ppm. GCMS [m/z (%)] (10.936 min): 160 (93, M+), 131 (55), 117 (98), 104 (100), 91 (99), 78
(88), 67 (62), 51 (63). Three other fractions were collected from the column; F2:
reduced product 2.5 (162.4 mM, 34.47 mg), which was identified in the 1H NMR
spectrum by comparison to literature reports;26 F3: coelution of 2.5 (8.3 mM, 1.77
mg) and biaryl derivative 2.6 (1.1 mM, 0.33 mg), which was identified in the 1H
NMR spectrum by comparison to another isolated sample (see characterization below
in procedure (ii)); F4: coelution of 2.5 (4.0 mM, 0.84 mg) and 2.6 (16.4 mM, 4.72
mg). Total mass of 2.5 (37.08 mg, 79%) and 2.6 (5.05 mg, 8%) were determined via
qNMR spectroscopy.

ii.

BPY 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium 2.1 (0.7273 g, 0.90 mmol) in 7 mL benzene; KHMDS (0.2090 g, 1.05
mmol) in 2 mL benzene. P-bromophenoxy-1-phenylpropane, 2.4 (0.0659 g, 0.23
mmol) in 1 mL benzene was added to the mixture containing 1.21b. The reaction
mixture was stirred at room temperature for 24 hours. The same work-up procedure
described in (i) was employed, except that an internal standard, 1,3,5trimethoxybenzene (0.048 g, 0.29 mmol) was added to the separatory funnel during
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the liquid-liquid extraction. A small amount of the orange, crude oil obtained from
the work-up procedure was dissolved in d-chloroform and was analyzed by 1H NMR
spectroscopy, which showed a conversion to 2.5 (46%), as well as to unreacted
bromoarene 2.4 (43%) and 2.6 (10%) (see Figure A10). The crude sample was
purified by flash chromatography, using an eluent system of DCM:hexanes (15:85).
Reduced product 2.5 was isolated as a white solid (0.0136 g, 28%) (see Figure A11).
1H

NMR (400 MHz, CDCl3): δ 2.08-2.15 ppm (m, OCH2CH2, 2H), δ 2.82 ppm (2H,

t, J =7.4 Hz, ArCH2), δ 3.97 ppm (2H, t, J = 6.3 Hz, OCH2), δ 6.89-6.96 ppm (3H, m,
ArH), δ 7.18-7.31 ppm (7H, m, ArH). 13C NMR (100.6 MHz, CDCl3): δ 31.0 ppm, δ
32.3 ppm, δ 66.9 ppm, δ 114.7 ppm, δ 120.7 ppm, δ 126.1 ppm, δ 128.6 ppm, δ 128.7
ppm, δ 129.6 ppm, δ 141.7 ppm, δ 159.2 ppm. Spectral data was in agreement with
previously reported data.53 GC-MS [m/z (%)] (13.605 min): 212 (4, M+), 118 (16),
104 (6), 91 (100), 77 (21), 65 (48), 51 (12). A fraction containing a mixture of both
reduced product 2.5 (0.0057 g, 12%) and 2.4 (0.0053 g, 8%) was collected. A fraction
containing 2.4 was also isolated (0.0149 g, 23%). A fraction containing biaryl
derivative, 2.6 (0.0056 g, 8%) was also collected (see Figure A14). 1H NMR (400
MHz, CDCl3): δ 2.10-2.17 ppm (m, OCH2CH2, 2H), δ 2.84 ppm (2H, t, J =7.4 Hz,
ArCH2), δ 4.01 ppm (2H, t, J = 6.3 Hz, OCH2), δ 6.95-6.98 ppm (2H, m, ArH), δ
7.19-7.32 ppm (6H, m, ArH), δ 7.40-7.43 ppm (2H, m, ArH), δ 7.50-7.57 ppm (4H,
m, ArH). GC-MS [m/z (%)] (17.387 min): 288 (10, M+), 207 (21), 170 (35), 141
(16), 115 (23), 91 (100), 65 (16).
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Reduction of p-chlorophenoxy-1-phenylpropane, 2.11

BPY 1.21b was generated according to the general procedure (Scheme 5.1): pyridinium
2.1 (0.7272 g, 0.90 mmol) in 7 mL benzene; KHMDS (0.2089 g, 1.05 mmol) in 2 mL
benzene. P-chlorophenoxy-1-phenylpropane, 2.11 (0.0556 g, 0.23 mmol) in 1 mL
benzene was added to the mixture containing 1.21b. The reaction mixture was heated at
150 °C in a sealed pressure flask for 24 hours. The same work-up procedure described in
the reduction of 2.4 (according to procedure i) was employed, except that an internal
standard, 1,3,5-trimethoxybenzene (0.063 g, 0.37 mmol) was added to the separatory
funnel during the liquid-liquid extraction. A small amount of the orange, crude oil
obtained from the work-up procedure was dissolved in d-chloroform and was analyzed by
1

H NMR spectroscopy, which showed unreacted 2.11 (85%) and 2.5 (15%) (see Figure

A17). GC-MS [m/z (%)] (13.661 min): 212 (4, M+), 117 (13), 105 (4), 91 (100), 77 (27),
65 (38), 51 (16).
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Reduction of N-benzyl-4-methyl-N-phenylbenzenesulfonamide, 2.12

i.

i.

2 eq., 110 ºC, 18 hrs.

ii.

2 eq., RT, 16 hrs.

iii.

1.2 eq., RT, 16 hrs.

iv.

2 eq., 5.5 ºC – RT, 16 hrs.

BPY 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium 2.1 (0.5288 g, 0.65 mmol) in 16 mL benzene; KHMDS (0.1318 g, 0.66
mmol) in 2 mL benzene. N-benzyl-4-methyl-N-phenylbenzenesulfonamide, 2.12
(0.0553 g, 0.16 mmol) in 2 mL benzene was added to the mixture containing 1.21b.
The reaction mixture was heated at 110 °C in a sealed pressure flask for 18 hours.
Upon cooling to room temperature, the reaction mixture was quenched with 1 M HCl
(10 mL). Diethyl ether (40 mL) was added and the reaction flask was agitated. The
resulting solid was removed by vacuum filtration and the filtrate was transferred into
a separatory funnel. The aqueous phase was collected and washed with diethyl ether
(3 x 10 mL). The organic layers were set aside and the residual aqueous phase was
basified with 2 N NaOH (10 mL). The basified aqueous phases were further extracted
with diethyl ether (3 x 10 mL). The combined organic layers were washed with water
(1 x 10 mL), brine (1 x 10 mL) and were dried over anhydrous magnesium sulfate.
The drying agent was removed via vacuum filtration and the organic layer was
concentrated under reduced pressure to yield an orange, crude oil. The crude sample
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was dissolved in chloroform (10 mL) and its volume was reduced in the presence of
silica (~1 g). Hexanes (50 mL) was added to the silica and the suspension was heated
in an oil bath at 40 °C for an hour, while stirring. The silica was removed by vacuum
filtration and washed with additional hexanes (20 mL). The volatiles were removed
from the filtrate under reduced pressure to give a colorless oil, which was dissolved in
d-chloroform for NMR analysis (see Figure A20). Reduced product 2.13 was
identified in the 1H NMR spectrum by comparison to literature reports.26 The
concentration of 2.13 (61.5 mM, 0.0113 g, 38%) was determined via qNMR
spectroscopy. 1H NMR (400 MHz, CDCl3): δ 4.02 ppm (1H, bs, NH), δ 4.34 ppm
(2H, s, CH2), δ 6.64-6.67 ppm (2H, m, ArH), δ 6.71-6.75 ppm (1H, m, ArH), δ 7.177.21 ppm (2H, m, ArH), δ 7.27-7.31 ppm (1H, m, ArH), δ 7.34-7.40 ppm (4H, m,
ArH). The 1H NMR spectrum also showed residual hexanes, grease, cyclohexane and
other unidentified impurities.

ii.

BPY 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium 2.1 (0.5363 g, 0.66 mmol) in 16 mL benzene; KHMDS (0.1333 g, 0.67
mmol) in 4 mL benzene. N-benzyl-4-methyl-N-phenylbenzenesulfonamide, 2.12
(0.0554 g, 0.16 mmol) in 2 mL benzene was added to the mixture containing 1.21b.
The reaction flask was stirred for 16 hours at room temperature. The reaction was
quenched with 1 M HCl (10 mL) and the addition of benzene (40 mL) resulted in
some minor precipitation. The precipitate was removed by vacuum filtration and the
filtrate was collected and transferred to a separatory funnel. The organic layer was set
aside and the residual aqueous layer was extracted with diethyl ether (3 x 10 mL).
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Additional precipitate was removed during the extraction by vacuum filtration. The
aqueous layers were collected and basified with 2 N NaOH (15 mL). The basified
aqueous layer was extracted with additional diethyl ether (3 x 10 mL). All organic
layers were combined and washed with water (1 x 30 mL), brine (1 x 30 mL) and
were dried over anhydrous magnesium sulfate. The drying agent was removed via
vacuum filtration and the volatiles were removed from the filtrate under reduced
pressure. The crude sample was purified by flash chromatography using an eluent
system of hexanes:EtOAc:TEA (99:1:3). Fractions eluted from the column contained
reduced product 2.13 as a crude mixture and its mass (0.0098 g, 33%) was estimated
by using the integrations of all identified signals from the 1H NMR spectrum of the
crude sample after purification by flash chromatography (see Figure A21), followed
by the mass of that sample (0.0179 g). The 1H NMR spectrum of the crude mixture
also contained residual solvents including hexanes, diethyl ether, dichloromethane,
cyclohexane, triethylamine and silicon grease, as well as other small unidentified
impurities.

iii.

BPY 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium 2.1 (0.5742 g, 0.71 mmol) in 16 mL benzene; KHMDS (0.1418 g, 0.71
mmol) in 2 mL benzene. N-benzyl-4-methyl-N-phenylbenzenesulfonamide, 2.12
(0.1000 g, 0.30 mmol) in 2 mL benzene was added to the mixture containing 1.21b.
The reaction flask was stirred for 16 hours at room temperature. The reaction mixture
was quenched with water (10 mL) and was extracted with benzene (40 mL). The
organic and aqueous layers were separated and the aqueous phase was further washed
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with benzene (3 x 10 mL). Additional precipitate was removed from the collected
organic layers via vacuum filtration and the volatiles of the organic layer were
removed under reduced pressure, resulting in an orange, crude solid. The solid was
dissolved in a minimal amount of benzene (5 mL) and was then further treated with
diethyl ether (150 mL), resulting in an oily precipitate. The mixture was stirred
vigorously overnight, resulting in the solidification of the oil. The solids were
removed via vacuum filtration and the filtrate was concentrated under reduced
pressure. The resulting orange, crude oil was purified via flash chromatography using
an eluent system of EtOAc:hexanes (1:4). The fractions containing reduced product
2.13 were collected and their volatiles were removed under reduced pressure. The
residues from each fraction were dissolved in d-chloroform for NMR analysis. A
fraction containing recovered starting material 2.12 was also collected and was
isolated as a white solid (see Figure A22). 1H-NMR (400 MHz, CDCl3): δ 2.44 ppm
(3H, s, ArCH3), δ 4.73 ppm (2H, s, CH2), δ 6.97-7.00 ppm (2H, m, ArH), δ 7.19-7.23
ppm (8H, m, ArH), δ 7.27-7.29 ppm (2H, m, ArH), δ 7.54-7.56 ppm (2H, m, ArH).
Total masses of 2.12 (0.0317 g, 31.7%) and 2.13 (0.0098 g, 18%) (see Figure A23)
were determined by qNMR spectroscopy.

iv.

BPY 1.21b was generated according to the general procedure (Scheme 5.1):
pyridinium 2.1 (0.5335 g, 0.66 mmol) in 16 mL benzene; KHMDS (0.1322 g, 0.66
mmol) in 2 mL benzene. After adequate formation of the in situ generated electron
donor was confirmed via 31P – NMR spectroscopy, the reaction flask was placed in a
-35 °C freezer in the glovebox for 1 hour. N-benzyl-4-methyl-N-phenylbenzene82

sulfonamide, 2.12 (0.0523 g, 0.15 mmol) in 2 mL benzene was added to the mixture
containing 1.21b. The reaction flask was removed from the glovebox and was placed
in an ice bath, gradually warming up to room temperature. After stirring for 16 hours,
the reaction was quenched with water (10 mL) and was extracted with benzene (40
mL). The organic and aqueous layers were separated and the aqueous phase was
washed with benzene (3 x 10 mL). Additional precipitate was removed from the
organic layers via vacuum filtration and the volatiles of the combined organic layers
were removed under reduced pressure, resulting in an orange solid. The crude solid
was dissolved in a minimal amount of benzene (5 mL) and was further treated with
diethyl ether (150 mL), resulting in an oily precipitate. The mixture was stirred
rapidly overnight. After vigorous stirring, the oil solidified, which was removed via
vacuum filtration. The filtrate was concentrated under reduced pressure. The crude
sample was dissolved in chloroform (10 mL) and its volume was reduced in the
presence of silica (~1 g). Hexanes (50 mL) was added to the silica and the suspension
was heated in an oil bath at 40 °C for an hour, while stirring. The silica was removed
by vacuum filtration and the filtrate was collected. Volatiles were removed under
reduced pressure to give a colorless oil, which was dissolved in d-chloroform for
NMR analysis. The concentration of reduced product 2.13 (52.8 mM, 0.0097, 34%)
(see Figure A24) from the crude sample was determined by qNMR spectroscopy.

83

Reduction of 4-methyl-N,N-dioctylbenzenesulfonamide, 2.14

BPY 1.21b was generated according to the general procedure (Scheme 5.1): pyridinium
2.1 (0.5217 g, 0.65 mmol) in 8 mL benzene; KHMDS (0.1419 g, 0.71 mmol) in 2 mL
benzene. 4-methyl-N,N-dioctylbenzenesulfonamide, 2.14 (0.0610 g, 0.15 mmol) in 4 mL
benzene was added to the mixture containing 1.21b. The reaction mixture was heated at
110 °C in a sealed pressure flask for 24 hours. Upon cooling to room temperature, the
reaction mixture was quenched with 1 M HCl (10 mL). Diethyl ether (40 mL) was added
and the reaction flask was agitated. The resulting yellow solid was removed via vacuum
filtration and the filtrate was transferred into a separatory funnel. The aqueous phase was
collected and washed with diethyl ether (3 x 10 mL). The organic layers were collected
and set aside, while the residual aqueous layers were basified with 2 N NaOH (10 mL).
The basified aqueous layers were further extracted with diethyl ether (3 x 10 mL).
Additional precipitate was removed from the organic layers by vacuum filtration. The
combined organic layers were washed with water (1 x 10 mL), brine (1 x 10 mL) and
were then dried over anhydrous magnesium sulfate. The drying agent was removed by
vacuum filtration and the filtrate was concentrated under reduced pressure, yielding a
yellow oil. The crude oil and the solid collected throughout the work-up were dissolved
separately in chloroform (5 mL) and were each treated with additional 2 N NaOH (10
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mL). Both organic layers were collected and were concentrated separately in the presence
of silica (~1 g). Diethyl ether (50 mL) was added to the silica and each suspension was
stirred for 1 hour. The silica was removed from both suspensions by vacuum filtration
and was washed with additional diethyl ether (20 mL). The volatiles from each wash
were removed under reduced pressure to give a colorless oil, which was dissolved in dchloroform for NMR analysis. The concentration of 2.15 obtained from the crude oil
(87.8 mM, 0.0212 g) (see Figure A25) and the collected solid (4.7 mM, 0.0011 g) was
determined by qNMR spectroscopy (total mass of 2.15 = 0.0223 g, 60%).
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Birch Reduction of Anthracene, 2.16

BPY 1.21b was generated according to the general procedure (Scheme 5.1): pyridinium
2.1 (0.5431 g, 0.67 mmol) in 16 mL benzene; KHMDS (0.1480 g, 0.74 mmol) in 2 mL
benzene. Anthracene, 2.16 (0.0299 g, 0.17 mmol) in 2 mL benzene was added to the
mixture containing 1.21b. The reaction mixture was heated at 110 °C in a sealed pressure
flask for 24 hours. Upon cooling to room temperature, the reaction mixture was quenched
with 1 M HCl (10 mL) and extracted in benzene (40 mL). The organic and aqueous
layers were separated and the aqueous phase was washed with benzene (3 x 10 mL).
Additional precipitate was removed from the organic layers during the extraction via
vacuum filtration. The volatiles of the organic layers were removed under reduced
pressure, resulting in an orange solid. The crude solid was dissolved in a minimal amount
of benzene (5 mL) and was then treated with diethyl ether (150 mL), resulting in an oily
precipitate. The mixture was stirred vigorously overnight, resulting in solidification of the
oil. The solid was removed via vacuum filtration. Volatiles of the filtrate were
concentrated under reduced pressure, yielding a yellow oil. The crude oil was dissolved
in chloroform (10 mL) and its volume was reduced in the presence of silica (~1 g).
Hexanes (50 mL) was added to the silica and the suspension was heated in an oil bath at
40 °C for an hour, while stirring. The silica was removed by vacuum filtration and the
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volatiles of the filtrate were removed under reduced pressure, resulting in a colorless oil.
The oil was dissolved in d-chloroform for NMR analysis (Figure A26). The
concentration of 2.16 (29.54 mM, 0.0105 g, 35%) was determined from the crude sample
by qNMR spectroscopy. Unreacted 2.16 was identified in the crude 1H NMR spectrum by
comparison to literature reports.39 The concentration of reduced product 2.17 (1.564 mM,
0.0006 g, 2%) from the crude sample was determined by qNMR spectroscopy, based on a
tentative assignment for the chemical shift of the methylene singlet for 2.17 (δ 3.82 ppm,
4H).2
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5.6 Experimental Procedures for Chapter 3

Synthesis of Amino(triphenyl)phosphonium Bromide, 3.5

3.5
Compound 3.5 was prepared according to modified literature procedures.42,43 A
suspension of triphenylphosphine (17.533 g, 66.8 mmol, 1.0 eq.) in acetonitrile (110 mL)
was cooled to 20 ºC in an ice bath, prior to the dropwise addition of bromine (3.50 mL,
68.3 mmol, 1.0 eq.), resulting in an orange colored mixture. Ammonia gas was then
bubbled into the reaction flask for a period of 15 minutes, forming an off-white colored
precipitate. Diethyl ether (100 mL) was added to the reaction mixture and the solid was
collected by vacuum filtration. To facilitate the removal of ammonium bromide, a liquidliquid extraction was performed using chloroform and water. The crude solid was partly
dissolved in chloroform (150 mL) and the resulting organic layer was washed with water
(4 x 50 mL). The aqueous phases were collected and washed with chloroform (1 x 40
mL). The combined organic phases were dried over anhydrous magnesium sulfate,
filtered and were concentrated in vacuo. Diethyl ether (50 mL) was added to the
concentrated solution, allowing for the precipitation of 3.5 as a white solid. Compound
3.5 (17.426 g, 73%) was collected by vacuum filtration and was dried under vacuum at
100 ºC for four hours. Spectral data was in agreement with the literature.42
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Synthesis of Protonated Phosphine 3.7-PF6

3.7-PF6
Compound 3.7-PF6 was prepared according to modified literature procedures.44,46 Under
an inert and moisture-free atmosphere, 1,8-diazabicyclo[5.4.0]-undec-7-ene, DBU (1.55
mL, 10.4 mmol, 1.5 eq.) was administered dropwise to a suspension of 3.5 (2.458 g, 6.7
mmol, 1.0 eq.) in THF (44 mL). The reaction mixture was stirred for two hours at room
temperature and was then analyzed by

31

P NMR spectroscopy for the formation of

iminophosphorane 3.6 (δ 16.9 ppm, see Figure A31). The contents of the flask were then
cooled in an ice bath, prior to the dropwise addition of phosphorus trichloride (0.20 mL,
2.3 mmol, 0.3 eq.). After a period of 30 minutes, the flask was removed from the ice bath
and the mixture was stirred for two hours under argon, yielding a white precipitate.
Diethyl ether (20 mL) was added to the reaction flask and the crude solid was collected
via vacuum filtration. The crude solid was then dissolved in chloroform (30 mL) and was
washed with distilled water (4 x 30 mL). The collected organic phases were further
treated with 0.1 M lithium hexafluorophosphate (15 mL, 1.7 mmol, 3.9 eq.), followed by
a final wash with distilled water (30 mL). The collected organic phases were then dried
over anhydrous magnesium sulfate, filtered and were concentrated in vacuo. The product
was precipitated from solution with diethyl ether (40 mL) to afford 3.7-PF6 (1.455 g, 71
%) as a white solid. Spectral data was in accordance with literature reports (for 3.789

Cl).44,46 Phosphonium 3.7-PF6 was further recrystallized from hot ethanol. m.p.: 252253˚C.45 31P NMR (121.4 MHz, CD3CN): δ -143.21 ppm (sept, J= 706.5 Hz, PF6-), δ 10.67 ppm (s, 1P), δ 13.41 ppm (s, 3P). 1H NMR (400 MHz, CD3CN): δ 7.35 ppm (dq,
J= 580.0 Hz, J= 5.3 Hz, P-H), δ 7.41 ppm (m, 36H, Ph-H), δ 7.59 ppm (m, 9H, Ph-H).
13C

NMR (100.6 MHz, CD3CN): δ 129.83 ppm (d, J= 13.1 Hz, Ph-CH), δ 130.96 ppm

(d, J= 4.0 Hz, Ph-C), δ 133.36 ppm (d, J= 11.1 Hz, Ph-CH), δ 133.60 ppm (d, J= 3.0 Hz,
Ph-CH).
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Synthesis of Chlorophosphonium 3.8

3.8

Under an inert and moisture-free atmosphere, potassium tert-butoxide (0.1343 g, 1.2
mmol, 1.2 eq.) was added slowly to a suspension of phosphonium 3.7-PF6 (0.9943 g, 1.0
mmol, 1.0 eq.) in toluene (150 mL). The pressure flask was heated overnight at 50 °C in
an oil bath, resulting in a vibrant orange solution. The reaction mixture was filtered in the
glovebox by vacuum filtration. The filtrate was then placed in a -35 ˚C freezer for 1 hour,
prior to the dropwise addition of a chilled solution of hexachloroethane (0.2595 g, 1.1
mmol, 1.1 eq.) in toluene (10 mL), immediately resulting in a grey, cloudy mixture. The
reaction was stirred for 2 hours and a brown solid was collected by vacuum filtration,
resulting in crude 3.8 (0.561 g, ~61 %), which was used in subsequent reactions without
further purification. m.p. 171 ºC (dec). Spectral data was in accordance with the
literature.47 31P NMR (121.4 MHz, CDCl3): δ -4.26 ppm (s, 1P), δ 12.61 ppm (s, 3P). 1H
NMR (400 MHz, CDCl3): δ 7.36 ppm (m, ortho/meta-Ph-H, 36 H), δ 7.59 ppm (m, paraPh-H, 9H). 13C NMR (100.6 MHz, CDCl3): δ 127.90 ppm (d, J= 5.0 Hz, Ph-C), δ 128.92
ppm (d, J=13.1 Hz, ortho/meta-Ph-CH), δ 132.87 ppm (d, J=11.0 Hz, ortho/meta-PhCH), δ 133.01 ppm (d, J= 3.0 Hz, para-Ph-CH). HRMS (ESI+): m/z calculated for
C54H45ClN3P4+: 894.2247 [M+1] found: 894.2249. Impurity observed in 31P NMR (121.4
MHz, CDCl3): δ 11.50 ppm (see Figure A37).
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Synthesis of Aminopyridinium 3.9

3.9
Compound 3.9 was prepared according to literature procedures.48 Iodomethane (1.60 mL,
25.7 mmol, 1.2 eq.) was added dropwise to a solution of 4-aminopyridine (2.001 g, 21.3
mmol, 1.0 eq.) in acetone (50 mL). Immediate precipitation of a white solid was observed
within a minute of the addition of iodomethane. The reaction was stirred for 30 minutes
and diethyl ether (25 mL) was added, allowing for the precipitation of 3.9 as a white
solid. Compound 3.9 (4.0498 g, 81%) was collected via vacuum filtration, washed with
additional diethyl ether (2 x 10 mL) and was dried briefly in vacuo. m.p: 179-182 ˚C
(lit.).48 1H NMR (300 MHz, D2O): δ 3.93 ppm (s, 3H, CH3), δ 6.86 ppm (d, J= 6.0 Hz,
meta-Pyr-H), δ 7.95 ppm (d, J= 6.0 Hz, ortho-Pyr-H). 13C NMR (100.6 MHz, CD3CN):
δ 45.77 ppm (s, CH3), δ 110.59 ppm (s, meta-Pyr-C), δ 144.54 ppm (s, ortho-Pyr-C), δ
159.55 ppm (s, para-Pyr-C).

92

Synthesis of Pyridinium 3.10

3.10
Under an inert and moisture-free atmosphere, pyridinimine 3.11 (0.1704 g, 1.6 mmol, 2.7
eq.) was added slowly to a suspension of chlorophosphonium 3.8 (0.5417 g, 0.58 mmol,
1.0 eq.) in acetonitrile (17 mL), resulting in a cloudy, brown mixture. The reaction was
stirred for two days and a precipitate was filtered off from solution via vacuum filtration.
The volatiles of the filtrate were removed under reduced pressure and the resulting brown
solid was dissolved in chloroform (30 mL). The organic layer was washed with distilled
water (4 x 10 mL) and the aqueous phases from each wash were extracted with additional
chloroform (15 mL). The combined organic phases were dried over anhydrous
magnesium sulfate, filtered and were concentrated in vacuo. Diethyl ether (75 mL) was
added to the concentrated solution and the mixture was filtered via vacuum filtration,
yielding a beige solid, 3.10 (0.461 g, 79 %). m.p. 89 ºC (dec).

31P

NMR (121.4 MHz,

CD3CN): δ -0.76 ppm (s, 1P, -N=P-N), δ 6.21 ppm (s, 3P, -PPh3). 1H NMR (400 MHz,
CD3CN): δ 3.44 ppm (s, 3H, CH3), δ 6.31 ppm (d, J= 6.7 Hz, 2H, meta-Pyr-H), δ 6.99
ppm (d, J= 6.4 Hz, 2H, ortho-Pyr-H), δ 7.29 ppm (m, ortho/meta-Ph-H, 18H), δ 7.44
ppm (m, ortho/para-Ph-H, 18H), δ 7.52 ppm (m, para-Ph-H, 9H). 13C NMR (100.6 MHz,
CD3CN): δ 43.60 ppm (s, CH3), δ 116.86 ppm (d, J= 23.8 Hz, meta-Pyr-CH), δ 128.87
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ppm (d, J= 12.2 Hz, P-C), δ 129.29 ppm (d, J= 12.6 Hz, ortho/meta-Ph-CH), δ 132.77
ppm (d, J= 2.9 Hz, para-Ph-CH), δ 133.74 ppm, (d, J= 10.7 Hz, ortho/meta-Ph-CH), δ
140.07 ppm (s, ortho-Pyr-CH), δ 161.11 ppm (Pyr-C). HRMS (ESI+): m/z calculated for
C60H52N5P4+: 966.3168 [M+1] found: 966.3153.
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Synthesis of Imine 3.11

3.11
Compound 3.11 was prepared according to a procedure established in the Dyker group.50
Under an inert and moisture-free atmosphere, potassium tert-butoxide (0.2849 g, 2.5
mmol, 1.2 eq.) was slowly added to a suspension of pyridinium 3.9 (0.4963 g, 2.1 mmol,
1.0 eq.) in benzene (15 mL). The reaction was stirred overnight, then filtered via vacuum
filtration. The reaction flask was heated at 50 °C in an oil bath and volatiles were
removed under reduced pressure, yielding a pale yellow solid, 3.11 (0.1952 g, 86%). m.p.
96 ˚C (dec).45 1H NMR (400 MHz, CD3CN): δ 3.29 ppm (s, 3H, CH3), δ 5.78 ppm (d, J=
7.6 Hz, 2H, meta-Pyr-H), δ 6.25 ppm (br s, 1H, NH), δ 6.70 ppm (d, J= 7.7 Hz, 2H,
ortho-Pyr-H).

13C

NMR (100.6 Hz, CD3CN): δ 42.34 ppm (s, CH3), δ 113.84 ppm (s,

meta-Pyr-C), δ 138.15 ppm (s, ortho-Pyr-C), δ 164.58 ppm (s, para-Pyr-C).
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Appendix A
Selected NMR spectra in the order of appearance from Chapter’s 2 and 3.

Figure A1. 31P NMR spectrum of BPY 1.21b after two hours in benzene. BPY 1.21b: δ
12.89 ppm, δ 17.29 ppm, δ 18.86 ppm, δ 19.22 ppm. Intermediate species: δ 24.2 ppm, δ
24.7 ppm.

Figure A2. Stacked 31P NMR spectra, monitoring the formation of BPY 1.21b over time.
Experiment conducted by Brandon Frenette.32

Figure A3. Stacked 31P NMR spectra, monitoring the formation of BPY 1.21a in benzene
over time.

Figure A4. 1H NMR (400 MHz, CDCl3) of crude oil obtained (after aqueous work-up)
from the reduction of 2.2 to 2.3 using BPY 1.21b. Expansion shows residual 2.2 (1H, d, δ
8.25 ppm) and 2.3 (4H, m, δ 7.85 ppm). Integrations for 2.2 and 2.3 used to determine
conversion. 1,3,5-trimethoxybenzene: δ 3.77 ppm (s, 9H, CH3), δ 6.11 ppm (s, 3H, ArH).

Figure A5. 1H NMR (400 MHz, CDCl3) of crude mixture containing 2.7 from the
reduction of 2.4 using BPY 1.21b (according to Table 2.2, entry 2). Integration at δ 2.50
ppm (m, 1H) used to determine the concentration of 2.7 by qNMR spectroscopy.

Figure A6. 1H NMR (400 MHz, CDCl3) of a crude sample of 2.7 with residual hexanes
and other small unidentified peaks. Integrated regions pertaining to 2.7.

Figure A7.
hexanes.

13

C NMR (100.6 MHz, CDCl3) of a crude sample of 2.7 with residual

Figure A8. Gas chromatogram of 2.7 isolated from the reduction of 2.4 using BPY 1.21b
(Table 2.2, entry 2). Retention time of 10.936 min.

Figure A9. Mass spectrum of 2.7 (M+, 160) isolated from the reduction of 2.4 using
BPY 1.21b (Table 2.2, entry 2).

Figure A10. 1H NMR (400 MHz, CDCl3) of reaction mixture (after aqueous work-up)
from the reduction of 2.4 using BPY 1.21b (according to Table 2.2, entry 3). Expansion
shows unreacted 2.4 (t, δ 3.92 ppm, OCH2, 2H), 2.5 (t, δ 3.97 ppm, , OCH2, 2H) and 2.6
(t, δ 4.01 ppm, OCH2, 2H) and these integrations were used to determine conversions of
2.4 to 2.5 and 2.6.

Figure A11. 1H NMR (400 MHz, CDCl3) of 2.5 with residual hexanes after column
chromatography (according to Table 2.2, entry 3).

Figure A12. Gas chromatogram of 2.5 isolated from the reduction of 2.4 using BPY
1.21b (Table 2.2, entry 3). Retention time of 13.605 min.

Figure A13. Mass spectrum of 2.5 (M+, 212) isolated from the reduction of 2.4 using
BPY 1.21b (Table 2.2, entry 3).

Figure A14. 1H NMR (400 MHz, CDCl3) of 2.6 with residual hexanes after column
chromatography (according to Table 2.2, entry 3).

Figure A15. Gas chromatogram of 2.6 isolated from the reduction of 2.4 using BPY
1.21b (Table 2.2, entry 3). Retention time of 17.387 min.

Figure A16. Mass spectrum of 2.6 (M+, 288) isolated from the reduction of 2.4 using
BPY 1.21b (Table 2.2, entry 3).

Figure A17. 1H NMR (400 MHz, CDCl3) of reaction mixture (after aqueous work-up)
from the reduction of 2.11 using BPY 1.21b (Table 2.3, entry 2). Expansion shows
unreacted 2.11 (t, δ 3.92 ppm, OCH2, 2H) and 2.5 (t, δ 3.96 ppm, , OCH2, 2H). These
integrations were used to determine conversion of 2.11 to 2.5.

Figure A18. Gas chromatogram of 2.5 isolated from the reduction of 2.6 using BPY
1.21b. Retention time of 13.661 min.

Figure A19. Mass spectrum of 2.5 (M+, 212) isolated from the reduction of 2.6 using
BPY 1.21b.

Figure A20. 1H NMR (400 MHz, CDCl3) of crude oil obtained from the reduction of
2.12 (according to Table 2.4, entry 2) using BPY 1.21b. Expansion shows aromatic
region pertaining to reduced product 2.13. Integration at δ 4.02 ppm (bs, NH, 1H) and δ
4.34 ppm (s, CH2, 2H) were used to determine the concentration of 2.13 by qNMR
spectroscopy.

Figure A21. 1H NMR (400 MHz, CDCl3) of crude solid obtained from the reduction of
2.12 to 2.13 (according to Table 2.4, entry 3) using BPY 1.21b. Integrations and mass of
crude sample (0.0179 g) used to determine the purity of 2.13 within crude mixture.

Figure A22. 1H NMR (400 MHz, CDCl3) of reduced product 2.13 collected after flash
chromatography from the reduction of 2.12 (according to Table 2.4, entry 4) using BPY
1.21b. Integrations at δ 4.03 ppm (1H, bs, NH) and δ 4.34 ppm (2H. s, CH2) used to
determine the concentration of 2.13 from the crude sample by qNMR spectroscopy

Figure A23. 1H NMR (400 MHz, CDCl3) of recovered 2.12 with residual hexanes after
flash chromatography from the reduction of 2.12 to 2.13 (according to Table 2.4, entry
4) using BPY 1.21b. Integrations at δ 2.44 ppm (3H, s, ArCH3) and δ 4.73 ppm (2H. s,
CH2) used to determine the concentration of 2.12 from the crude sample by qNMR
spectroscopy.

Figure A24. 1H NMR (400 MHz, CDCl3) of the crude mixture containing 2.13 from the
reduction of 2.12 (according to Table 2.4, entry 5) using BPY 1.21b. Integrations at δ
4.03 ppm (1H, bs, NH) and δ 4.36 ppm (2H. s, CH2) used to determine the concentration
of 2.13 from the crude sample by qNMR spectroscopy.

Figure A25. 1H NMR (400 MHz, CDCl3) of an impure sample of 2.15 obtained from the
reduction of 2.14 (according to Table 2.5, entry 3) using BPY 1.21b. Expansion shows
reduced product 2.15 (t, δ 2.58 ppm, N-CH2, 4H). Integration at δ 2.58 ppm used to
determine the concentration of 2.15 by qNMR spectroscopy.

Figure A26. 1H NMR (400 MHz, CDCl3) of the crude mixture containing recovered 2.16
and reduced product 2.17 (tentative assignment) from the reduction of 2.16 (according to
Table 2.6, entry 2) using BPY 1.21b. Integrations at δ 3.82 ppm (4H, s, CH2) and δ 8.43
ppm (2H. s, ArH) used to determine the concentration of 2.17 and 2.16 respectively, from
the crude sample by qNMR spectroscopy.

Figure A27. 31P NMR spectrum of bridged BPY 2.22 in benzene.

Figure A28. 31P NMR spectrum (121.4 MHz, CDCl3) of 3.5.

Figure A29. 1H NMR spectrum (400 MHz, CDCl3) of 3.5.

Figure A30. 13C NMR spectrum (100.6 MHz, CDCl3) of 3.5.

Figure A31. 31P NMR spectrum (121.4 MHz, THF) of in situ generated 3.6.
Triphenylphosphine oxide: δ 24.2 ppm.

Figure A32. 31P NMR spectrum (121.4 MHz, CD3CN) of 3.7-PF6.

Figure A33. Proton-coupled 31P NMR (121.4 MHz, CD3CN) of 3.7-PF6.

Figure A34. 1H NMR spectrum (400 MHz, CD3CN) of 3.7-PF6.

Figure A35. 13C NMR spectrum (100.6 MHz, CD3CN) of 3.7-PF6.

Figure A36. 31P NMR spectrum (121.4 MHz, DMSO) of in situ generated 1.22.

Figure A37. 31P NMR (121.4 MHz, CDCl3) of 3.8.

Figure A38. 1H NMR spectrum (400 MHz, CDCl3) of 3.8 with residual toluene.

Figure A39. 13C NMR spectrum (100.6 MHz, CDCl3) of 3.8.

Figure A40. DEPTQ NMR spectrum of 3.8 in CDCl3.

Figure A41. 2D 1H-13C HSQC NMR spectrum of 3.8 in CDCl3 (zoomed into the
aromatic region).

Figure A42. High-resolution mass spectrum of 3.8.

Figure A43. 1H NMR spectrum (300 MHz, D2O) of 3.9.

Figure A44. 13C NMR spectrum (100.6 MHz, CD3CN) of 3.9.

Figure A45. 1H NMR spectrum (400 MHz, CD3CN) of 3.11.

Figure A46. 13C NMR spectrum (100.6 MHz, CD3CN) of 3.11.

Figure A47. 31P NMR spectrum (121.4 MHz, CD3CN) of 3.10

Figure A48. 1H NMR spectrum (400 MHz, CD3CN) of 3.10 with residual diethyl ether.

Figure A49. 2D 1H-13C HSQC NMR spectrum of 3.10 in CD3CN.

Figure A50. 13C NMR spectrum (100.6 MHz, CD3CN) of 3.10.

Figure A51. 2D 1H-13C HMBC NMR spectrum of 3.10 in CD3CN.

Figure A52. High-resolution mass spectrum of 3.10.

Figure A53. 31P NMR spectrum (121.4 MHz, C6H6) of the reaction mixture following the
deprotonation of pyridinium 3.10 by KHMDS under thermal conditions, revealing
unreacted 3.10.

Figure A54. 31P NMR spectrum (121.4 MHz, CDCl3) of the solid collected from the
reaction mixture following the deprotonation of pyridinium 3.10 by KHMDS under
thermal conditions, revealing unreacted 3.11.

Figure A55. 31P NMR spectrum (121.4 MHz, C6H6) of the reaction mixture following the
deprotonation of pyridinium 3.10 by n-BuLi.
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