"Your eyes can eject tears [during grad school] to reflect any number of lesser emotions. Here's how to stop these

involuntary shows of feeling [and weakness]:

Tears of Sadness: To stop yourself from crying, just remember that no matter how bad things seem, they would be even

worse if you were a dinosaur—because you would be dead.

Tears of Joy: To throw off predators who will not hunt sad animals, your body may leak tears even if you are happy.

Regain your composure by reflecting on a serious loss of life, such as the dinosaurs.
Tears of Hunger: If you haven't eaten in a few hours, you will start crying.

Tears of Passion: When your soul is enraptured by lust, your eyes will bleed tears to reflect the "ocean of love" you're

swimming in. And then one day? BOOM! The whole world gets blown up by an asteroid, dinosaur-style."

- Groupon Cat

"

"If you wish to make an apple pie from scratch, you must first invent the universe.
"Matter is composed chiefly of nothing "

"The fossil record implies trial and error, an inability to anticipate the future, features inconsistent with an efficient

”

Great Designer.

- Carl Sagan
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Abstract

The work presented herein is focused on the synthesis and characterization of inorganic
materials for potential use in electronic and photovoltaic applications.

Platinum containing complexes of the form L,Pt(SC,H,Br), (x =1, L = dppe, dppp; x =2, L
= PBus, PAr;), were synthesized using methods adapted from established literature procedures. The
complexes were tested for their ability to undergo polymerization using known cross-coupling
techniques. The ultimate goal of this study was to prepare photovoltaic polymers in polymer-based
solar cells. For the complex (Bu;P),Pt(SCs;H,Br),, it was found that polymerization was possible,
with crude materials having molecular weights ranging from 3500 - 38 000 g/ mol. We were unable
to purify the polymeric materials due to high solubility of the crude product in all organic solvents.
For the cases involving dppe and dppp, polymerization was not achieved, and simple cross-coupling
reactions involving monofunctional thienyl-Br linkages were attempted. Preliminary synthetic
routes towards sterically bulky Pt complexes were also attempted.

Boron nitride (BN) is a ceramic with hardness akin to diamond in its cubic form, and has an
exceptionally high thermal conductivity, making it ideal as a heat transfer agent in microelectronics.
We began looking at molecular boron nitride systems by isolating inorganic analogues of ethene
(H.BNH,), in the form of donor-acceptor adducts of the form LB-H,BNRR"-BH; (LB = DMAP, IPr,
IP=CH, and R, R' = H, H; Me, Me; H, 7Bu). Preliminary dehydrogenation chemistry was
performed with [Rh(COD)CI], and MBr, (M = Cu, Ni), to yield borazine as a byproduct, suggesting
the presence of HBNH as an intermediate species. The efficacy of these adducts to yield parent

iminoboranes and molecular boron nitride was also explored.
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Chapter 1
Introduction

1.1 Foreword

The primary focus of the research presented in this Thesis involves the synthesis of materials
for potential applications in solar cell and microelectronics technologies. Specifically, the first
research chapter of this Thesis (Chapter 2) describes the attempted synthesis of new platinum-
containing polymers for use in solar cells. The second research chapter (Chapter 3) involves the
synthesis of donor-acceptor adducts of inorganic ethene derivatives (H,.BNR,, R = H, Me, /Bu) and
the exploration of these species as precursors for boron nitride (BN), a useful thermal conductor in
microelectronics. In particular, the attempted dehydrogenation of these adducts to give complexes
of inorganic ethyne (HBNR) and BN was explored. The relevant background material for Chapters

2 and 3 is described in sections 1.2 and 1.3, respectively.

1.2 Platinum-containing polymers for use in polymer-based photovoltaics

The term "solar cell" is conventionally used to describe a device that takes energy in the
form of photons, and transforms it into electrical energy. This phenomenon can be traced back to
what is most famously described as the photoelectric effect, where a photon impinges energy upon a
material, ejecting an electron from the surface, inducing a form of photoconductivity. Discovered by
Hertz [1] and described by Einstein [2], this phenomenon began what would later develop into solar
cell technology. While Hertz and Einstein are considered some of the forefathers of photovoltaics,
Smith [3], Adams and Day [4] were the first to observe the "effect of light on selenium" in 1873 and
1876 respectively. These bodies of work are responsible for discovering and laying the groundwork

for what is now the modern field of photovoltaics.



1.2.1 Current solar-cell technology

Solar cells work on the simple principle of excitation of electrons from the valence band of a
semiconducting material into the conduction band. The valence band can be described as a linear
combination of the highest occupied molecular orbitals of the base unit of any material (in the case
of bulk silicon, the 2p orbitals on Si atoms; in the case of a polymer, the HOMO of the monomer
unit). In the same sense, the conduction band can be described as a linear combination of the lowest
unoccupied molecular orbitals of the base unit. The energy difference between the two is known as
the band-gap, which can be measured as the energy difference (E,) between the highest occupied
level of the valence band (E,) and the lowest unoccupied level of the conduction band (E.), such
that the following relation is true: E, = |E. - E,|. The primary function of a solar cell is to use
electrons that have been photoexcited across the band-gap for work in photovoltaic cells [5a].

While solar cells were first developed on the principles of bulk semiconducting materials
like Se and Si [5b], the technology has diversified into several sub-categories. The most prevalent
types of solar cell under investigation as of 2012 are crystalline Si, semiconducting thin-film,
quantum dot based, dye-sensitized, organic / inorganic polymer based, and multijunction cells [5].
While each type of cell has their strengths and weaknesses (which will be discussed later), all solar
cells are bound by the physical limits of photoconductivity. An ideal solar cell would take in all
usable energy from the sun, and convert it into electricity, which can be measured as the ratio of
usable electrical energy output to solar energy input from the sun, giving a photovoltaic conversion
efficiency (PCE); i.e., Ei, = Eou, therefore Eq./Ei, = 100%. However, the physical limits of solid
state p-n junctions and device limitations prevent this from happening, giving the more realistic
relation: Ei, >>> Equ. In 1961, it was first predicted by Shockley and Queisser that for a single p-n
junction (a boundary between p-type (electron poor) and n-type (electron rich) semiconducting
materials), the maximum amount of solar energy that can be converted into electric energy is 30%.

This is limitation is refered to as the Shockley-Queisser limit, or more appropriately, the detailed



balance limit [6].

The described efficiency losses stem from three key physical events. The first involves the
blackbody nature of all matter, whereby radiation emission above 0 K prevents absorption in the
emitted energy range. The second involves electron-hole recombination, where an excited electron
recombines with a positive lattice hole instead of moving to the electrode, re-emitting the absorbed
energy. The last form of efficiency loss arises from portions of the solar spectrum energetically
insufficient to excite an electron from the valence band to the conduction band. This is the most
significant source of loss, as any photon with energy less than the band-gap of the material, will not
result in photocurrent, and is reflected as light or emitted as heat through non-radiative rovibrational
decay. It was later calculated by De Vos in 1980 [7], that for an infinite series of p-n junctions, the
maximum theoretical efficiency of such a cell is 86%. In a more pragmatic calculation, it was
proven that the maximum for two and three tandem junction cells is 42% and 49%, respectively.
However, if a solar cell can be manufactured at, or better than, grid parity (a measure that indicates
whether a new form of electricity can match or decrease the current infrastructure's cost per watt)
with today's means, an efficiency of even half of these theoretical maxima would allow for the
optimal absorption of the 120 000 TW of power the sun provides daily; of note, global energy

requirements comparitively are minimal, at needs of 15 - 20 TW [8].



Figure 1.2.1: General schematic for a polymer-based bulk heterojunction solar cell device (top).
The relative energy levels of the HOMO and LUMO levels for the relative components are shown
(bottom). The HOMO-LUMO level for PEDOT:PSS is not shown, as it is not required for a
standard solar cell to function, and this is meant for illustrative purposes only. [15]

The most widely used bulk material in solar cells is single crystal silicon (c-Si). Even though
the cost of producing solar cell grade c-Si is high ($210/MWh as opposed to $86/MWh for
hydroelectricity), the power conversion efficiency of these cells has increased rapidly over the years
to 25.0% [9]; moreover when a concentrated sunlight source was used, a maximum reported
efficiency of 27.6% was reported [10]. Producing large quantities of crystalline silicon at this high
cost is a significant challenge, therefore there is a focus on preparing solar cells consisting of thin-
films of semi-conductors that are cheaper and easier to produce. Currently, thin-films of semi-
conductors based on Cu, Ga, In, As, and several pnictides and chalcogenides are the most efficient
materials in thin-film semiconductor solar cells. Gallium arsenide (GaAs) is currently the gold
standard for thin-film solar cells, with a maximum reported efficiency of 28.2% for unconcentrated
sunlight, and 29.1% with concentrated sunlight [11]. When different semi-conducting thin-films are
grown epitaxially on top of one another, an increasing number of p-n junctions can be obtained,

resulting in cell efficiencies that can increase to over 40% [12]. The highest recorded PCE for a



solar cell is held by a three junction cell, composed of GalnP, GaAs, and GalnNAs layers. An
efficiency of 43.5% was achieved when highly concentrated sunlight was used (418 suns; 1 sun
represents the amount of solar radiation that strikes the earth per unit area [~930 W/m?]) [13].

While the solar cell efficiencies offered by thin film or crystalline Si are impressive, the
primary drawback is that they all require flat surfaces to prevent surface imperfections or extensive
breaking of the crystalline phases, that degrade device performance. This creates a niche where
organic and inorganic based polymers can be used, since polymeric materials do not require a flat
surface as they are not by necessity regioregular and are soluble in most organic solvents, making
them easily processable. Due to the increase of heterogeneous supermolecular disorder, light
absorption is less uniform, thus power conversion efficiencies for polymer-based solar cells
(PBSCs) are comparitively low (between 1% and 8%) [14], but this is balanced by the opportunity
to incorporate PBSCs onto non-uniform or highly disordered substrates. The basic design of a
PBSC is given in Figure 1.2.1 (note that a homogeneous donor-acceptor blended material is used).
This is required to separate charges generated by the excited conductive polymer. Donor materials
are conjugated polymers with a low band gap that generate excited state electrons when irradiated.
Acceptor materials (typically fullerene derivatives) are those that funnel electrons away from the
donor polymer towards the electrode, to prevent excited electron-hole recombination. Both
materials are intimately mixed in the device, in order to promote electron-hole separation that is
homogeneous throughout the donor:acceptor polymer layer of the device. Examples of donor
materials are given in Figure 1.2.2.

The polymers shown in Figure 1.2.2 have lead to the production of devices with a variety of
photovoltaic conversion efficiencies (PCEs, examples shown in later sections). In general, the PCE

of a solar cell (defined as 1) is calculated using the following equation.

VI FF

oc N&
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The variables V,, . and P represent the open circuit voltage, short circuit current and power input
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respectively. The fill factor (FF) is a measure of how closely the power output of a cell matches the
theoretical maximum (i.e., FF = [Py ™" / [Pou] ™) [15]. Polyphenylene vinylene (PPV) was the
first polymer used in a photovoltaic device, and its derivatives have since been used to develop
devices with PCEs between 0.75 and 2.5% [16] and, perform similarly to devices fabricated with
polyfluorenes [17]. Poly-3-hexylthiophene (P3HT) is an alternative cost-effective polymer that can
be synthesized from materials obtained from crude petroleum feedstocks. P3HT has been used to
construct devices with common power conversion efficiencies between 3 and 4% [18]. Organic
polymers have in recent years replaced or enhanced other components of the solar cell. For
example, the polymer blend of poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(styrenesulfonate) (PSS) has been used as a hole transport layer in devices with PCEs between
2% and 5% [18b, 19]. Nanowires of CdSe encapsulated in P3HT [20] and functionalized
benzodithiophene polymers (PTBs) [21] have been able to achieve PCEs of between 6 and 7%,
while 9.8% is the highest verified PCE for a polymeric solar cell derived from a P3HT variant [22].

A common trait amongst nearly all PBSCs in production today (i.e., Heliatek, Konarka, etc.)

OR
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CeH13
PTB
PPV P3HT R = alkyl group

Figure 1.2.2: Common polymers used in PBSCs. PPV =
poly(phenylvinylene), P3HT = poly(3-hexylthiophene), PTB
poly(benzodithiophene).

is the use of a specific electron acceptor material called phenyl-Cq-butyric acid methyl ester
(PCBM). The parent material, fullerene (Cq) was first studied using PPV derivatives [23], and
PCBM, this soluble derivative of Cg has been shown to take on as many as 6 electrons in a
reversible fashion [24, 25]. Due to the low efficiencies associated with PBSCs, the synthesis of

thermally stable low-cost polymers of high molecular weight with an appropriately small band-gap
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are required for widespread use of polymer-based devices. In 2006, Scharber and co-workers
designed a theoretical experiment to predict the necessary HOMO and LUMO levels of a donor
polymer to most efficiently work in tandem with PCBM, based on optimized polymer film
thicknesses, fill factors and average charge mobilities of previously fabricated devices. It was
predicted that the maximum single junction device efficiency using PCBM was between 10 and
11%, based on the limitations of the empirical factors inherent to the model, and the corresponding
donor polymer would need a bandgap of <1.74 eV and a LUMO level of <-3.94 eV [26].
Furthermore, to achieve a modest efficiency range of 4 - 8%, the corresponding polymer will need a
LUMO level between -3.2 and -3.7 eV, and a bandgap between 1.9 and 1.7 eV. With these
parameters in mind, it is possible to predict at a glance if a polymer is appropriate for PCBM-based

solar cells, without having to build costly prototype devices.

1.2.2 Metallopolymer chemistry

Metallopolymers are materials that contain metal atoms in the repeating monomer unit, and
are a growing class of polymer for consideration in PBSCs. While not all metallopolymers are
suitable for solar cells, there is a commonality in the synthetic methodologies used to prepare these
materials. The presence of transition metals in a polymer backbone allow for a rich variety of
bonding and reactivity due to the greater number of orbitals available to transition metal complexes
with respect to organic counterparts. In addition, the nature of the valence shell of most metals
allow for synthesis of highly coloured electron-rich materials. The following section comprises an
overview of some of the key metallopolymer work relevant to the synthesis of Pt-containing
polymers presented in section 1.2.3 and Chapter 2. Some of the first metallopolymers incorporated
ferrocene (Cp,Fe) as a building block (Cp = n’-CsHs) [27], and in recent years, Manners and co-
workers have explored the ring-opening polymerization (ROP) of dimethylsilaferrocenophane to

form polymers (such as 1) with controllable molecular weight distributions (Scheme 1.2.1).



Reactions of 1 with 2-vinylpyridine and N-trimethylsilyl(trichlorophosphoranimine) lead to the
formation of the block co-polymers 2 and 3, respectively [28, 29]. Notably, homopolymer 1 is
useful as a charge dissipation coating for satellites [30]. Moreover when ferrocene is incorporated as
a pendant group, highly coloured polymers can be obtained (Scheme 1.2.2, e.g., polymer 4), with

applications in chemosensing [31].
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Scheme 1.2.1: Ring-opening polymerization of dimethylsilaferrocenophane, followed by
formation of block co-polymers (2 and 3).
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Scheme 1.2.2: Synthetic approach to building ferrocenyl boron-modified polybithiophene (4),
a highly coloured material [31].

Another common type of metallopolymer are those generated by the cyclization of diynes
using Cp,ZrCl, (polymer 5, Scheme 1.2.3) [32]. The use of R{ECI, type compounds (E = S, P, Ge,
As, Sb, Bi, Si; R = Ph, Me) to replace Zr in heterocycles has been used before to generate
phospholes, thiophenes, germoles, arsoles, etc. for molecular systems [33], but was extended to
polymeric systems in this work, and later applied to macrocycles of similar structural nature [34].
Polymers of this form were first introduced in 1997 by Tilley and others, which emitted blue-light
(Scheme 1.2.4, compound 6) when Zr was replaced with phosphorous and sulfur (polymers 7 and
8). It was found that polyphospholes synthesized using this method (e.g., 8) had broad absorptions
centred around 400 nm [35]. This strategy has more recently been used to modify existing polymer
systems like polyfluorenes, to generate the organometallic polymer precursor 9 (Scheme 1.2.5),
which can be used to generate many polymer variants rapidly by exchanging Zr with many different
heteroatoms: this alone increases the scope of polymers that can be tested in photovoltaic

applications [36].
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Scheme 1.2.3: General approach for the coupling of aromatic diynes to form zirconocene polymers.
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Scheme 1.2.4: Formation of Zr containing polymer (6) by coupling of an aromatic diyne using the
Negishi reagent "Cp,Zr", followed by metallacycle transfer to form polymers 7 and 8.
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Scheme 1.2.5: Formation of the precursor polymer 9, which can be used to generate a series of
polymer variants via metallacycle transfer.
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The ability of transition metals to take on many electrons and ligands into their coordination
spheres allow for a broad range of bonds forming synthetic opportunities to form polymers.
Coordination polymers are materials that feature metal atoms in either the main chain or as a
pendant group in the repeating unit of the polymer, linked by coordinating ligands. Transition
metals can be found in a variety of oxidation states and are typically electrophilic. Scheme 1.2.6
shows the synthesis of a polymer with Cu and Zn coordinated by two aromatic bidentate ligands,
and because each side of the aromatic unit contains bidentate functionality, long chains of
coordinated Cu and Zn atoms can be formed (compounds 10 and 11 [37]). Note that Cu®* and Zn**
are charge balanced by 2 CI" anions in the inner coordination sphere. Another example is that shown
in Scheme 1.2.7, where bis(bipyridyl)alkanes can form extended chains with Fe(ClO,), and
Co(ClOs), (by the same reaction pathway as 10 and 11), but also allows for the cross-linking of
polymer chains due to the flexibility of the alkyl spacer between each pyridyl function, forming 12
and 13. Other types of coordination polymers are those with pendant metal complexes that are not
incorporated into the polymer backbone. Compounds 14 and 15 are representative examples of this
type of polymer. Polymer 14 was synthesized by grafting vinyl functionality onto one of the
bipyridine rings around Ru, followed by co-polymerization with other vinyl functionalized
monomers, such as N,N'-methylenebis(acrylamide) [38]. In a different synthetic route, polymer 15
is prepared when pure poly(vinylpyridine) (PVP) is mixed with Os(bpy).Cl,, which can coordinate
to the pyridinyl nitrogen via cleavage of the Os-Cl bond. Due to the bulk of such a coordination
complex and the short distance between pyridinyl groups, not all monomer units are metallated,
thus a statistical polymer made up of PVP and [PVP-Os(bpy).Cl]|Cl units results [39]. In this case,
one of the CI ligands was dissociated from the inner shell of Os to make room for pyridine, but

remains in the outer shell for charge balance.
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Scheme 1.2.6: Synthesis of a coordination polymer with Cu and Zn in the backbone.
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Scheme 1.2.7: Examples of coordination polymers with metals in the main polymer chain (12, 13)
and as pendant complexes (14 and 15).
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The last type of metallopolymer to be discussed in this introduction are the rigid-rod
acetylide polymers. In general, their defining trait is the placement of a metal atom between two
acetylide units in the polymer chain, where the structural inflexibility of sp hybridized carbon atoms
gives rise to the descriptor: rigid-rod. This type of polymer is synthesized from the Cu(I) catalyzed

condensation of ligand stabilized transition metal dichlorides with aromatic diynes. The first
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polymers of this type contained only Group 10 metals (e.g., polymer 16), as metals in this chemical
group readily form coordinatively unsaturated d® square planar arrangements, stabilized by a variety
of neutral pnictine donors (Scheme 1.2.8) [27, 40]. It was also found that mixed metal polymers
could be obtained by using a mixture of group 10 metal complexes (i.e., L,PtCl, and L,PdCl).

Molecular weights of the air-stable polymers produced using this method can range from 1000 to 35

000 g/mol.
cat. Cul / Et3N IT
H——Ar——H + Ly,MCl, i SN [:Ar:M+
| T
16
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L = PMes, PBus;, AsBus Et
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Scheme 1.2.8: General approach to polymerization of aryl diynes and the Group 10 metals.

Historically, there was some difficulty expanding the polycondensation route illustrated in
Scheme 1.2.8 to include metals from Group 8 or 9, as many of the complexes necessary were not
stable enough under the stated reaction conditions. However, as shown in Scheme 1.2.9, oxidative
addition of the terminal C-H bond of an alkyne to the group 9 complex Rh(PBu;)4(CHs;), can occur
to give the Rh(IIl) complex 17a. This complex subsequently reductively eliminates CH4, allowing
for another oxidative addition event to occur resulting in the formation of the diyne substituted Rh
complex, 17b. Successive reductive elimination and alkyne coupling events then transpire to yield a
high molecular weight polymer, 18 (Scheme 1.2.9). The advantage of this method relative to prior
routes is that it proceeds uncatalyzed, and forms volatile products that are easily removed in vacuo

[41]. This class of metal-acetylide polymer has been shown to exhibit liquid crystalline behaviour
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and non-linear optical properties [41b,c].

HoL
o o ox. add. | » o o
Rh(PBu3)4(CH3) + H——Ar———H » H3;C-Rh——Ar—=—H L = PBug
-PBU3 /|
Lo L 17a
1) - CHy4 H + Rh(PBus)4(CHs) H L
2) ox. add. Vs hiiascand e ]
172 — —  » H——=— Rh——Ar—H - l Rh———Ar I
7| E—— 7| n
LS L L
L
18
17b

Scheme 1.2.9: An example synthesis of a rigid-rod Group 9 metallopolymer. Successive oxidative
addition and reduction steps yield the polymer (18).

The above review of metallopolymers is far from exhaustive, as many of the polymer types
described above have been investigated for almost 30 years, thus many variants with unique and
specialized applications have been discovered [27]. What follows is a brief review that
demonstrates how the previously described polymerization techniques and bonding motifs have

been applied to platinum-based materials, and their more recent use in solar cell technologies.

1.2.3 Platinum-based complexes and conjugated polymers for solar cell applications

It is possible to extend the techniques described in the previous section to develop many
different families of platinum-containing polymers. Organometallic complexes of heavy 2" and 3"
row transition metals (even lanthanoid and actinoid metals) can exploit the ability of heavy atoms to
stabilize and promote the formation of photoinduced high-spin excited states, via relativistic effects
from the nucleus or intersystem crossing, which has been found to be especially true for platinum.
This allows for a broad range of accessible excited states, and thus correspondingly broad light
absorption profiles [42].

Platinum has been in widespread use outside of materials chemistry for many years. One of

the most famous uses for platinum complexes is in the treatment of tumours with cisplatin [43]
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(compound 20, Figure 1.2.3). In recent years, 21 has been used to greater effect than 20 in deep
tissue tumours, due to its photoactivity, a result of increased conjugation between Pt and its ligands
[44]. Platinum complexes can have highly tunable absorption and emission spectra with substantial
spectral changes induced by modifying the ligand structure around Pt. Compound 22 represents a
recent example of a Pt complex whose luminescence undergoes a vapochromic shift in the presence
of CHCl; vapour, simply by changing the position of the aryl-bound F atom on the phenylacetylide
ligands. This phenomenon was attributed to the different ways in which 22 and its substitutional
isomers pack during crystallization [45]. Platinum-acetylide compounds (such as 23) are of special
relevance as they are the building blocks of some of the first Pt-containing polymers. They are
easily synthesized by reacting alkynes with L,PtCl, type compounds (19) (see Scheme 1.2.8). The
first Pt complex featuring thienyl groups bound directly to the metal centre was synthesized by
Sonogashira (24), and the presence of thiophene groups were shown to greatly extend the
conjugation length and the absorption profile of the complex relative to commonly synthesized
platinum acetylides like 23 [46]. Compound 24 forms the basis for the monomers developed in
Chapter 2, as it represents the convergence of Pt organometallic complexes and the established

thiophene polymer chemistry already in use in PBSCs.
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Figure 1.2.3: Selected examples of different types of organoplatinum
complexes.

16



Many platinum polymers have been developed using the methodology described in section
1.2.2, and some selected examples are given in Figure 1.2.4. Compounds 25 and 26 represent
typical Pt based polymers, where the phenyl and dioctyloxyphenyl spacer that bridges the diyne
functionality has been varied to an exhaustive degree [47]. Many other examples exist where non-
aromatic spacing groups have been used, such as 27, which was synthesized using Cul catalyzed
cross-coupling of 19 and diethynyldimethylsilane [48]. The molecular weights of 25 - 27 range
from 5000 to 120 000 g/mol, with a wide range of polydispersities and degrees of polymerization
[45b, 47, 48]. Polymer 29 is a unique example that combines two different metal centres within the
same polymeric structure. It is synthesized from the monomer 28, and contains Pt in the backbone
chain of a rigid-rod polymer, with pendant ferrocene complexes on the stabilizing phosphines.
Incorporation of ferrocene into the backbone of a polymer allows for enhanced redox chemistry and
photoconductivity via enhanced MLCT events. Molecular weights as high as 88 000 g/mol have

been recorded for 29 [49].
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Figure 1.2.4: Representative examples of Pt-containing polymers from the scientific literature.
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More recently researchers have focused efforts towards incorporating Pt-containing
polymers in polymer based photovoltaics. Figure 1.2.5 contains selected examples of Pt-based
polymers that have been tested in solar cell devices. Because of their historical usage in PBSCs,
optical absorption profile, thermal stability and relatively low cost of fabrication, thiophene and
thienyl variants are often incorporated into metallopolymer arrays as evidenced by polymers 30 - 32
(Figure 1.2.5). Not surprisingly the highest PCE for platinum polymer-based devices are most
frequently obtained when Pt-complexes are joined by thiophene-containing bridging units.
Polymers 30 and 31 have conversion efficiencies of 2.5% [50] and 2.41% [51] respectively, the
higest recorded values for Pt-based PBSCs thus far. The effect of thiophene can be seen by
comparing the observed PCEs of 32 and 33, where the efficiency drops significantly (from 1.29%
to 0.41%) upon moving from thienyl to fluorenyl based co-monomers [52]. Apart from 32 and 33,
most Pt-based polymers contain bridging acetylide groups, due in great part to their ease of
synthesis. Because of the presence of acetylide spacing groups, the conjugated thiophene units have
the ability to freely rotate, which disrupts the m-system of the backbone, and reduces the

conjugation length of the polymer.
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Figure 1.2.5: Selected Pt-based polymers that have been tested for use in polymer-based
photovoltaics (with power conversion efficiencies (PCEs) shown).
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It is hypothesized that the direct binding of thiophene rings to a Pt centre will introduce
enough steric bulk from the proximal Pt-bound ligands that free rotation will be inhibited, while
potentially encouraging additional backbone conjugation through Pt(d) - thiophene(p-) interactions
[46]. The synthetic methodology to prepare such a polymer has yet to be explored, and thus the goal
of the work presented in Chapter 2 of this Thesis was to explore the synthesis and polymerization of
Pt complexes with directly bound thienyl groups in order to generate high performance PBSC

materials.
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1.3 Isolation of inorganic ethene (H,BNH,) for the mild synthesis of boron nitride

Molecular boron nitride (BN) can be regarded as an inorganic equivalent of the dimeric
carbon allotrope (C,). Much like the alloptropic behaviour of carbon, boron nitride can exist in
many different polymorphic phases. The molecular form of boron nitride is BN, and has only been
observed fleetingly in the gas phase [53] and at very low temperatures in neon matrices [54]. It has
been observed to exist in both its singlet and triplet states, with the triplet state being the most stable
ground state [54,55]. The most common polymorphs of BN include hexagonal (graphitic) and cubic
(diamond) forms. Cubic boron nitride (c-BN) is of great interest in electronic and mechanical
applications, because it has a hardness similar to that of diamond [56, 57], and has an
experimentally determined thermal conductivity of 7.4 W ¢cm™ K (by comparison, Cu, Ni, and Au
have thermal conductivities of 3.5, 0.9 and 3.1 W cm™ K', respectively) [58]. What sets boron
nitride apart from diamond is its thermal stability. Diamond readily oxidizes and decomposes when
heated between 700 - 1700 °C, as diamond is itself only a metastable crystal form of carbon. Boron
nitride does not decompose under such conditions, is stable to temperatures of 2000 °C under inert
atmosphere, and is thermodynamically stable at room temperature [59]. It is with this material in

mind that the work reported in Chapter 3 was done.

1.3.1 Current methods for synthesizing boron nitride

Amorphous boron nitride (a-BN) and hexagonal boron nitride (h-BN) are the most easily
synthesized polymorphs of BN. a-BN can be synthesized by reacting B(OH); under an atmosphere
of NH; at 900 °C, which upon annealing at 1600 °C under N, atmosphere, forms the hexagonal
phase [60]. While the energy requirements for synthesizing h-BN are seemingly high, given the low
cost and availability of the starting materials, the costs of producing it are outweighed by potential
applications. h-BN is a graphite-like substance that is already used as a high-end lubricant, and sees

use in various cosmetics as it is transparent to colour additives, lubricious, and mixes well with
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naturally occurring oils such that it easily applied to human skin [61]. It is also used as a primary
feedstock for synthesizing cubic boron nitride (c-BN), which as mentioned, is a highly sought after
material. Cubic boron nitride was first discovered in 1957, and later explored in detail by Wentorf
and co-workers [59a, 62]. It was first synthesized by compressing an h-BN pellet at 1500 °C under
45 000 atm of pressure, using a "Belt" apparatus, designed to operate at ultra-high pressure and high
temperature [63]. Addition of alkali metals and alkaline-earth metals were found to catalyze the
transformation, yielding higher quantites of crystalline c-BN. Wurtzite BN (w-BN), another
polymorph, is also obtained by this method, however it is highly unstable and slowly converts into
c-BN at SATP, even though w-BN has been determined to be harder and tougher (Mohs and Vickers
hardness) than its cubic form [64]. It was later discovered that the h-BN phase was obtained again if
c-BN was heated above 1000 - 2000 °C at pressures higher than 10 GPa [65]. Other boron and
nitrogen sources have since been used, as illustrated by the reaction between B,O; and urea,
O=C(NH,),, to give h-BN [66]. Diamond has been used as an abrasive coating due to its hardness,
thus c-BN is sought after as a synthetic cost-effective alternative. In addition, due to its high thermal
conductivity and stability, it is a promising candidate as a heat transfer interface for micro- and
nano-electronics, as it can absorb and dissipate heat very rapidly [58]. In light of these useful
properties, much work has been done to synthesize c-BN using more cost-effective methods. An
ideal synthesis would produce c-BN at a greatly lowered temperature and pressure.

Since the initial discovery of c-BN, several new techniques were found to produce high
quality crystals of the material. For example, Yazu and co-workers used a temperature gradient
approach, where a-BN or h-BN was heated in alkaline earth metal fluxes to 1600 K at 5.5 GPa to
produce thermally mobile BN, which was grown on c-BN seed crystals at 1300 K [67]. This method
does not improve the energy input requirements, but high quality crystals of varying sizes could be
grown this way. Other gas phase methods of c-BN growth involve the use of ablation or ionization

methods which convert h-BN or its precursors into gaseous BN molecules, which can be
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crystallized as c-BN on various substrates. Shanfield and co-workers were able to deposit c-BN on
ceramic or glass substrates by neutralizing an ion beam generated from a borazine ((HBNH)3)
plasma [68], and Vankar and co-workers were able to achieve the same result by sublimating
B(OH); into an NH; plasma [69]. Schulze and co-workers were able to deposit c-BN thin films by
ablating h-BN with a KrF laser, and generating an ion beam by directing BN particles into an Ar/N,
plasma, and later depositing c-BN onto silica or stainless steel substrates [70].

Dry chemical methods for synthesizing c-BN are the most prevalent in the scientific
literature [71,72], however many other wet chemical and lower-temperature methods exist for
producing boron nitride from molecular and polymeric precursors. Paine and others were able to
synthesize h-BN at relatively low temperatures by pyrolysis of the boron and nitrogen rich material,
poly(borazinylamine) (compound 35, Scheme 1.3.1). Reacting 34 with HN(SiMes), in diethylether
at -78 °C formed 35 in high yield [73]; pyrolysis of 35 under vacuum at 900 °C, followed by
annealing at 1200 °C in open air yielded h-BN. These temperature and pressures are significantly
lower relative to the methods described earlier. The Paine group was also able to achieve the same
result by starting with tris(dimethylamino)borazine (36) [74]; more recently the same group have
also developed a method to generate hollow spheres of a-BN at low temperature (600 °C) by
reacting liquid aerosols of aqueous B(OH); with a gaseous stream of NH; [75].

While pristine samples of c-BN are difficult to make, polycrystalline and mixed phase of BN
has been readily synthesized at low temperatures using the poly(aminoborane) 37, followed by
thermolysis at only 200 °C. Kim and co-workers detected the formation of fused B;Nj rings and
small domains of amorphous BN by MAS NMR spectroscopy when samples of 37 were heated to
200 °C; full conversion to h-BN was then achieved when the samples were heated further to 1200
°C under N, (Scheme 1.3.1) [76]. One of the most interesting synthetic methods was developed by
Strongin and co-workers, who were able to form h-BN by photolysing a condensed mixture of B,Hs

and NH; gasses at 78 K, with 1000 eV synchrotron radiation. The mechanism by which this process
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occurs is not fully understood, but characterization of the resulting BN film confirmed that the
hexagonal phase was generated, though it remains unclear why such high energy photons were
required to induce this chemistry [77]. This represents one of the very few, truly low temperature
and pressure syntheses of BN, however the required use of synchrotron radiation still impedes the
widespread use of this synthetic method by the chemical community. Many of the above mentioned
methods utilize cyclic amino-borane precursors to form bulk boron nitride from controlled
dehydrogenation reactions. Therefore it is plausible that molecular BN could be prepared directly

from ammonia borane (H;N*BH3) via dehydrogenation chemistry (Scheme 1.3.2).
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Scheme 1.3.1: Synthetic routes towards molecular precursors of boron nitride.
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HaBNH; ———> HaBNH, ———> HBNH ————> BN
-2 - n2 -n2

Scheme 1.3.2: Successive dehydrogenations of ammonia borane (H;B*NHs)
to form molecular boron nitride.

1.3.2 Ammonia boranes as precursors for molecular boron nitride

Ammonia borane (AB, H;B*NHs3) was recently termed "the hydrogen source par excellence"
[78], as it contains 19.4 wt% of hydrogen stored in the form of N-H and B-H chemical bonds. The
pathway for the release of hydrogen from AB involves the elimination of successive equivalents of
H, gas, passing through oligomers of H,BNH,, HBNH, and finally an extended structure of BN as
products. Unfortunately, the energetic requirements to achieve complete dehydrogenation were
prohibitive, and recycling of the products was difficult, thus making it impractical as a hydrogen
fuel source. The proposed mechanism of dehydrogenation is however useful as a model for
developing materials for boron nitride synthesis. AB is isoelectronic with ethane, although its
chemical reactivity is significantly different. Ethane (H;CCHs) is a neutral, dipole-less molecule,
composed of poorly polarized covalent bonds, and is thus unable to form significant intermolecular
hydrogen bonds. Ammonia borane is formally a coordination compound, formed by NH; donating
its lone pair into the empty p-orbital of boron, datively binding to BH;. The B-N bond is extremely
polar (based on the difference in Pauling electronegativities) [79]. The B-H and N-H bonds are also
very polar, leading to hydridic B-H bonds, and acidic N-H bonds; this bonding characteristic of
ammonia borane allows for the release of hydrogen gas to transpire in a thermodynamically
favourable manner [80]. These polar bonds also allow for significant intermolecular bonding, in the
form of H*"ee«H® interactions [79]. As a result, AB exists as an air-stable solid at room temperature,
while ethane is a gas. The difference between ethane and AB can also be seen by examining the

computed enthalpies of hydrogen release for the respective molecules (Figure 1.3.1).
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AHpy, (KJ/mol) AHry, (kJ/mol)

HsBNH; ——  HyBNH, + Hy 21.3 HsCCHy —— H,CCHy + Hy 136.4
H,BNH; ———>  HBNH +H, 131.4 H,CCH, — HCCH +H, 175.8
HBNH ———> BN+H, 562.1 HCCH ——> CC+H, 609.9

Figure 1.3.1: Comparison of reaction enthalpies from elimination of H, gas from ammonia borane
and ethane. [78 and 80].

Dixon and Gutowski [80] calculated the reaction enthalpy (AH.,) of H, loss from AB
forming H.BNH, to be -21.3 kJ/mol, while the related conversion of ethane to ethene is
considerably endothermic (AH., = 136.4 kJ/mol) [78]. The subsequent dehydrogenations of
H,BNH, and ethene are considerably endothermic (Figure 1.3.1), however catalysts have been
developed which promote further dehydrogenation of amine-boranes, thus reducing the energy
input required [80, 81]. For the case involving H,BNH,, polarization of the B-H and N-H bonds via
electron donating or withdrawing groups may also aid in the further dehydrogenation. This
behaviour of AB makes it a suitable precursor for boron nitride materials, and even the elusive BN
molecule. In order to achieve this, simple BiNyH,.x molecules (analogous to hydrocarbons) must be

synthesized using AB or similar materials.

1.3.3 BN analogues of hydrocarbons

The isoelectronic and isolobal nature of BN compounds with hydrocarbons [82] has led to
the discovery of several new BN compounds. The most famous of which is borazine (38, Figure
1.3.2), the BN analogue of benzene. Many other BN analogues of hydrocarbon rings exist, despite
having fewer practical uses than borazine iteself. Borazylene (39a, [BH,NH.]3), is the inorganic
equivalent of cyclohexane, and is formed by trimerization of H,BNH, after dehydrogenation of AB.
Similarly, the extended borazacycles (BH,NH,), (40a) and (BH,NH,)s (41) have also been

observed, albeit poorly characterized due to their very low solubilities in conventional solvents [83].
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The heavier phosphinoborane congeners bearing aryl groups at P have been prepared by Manners
and co-workers (39b and 40b). Furthermore, the groups of Denis and Manners have synthesized the
polyborophosphanylenes 42 and 43, respectively [84]. The Manners group has also developed
quantitative methods for synthesizing aminoboranes such as 44 from Me,HNBH; with the aid of the
dehydrocoupling catalysts [CpFe(CO).], [85], Ni [81], colloidal Rh and [Rh(COD)CI], (COD =
1,5-cyclooctadiene) [86]. The unusual aminoborane 45 has been synthesized as a byproduct from
the catalytic dehydrocoupling of AB using Ni° catlysts, and thought to be produced by the reaction

of transient H,BNH, with H;B-NH,-BH=NH,, an inorganic isomer of 1-butene (46) [87].

H, H
g Ho E'z_Ez BAN
AN RETER, R e R
.Bs,.B. H,B._.BH, H,B, ER, 25 ;2
H ll\l H E E—B’ H2N\B N,BH2
2 R, H -
H 272 Ha H
38 E=N,R=H, 39 E =N, R=H 40a M
E=P,R=Ph,39b E=P,R=Ph40b
NoYe H,N—-BH
B H%‘B_N'AMe 20 52 Hy
P—BH, T H=B—-NH; N._-NH;
| N-B 1 Hs8" B
H n Me”; \ H _NH, H
Me H HsB
R=H, 42
R = Ph, 43 44 45 46

Figure 1.3.2: Inorganic (p-block) analogues of hydrocarbon rings,
chains and macromolecules.

While BN analogues of hydrocarbon rings are thermodynamically stable at room
temperature, many of the BN analogues of linear alkanes, alkenes and alkynes exist either
transiently, or at very low temperatures. Other than AB, the next simplest linear BN hydrocarbon
analogues are H,BNH, (47), and HBNH (48), which are isoelectronic with ethene and ethyene [88];
in theory both of these species can be produced from the dehydrogenation of AB as outlined
Scheme 1.3.3. While these molecules are highly unstable and cannot be isolated in the condensed

phase, by substituting the hydrgogen on nitrogen for alkyl groups, many derivatives can be made
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that are stable under ambient conditions. Dehydrogenation of secondary amine-borane adducts
(HR,N<BHs;) can yield monomeric aminoboranes or oligomers, depending on the steric bulk of the
N-substituent (Scheme 1.3.3). As discussed previously, when R = H, tetramers and pentamers are
observed (40a, 41), however when R = methyl, the dimer (44) is the major species found [86].
When the bulk of the substituents at nitrogen are increased (R = iPr (49), Cy (50)), monomeric

aminoboranes of the form R,N=BH, are formed [85].

M H H M
HB—NHy — ™ Ty — M L B=N-H
_H2 HI \H _H2
47 48
M] H R
HB-NHR, —— > BN
~H2 H R

R=/Pr,49  Cy= <:>
R = Cy, 50

Scheme 1.3.3: Dehydrogenation of ammonia borane and secondary
amine-borane adducts.

Due to the fact that CH,CH, is isoelectronic with BH,NH,, only pairs of B-N bonds are
strictly isoelectronic and isolobal with hydrocarbons. Thus the next highest BN chain analogue is
that of butane (H;NBH,NH,BHj3;, 51), which was only very recently synthesized [89] via the route
shown in Scheme 1.3.4. The only other known 4-chain analogue is that of 1-butene (46,
BH;NH,BH=NH,) mentioned previously [87]. As of this writing, the largest observed straight chain
BN analogue is that of butane (51), however the 6, 8, 10, and 12 atom chains [H(BH,NH,),H] have
already been investigated by theoretical methods [90]. The next largest analogue, BN-hexane
(Scheme 1.3.4, compound 52), has been predicted to form straight chains in the solid phase and is
thermodynamically stable. This is not true in the solution phase, where borazylene formation is
predicted to be favourable due to coiling and dehydrocyclization of 52 [91] (Scheme 1.3.4), hence

BN-hexane has not yet been isolated.
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H, ,H

QN/ H,
THF Hao s/ ~ooH +NHg N NH
HsB-NH3 + BHzgeTHF ——— 2B BT —————>  Hs3" B °
3 3 3 - H, H/ \H/ \H 3 Ho
51
Ho
Ho “2 NH coiling in solution HZI}I’B\ITIHZ
Hs8" "B” "B™ ° “H, T HpB(-BHy
Hy Hp N
2
BN-hexane, 52 borazylene, 39

Scheme 1.3.4: Synthesis of BN-butane and dehydrocyclization of BN-hexane.

The simplest boron-nitrogen species, BN, is also one of the most elusive. In the formal
Lewis structure, BN has a B-N triple bond, with a lone pair on N (B=N:). While this compound has
been observed in matrix isolation and plasma discharges, no stable complexes of this molecule have
been synthesized yet. Iminoboranes (R-B=N-R) are the closest class of compound to molecular BN
as these species have bonding that is formally derived from the donation of the N lone pair into the
empty p-orbital on B (Scheme 1.3.5). The first isolated example of an iminoborane, CsFs-B=N-Mes
(Mes = 2,4,6-Me;C¢H») (53), was discovered by Paetzold in 1967 [92], with the tert-butylated
analogue, Bu-B=N-7/Bu (54), being the most well-studied system. Compound 54 is chemically
versatile with numerous cycloaddition reactions known and coordination chemistry with transition

metals reported (e.g., compound 55) [93] (Scheme 1.3.5).
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55
Toluene | *+ CpaNbH3
85°C -Ha
H /tBu
C lllb IIIBI
p2Nb—
N\
tBu
56
Me Me
Mes Mes
_TMP THF TMP = ---N
ll\l:B\B > N=B—TMP
+ Na[N(SiM
H r -Naé (SiMe3)2] e Me
Mes abr M
- HN(SiMe3), es

57

Scheme 1.3.5: Synthetic routes towards iminoboranes, (RB=NR).

In recent years, the Power group synthesized an iminoborane using bulky terphenyl substituents on
nitrogen (57) via dehydrohalogenation [95]. It is worth noting no examples of the parent
iminoborane (HB=NH) have been stabilized at room temperature, likely due to the propensity of
this molecule to oligomerize [96]. Iminoboranes are the most logical precursors to molecular boron
nitride (B=N:), it is therefore of great interest to discover a methodology for stabilizing such a

molecule in its monomeric form.

1.3.4 Donor-acceptor stabilization of reactive molecules

Often molecules predicted to be stable in the gas phase will decompose in the liquid or solid
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state because of weak or polar bonds and the presence of reactive sites such as lone pairs on an
electronegative atom, or vacant orbitals that allow for further reaction in low energy pathways.
While stable in the absence of strong c-donors, boron containing molecules are often prone to
nucleophilic attack, because boron has an electron deficient valence shell (a trait of the triel
elements), with an empty p-orbital perpendicular to the sp* bond plane of boron in the commonly
observed BR; systems. This reactivity pathway can often be shut down by occupying the orbital
with a neutral, closed-shell donor to form a coordinative donor-acceptor adduct (R;BLB; LB =
Lewis basic lone pair donor).

A classic example of a borane adduct was discovered in 1809 when Gay-Lussac and
Thenard stabilized the reactive gas, BF3, with the lone pair of NHj, to give H;N<BF; as a stable solid
[97]. Since this time many other examples of boron based adducts compounds have been
discovered, including those of the parent borane (BH;) and many derivatives thereof [98]. In
addition, adduct formation can enable isolation of species that are highly reactive. An excellent
example of this principle is the formation of a stable complex of diborene (HB=BH, 58) by
Robinson and co-workers (Scheme 1.3.6); notably HBBH is a highly reactive triplet molecule in the
absence of the donor IPr (1,3 - diisopropylphenylimidazol-2-ylidene) [99, 100]. Braunschweig and
others were able to use a similar method to intercept the parent borylene (:BH) using N-heterocyclic
carbenes (NHCs) and sodium naphthalide, however the borylene fragment was never truly isolated,
and only invoked as a plausible intermediate in the examined reactions. In 2011, Bertrand and co-
workers were finally able to isolate HB: coordinated by two NHCs to form 59 [101] (Scheme
1.3.5). This result is especially significant because it is the first isolation of a neutral nucleophilic
source of boron. Other excellent examples of stabilized reactive molecules include dialane
(H2AlAIH,) [101c], silanones (R,Si=0) [101d], diphosphorus (P») [101e], digermene (H.GeGeH,)
[1011], and the formal complexation of phosphorus nitride (PN) [101g]. One of the best examples of

carbene stabilization comes from the Robinson group, who stabilized the elusive disilene
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complex(LB-:Si=Si:-LB, 60, LB = Lewis base), which has both a vacant orbital and lone pair on
each silicon atom [102].

Similar to disilene, some molecules are bifunctional, in that they contain both a vacant
orbital (Lewis acidic site), and lone pair (Lewis basic site). Many such molecules have also been
stabilized with NHCs, however a Lewis acid is also added as a capping agent to prevent reaction of
the nucleophilic lone pair. Using both a Lewis acid and a Lewis base to stabilize these bifunctional
molecules has been termed donor-acceptor stabilization. This technique has been used by our
research group to generate the first stable complexes of the parent heavy methylenes [103], :SiH,
(61), :GeH, (62), and :SnH, (63) (Scheme 1.3.7). These molecules are often invoked as
intermediates in the decomposition pathways of metallanes, EH, (E = Ge, Si), and have been
trapped at low temperatures [104], but were first isolated at room temperature here in the form of

stable adducts.

IPr.
Et,0 N H
2 =R Dipp
IPr-BBr3 > B=B ;
xs. KCg H \ N
H-atom abstraction . [ )>
IPr N
58 Dipp
IPr
H
CAAC-BBr 5 KCg / Toluene B
i = A Di
CAAC ™ CAAC | PP
59 ;
IPr. CAAC
. THF / RT 0 \S'—S"'
IPr-SiCly +4KCs S -SI= I\ Dipp = 2,5 - diisopropylphenyl
-4 KCI .'IP
60 r

Scheme 1.3.6: Stabilization of diborene (58), the parent borylene (59), and disilene (60) using
NHC ligands.

31



IPr. IPr.

-

Si: —» BH > Si: —» BH
a1’ | 3 +2 LiAHg in Tol / Et,0 e 3
Cl 4
61
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62
IP. IPr.
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a1’ (0 5 LiBH, in Et,0 R 5
Cl i
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Scheme 1.3.7: Trapping of the parent heavy methylene analogues :EH, (E = Si, Ge, Sn).

The lone pair functionality on these low oxidation state hydrides (:EH,) can also be used to
construct molecular chains, allowing for the formation of the heavy inorganic ethylene adducts,
H,Si=GeH, (64), H.Si=SnH, (65) [105], and H.Ge=GeH, (66) [106] (Figure 1.3.3). An especially
relevant example to the abovementioned work is the donor-acceptor stabilization of H,PBH,,
H,PAIH, and H,PGaH, by Scheer and co-workers [107]; the pnictogen-triel bonding motif in these
group 13/15 species best reflects the compounds characterized in Chapter 3 of this Thesis

(Compound 67, 68a-c, Scheme 1.3.8).

IPr H IPr. H IPr H
N N ~
Si—Ge Si—Sn. Ge-Ge
Hﬁ/ Hﬁl ' Hﬁ
64 W(CO)s 65 W(CO)s5 66 W(CO)s

Figure 1.3.3: Heavy inorganic congeners of ethylene, synthesized by the Rivard
group.
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(CO),Fe

toluene, 50 °C

HoP—BH; +  Fep(CO)g - HoP—BHs
- Fe(CO)s
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67
LA
LA < :PH,Li + ClHB < :NMe; — - HoP—BH,
= LI
LA = W(CO)s, Ga(CgFs)3, B(C6F5)3 ‘NMes
68a
(CO)sW
pentane .
(CO)sW =—:PH; *  HgE =— ‘NMes v > HoP—EH,
-2
E=Al Ga 'NMe3
E = Al 68b
E = Ga, 68c

Scheme 1.3.8: Synthesis and stabilization of H,PBH,, via donor-acceptor stabilization.

It is with these compounds in mind that this methodology can be extrapolated to isolating
the BN analogues of ethene. Molecules of the form H,BNR, (R = H, alkyl) have an empty p-orbital
on boron, as well as a lone pair on nitrogen. One can draw two canonical forms for H,BNH,, using
the lone pair to n-bond with boron (Scheme 1.3.9, I), or remain on nitrogen, creating a Lewis basic
and acidic molecule (II), which is theorized to be stabile by the same donor-acceptor motif shown
below (Scheme 1.3.9). The research contained in Chapter 3 is centred around stabilization of Lewis
base stabilized adducts of the parent inorganic ethene, H,BNH,, in the form LB-H,B=NR,-LA (69,
LA = Lewis acid), and exploration of dehydrogenation chemistry as a means of obtaining the parent

iminoborane and molecular boron nitride.
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Scheme 1.3.9: Resonance forms of H,BNH,, and its potential interception in the form of a stable

donor-acceptor adduct.
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1.4 Summary of Thesis Content

This Thesis is comprised of two research chapters, wherein the work was completed over the
course of 26 months between January 2010 and February 2012, each of which is presented with the
goal of designing materials or material precursors for electronic or photovoltaic applications.

Chapter 1 is focused on platinum-containing polymers for use in polymer-based photovoltaic
devices. Specifically, the target polymers are comprised of Pt-based monomers with directly bound
thienyl residues (-SC4H,Br), as there is no precedent for such polymers, as described herein, in the
scientific literature. Utilizing aryl-bromide coupling and cross-coupling techniques, the ability of
Pt-thienyl monomers to polymerize was tested. It was found that the polymeric materials could be
obtained through Yamamoto homo-coupling, however the purity of the polymers and the overall
platinum content are still a subject of investigation.

Chapter 2 involves the synthesis of donor-acceptor adducts of the parent inorganic ethene,
LB-H,BNH,-LA (LB = Lewis base, LA = Lewis acid), as precursors for boron nitride. Using strong
nucleophilic donors such as N-heterocyclic carbenes (NHCs), phosphines and aromatic amines, the
parent inorganic ethene and the associated alkyl functionalized derivatives [H.BNMe, and
H,BNH(zBu)] were stabilized using our donor-acceptor approach. Initial dehydrogenation attempts
yielded both the parent and fert-butyl substituted iminoboaranes, which oligomerized into
borazines. The mechanism of dehydrogenation as well as the lability of the terminal Lewis acid are

an areas of research still under investigation.
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Chapter 2

Platinum containing polymers for use in polymer-based photovoltaic applications

2.1 Introduction

Metallopolymer synthesis has been a growing field of interest for light-emitting
(luminescence) and solar cell applications [1] with device performance often linked to the light-
induced charge transfer that often occurs between metal atoms and ligands in their coordination
sphere. The use of electron rich metal atoms as active components in photovoltaic cells has been in
practice for many years in the form of dye-sensitized solar cells (DSSCs) [2]. The primary function
of the electron rich metal (typically Ru or Pt) is to create a low energy pathway for electrons to
enter excited states, encouraging formation of optically broad and intense metal-to-ligand charge
transfer (MLCT) absorptions, such that excited state electrons can be siphoned from the dye-metal
complex onto cathodic substrates (conventionally TiO,). The purpose of Ru and Pt is to provide a
wealth of electrons to excite, and to stabilize short lived, high spin states via the heavy atom effect
[3]. While these metals are common in DSSCs, research has shifted focus towards cost-effective
metals like cobalt, which can attain photovoltaic conversion efficiencies (PCEs) of 12% in the form
of photoactive organometallic complexes [4]. Another growing avenue of potentially cost-effective
photovoltaic research is that of polymer-based solar cells (PBSCs). The key advantages attributable
to PBSCs are derived from the mechanical and physical properties that come hand-in-hand with
polymers: such as flexibility, solution processability, and in some cases low fabrication cost per
device. The primary drawback of PBSCs is their generally low PCE values [5] in comparison with
those achieved by bulk crystalline silicon or multi-heterojunction (MHJ) based cells [6]. The gold
standard PBSC material in terms of high device performance to cost ratios is poly(3-
hexylthiophene), which has commonly reported PCEs of between 2 - 4% [7], and highly tunable
conductance based on polymer doping and functional group variation [8]. While the highest current

PCE for polymer based solar cells is 9.8% [9], the cost-performace ratio of PBSCs has yet to match
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silicon based solar cells, nor has the technology reached the point of grid parity. Platinum-acetylide
polymers were some of the first metallopolymers to be synthesized, and to date are the most well
studied Pt containing polymers, with numerous examples reported in the literature [10a]. These
materials have PCEs between 0.3 and 1.5%, a value that falls short of current less costly polymers,
and fails to meet the cost-effectiveness necessary for grid parity. However Pt-containing polymers
are thermally stable and allow for the stabilization of high-spin excited states, increasing the breadth
of available excited states, broadening the optical band-gap absorption of the polymer. The goal of
this work is to meet the high molar absorptivities of DSSCs which aids in maximizing the
absorption of light per mole of monomer, with the mechanical properties of PBSCs by incorporating
platinum into the polymer backbone of a polythiophene derivative. In this work, Pt-thienyl
complexes were synthesized and functionalized such that aryl bromide (Ar-Br) cross-coupling or
homo-coupling methods could be used to obtain polymeric materials. The general scheme for these

reaction pathways is given in Scheme 2.1.1.

R3
PATH A Homocoupling

R3P\ /P
Pt
. + catalyst U / S
R3P PR3 T\ V4

N/
Pt

S S <
Br \\ // Br PATH B Cross-coupling i

R3P\ /PR3
+ Me3Sn-Ar-SnMe; s Pt
- Me3SnBr ,@ \D\Ar
L n

Scheme 2.1.1: Proposed general scheme for the polymerization of thienyl-Br functionalized
Pt complexes.

Y

2.2 Results and Discussion

The synthesis of the proposed monomer [(Bu;P),Pt(SC4H.Br),] (3) is shown in Scheme
2.2.1. The purpose of coordinating phosphine-ligands to the Pt centre is two-fold: literature
precendence has shown the P-Pt bonds in Pt(I) complexes of the general form (R;P),PtX; (X =
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anionic ligands) are thermally stable in the presence of air and moisture, and the one-bond coupling
between *'P and '°Pt allows for the in-situ analysis of reaction products by *'P NMR spectroscopy.
In addition, the bonding of a thienyl group directly to Pt has been shown to increase the degree of
conjugation and yield intense MLCT bands, and broader absorption profiles [10b]. However, prior
to this study, there has been no reported attempts to incorporate platinum thienyl residues within a

polymeric array.

L:/\’/E +2 BFUSHMG3 [—/ S +2 PBus BusP.

\ / N PBU3
Pt P
VRN . S S
c- -2 CISnMe | >g  -COD — I >,
1 3

Scheme 2.2.1: Synthetic route towards the bromothienyl precursor [(BusP),Pt(SC4H,Br).] (3).

Sonogashira has shown that it is possible to synthesize bis(thienyl) Pt(II) complexes that
were similar to 3 [10b], however the coordinated thienyl groups did not contain reactive sites
required for polymerization. However, by installing a bromine substituent at the 5-position of the
thienyl rings in 3, it was hoped that metal-catalyzed aryl-Br cross-coupling could be used to prepare
Pt-containing polymers by condensation polymerization of the monomer (Path A, Scheme 2.1.1), or
co-polymerization with another monomer (Path B). The synthesis of the desired monomer was
accomplished by the reaction of 2-trimethylstannyl-5-bromothiophene with Pt(COD)CI, (COD =
1,5-cyclooctadiene) to give complex 2 (Figure 2.2.1), followed by displacement of COD with two
equivalents of tributylphosphine to give the target complex (BusP),Pt(BrC,H,S), (3) in high yield
(95%) as a pale yellow solid. Compound 3 was identified using 'H, *'P and “C{'H} NMR
spectroscopy, combustion analysis, and single crystal X-ray diffraction (Figure 2.2.2).

Compound 3 was found to adopt a cis-conformation in the solid state, while *'P NMR

spectroscopy showed a singlet at -3.7 ppm in CDCI; with diagnostic flanking '*°Pt satellites ('Jp.p =
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2057 Hz). The presence of mutually coupled doublet resonances at 6.82 and 6.32 ppm in the 'H
NMR spectrum 3y = 2.8 Hz) was consistent with direct attachment of thienyl rings to a Pt centre.
While 3 was found to be cis in the solid state (Figure 2.2.2), it was discovered that solvent-
dependant cis-trans isomerization of the complex could occur. For example, when dissolved in
CDCl;, 3 showed a singlet at -3.7 ppm ('Jpp = 2057 Hz) in the *'P spectrum, however when the
same complex was dissolved in C¢De, a singlet at 2.7 ppm with much wider spaced Pt satellites ('Jp.
pe = 2543 Hz) was observed, corresponding to the arrangement of the PBu; ligands in the frans
conformation. When 3 is dissolved in toluene, both isomers are present in a 60:40 trans:cis ratio.
Interestingly, cis-trans isomerization could also be thermally induced by heating a sample of 3 in

CDClI; to 60 °C; as shown in Figure 2.2.3, a mixture of isomers is obtained (40% trans).

Figure 2.2.1: Thermal ellipsoid plot (30% probability) of (COD)Pt(SC4H,Br), (2). Carbon-bound
hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and angles [°]: Pt-C(1)
2.254(4), Pt-C(2) 2.231(4), Pt-C(6) 2.238(3), Pt-C(5) 2.256(4), Pt-C(21) 2.018(3), Pt-C(11)
2.018(4), C(21)-Pt-C(11) 90.32(14), S(2)-C(24)-Br(2) 121.1(2), S(2)-C(14)-Br(1) 126.8(3).
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Figure 2.2.2: Thermal ellipsoid plot (30% probability) of (BusP),Pt(SC,H,Br), (3). Carbon-bound
hydrogen atoms and hexane solvate have been omitted for clarity. Selected bond lengths [A] and
angles [°]: P(1)-Pt 2.3159(14), P(2)-Pt 2.3286(16), Pt-C(1) 2.059(5), Pt-C(5A) 1.987(13), C(4)-
Br(1) 1.890(6), C(C8A)-Br(2A) 1.885(16), P(1)-Pt-P(2) 103.92(6), C(1)-Pt-C(5A) 86.3(11), S(1)-
C(4)-Br(1) 121.3(3), S(2A)-C(8A)-Br(2A) 124.5(13).
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cis-3 frans-3
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Figure 2.2.3: °'P{'"H} NMR spectrum of 3 at 60 °C in CDCl; showing the presence of both cis-3
and trans-3 in solution.
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Scheme 2.2.2: Attempted polymerization of the bis(thienyl) platinum complex 3.
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In order to convert 3 into polymers, Stille, Grignard Metathesis (Kumada), and Yamamoto
coupling were investigated (Scheme 2.2.2). Attempts to polymerize 3 with 2,5-
bis(trimethylstannyl)thiophene (Stille cross-coupling) in the presence of Pd catalysts showed no
signs of reaction regardless of catalyst loading. Refluxing 3 in toluene with 3 mol% of Pd(PPh;), or
5 mol% of (PPh;),PdCl; in the presence of the same substrates resulted only in the recovery of
starting material with residual free PBu; (4%), implying ligand exchange between substrate and
catalyst may be occurring. Grignard Metathesis polymerization (Kumada coupling) was attempted
by reacting 3 with one equivalent of ‘BuMgCl at -78 °C in the presence of catalytic Ni(dppp)Cl,
[dppp = bis(diphenylphosphino)propane]; this chemistry yielded a mixture of products containing
unreacted 3 (87%), free PBu; (2%) and several other unidentified products by *'P NMR (10.0 ppm,
1%; 2.3 ppm, 7%; 5.7 ppm, 1%). GPC analysis of this crude mixture revealed no high molecular
weight species (M, > 1000 g/mol). These results suggest the dppp ligand from the Ni catalyst
participated in phosphine exchange at the Pt centre, releasing free PBu; and creating new products
with Pt-bound dppp ligands.

Yamamoto coupling was performed by dissolving 3 in a solution containing one equivalent
of Ni(COD), (COD = 1,5 - cyclooctadiene), 2,2'-bipyridine, and COD, followed by heating to 80 °C
for 48 hours (bottom reaction in Scheme 2.2.2). The 'H NMR spectrum showed peaks
corresponding to unreacted 3 however significantly broadened, while the *'P spectrum showed a
singlet at -3.7 ppm corresponding to 3, and several unidentified peaks between 4.2 and -9.6 ppm
(Figure 2.2.4). Analysis of the crude reaction mixture by GPC revealed the presence of polymeric
material with an average molecular weight (M,,) of 38 000 g/mol (polydispersity index (PDI) =
2.71), however repeated syntheses yielded oligomeric to polymeric products with molecular
weights in the range of 3500 - 38 000 g/mol. UV-visible spectral analysis of 3 showed an absorption
at 263 nm corresponding to charge transfer from Pt to the thienyl rings, while the orange coloured

polymer (3P) exhibited a new broad absorption band at 370 nm (¢ = ~2000 L mol’ cm™)
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corresponding to a m-m* transition of the polymeric material. This assignment is supported by
observations made by Sonogashira and co-workers [10b], who noted that the n-n* band shifted
upon moving from the unbrominated analogue of 3, bis(2-thienyl)Pt(PBus),, to the dithienyl variant,
bis(2-bithienyl)Pt(PBus),, due to an increase in conjugation length when two thienyl rings are
joined, leading to a lowering of the n-n* energy gap. The n-n* bands with their corresponding molar
absorptivity coefficients (€) are given in Table 2.2.1. The range of n-n* absorptions can be attributed
to the lack of homogeneity in the polymeric material, as evidenced by the broad range of molecular
weight and polydispersity indeces (1.87 - 4.49). The presence of monomeric 3 in the resulting
polymer was unavoidable as both the monomer and crude materials were both extensively soluble
in all organic solvents. Unexpectedly no correlation could be drawn between molecular weight and
the molar absorptivity or n-n* band position. It was expected that higher molecular weights would
tend towards longer conjugation lengths, which would be observed in a red-shifted n-n* transition,
however this was not the case. The effect of the different impurities is currently unknown, as pure
polymeric materials could not be obtained by precipitation from cold hexanes or methanol, and the
presence of unreacted 3 in unknown quantities would skew the ¢ values obtained for the MLCT
band. The distribution (and composition) of the byproducts observed by *'P NMR were also
inconsistent from one experiment to the next, potentially the result of the presence of low mass
oligomers. Compounding the difficulty of characterising these polymeric materials, it was
previously established that the isomer form of the monomer (cis or trans) is dependant on both
temperature and solvent; it is therefore unknown whether the polymer is isomerically regular or

randomized.
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Figure 2.2.4: Representative *'P{'H} (CDCl;, top) and 'H (CDCl;, bottom) NMR spectra of 3 after
Yamamoto coupling, forming 3P. NB: the complex *'P peak structure makes it difficult to identify

products or assess polymer purity.

Table 2.2.1: Electronic spectra and GPC data for 3 and 3P

Entry MLCT ewier(L mol'em™) m-n* (nm) g (L mol' cm™) M, (g/mol) PDI (M,/M,)
(nm)

3 263 3317 - - - -

Trial 1 263 12050 370 1947 38000 2.71

Trial 2 236 9237 431 5688 13500 4.49

Trial 3 246 4647 328 1969 3500 1.87

Trial 4 264 7018 422 4322 23800 3.98
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To ensure the relative geometry of the conjugated thiophene units at Pt remains unchanged
during the polymerization, the monodentate PBus ligands on Pt were replaced with the bidentate
phosphine ligands, bis(diphenylphosphino)ethane (dppe) and bis(diphenylphosphino)propane
(dppp), in order to affix a cis conformation. The synthesis of the chelate complexes LPt(SC4H,Br),
(L = dppe, 4; dppp, 5) followed the same overall procedure used for the synthesis of 3 (Scheme
2.2.3). Specifically, 2 was reacted with one equivalent of either dppe or dppp to generate 4 (79%
yield) and 5 (95% yield) as yellow and orange solids, respectively. Pt(dppe)(SC4H,Br), (4) showed
a singlet at 42.5 ppm in the *'P NMR spectrum ('Jpp = 2072 Hz), while Pt(dppp)(SCsH,Br), (5)
exhibited a *'P NMR resonance at -3.3 ppm ('Jpp = 1984 Hz) (Figure 2.2.7). Neither 4 or 5 showed
any signs of solvent or temperature dependant isomerism, as is expected for d* square planar Pt
complexes stabilized by bidentate ligands. Both compounds showed high thermal stability with
melting points of 237 °C (4, turns brown at 210 °C) and 245 - 247 °C (5). Crystals of 4 and 5 of
suitable quality for X-ray diffraction were grown from diffusion of diethyl ether into saturated
CH,Cl, solutions (Figures 2.2.5 and 2.2.6).

Compound 4 had Pt-Cyeny bond lengths of 2.044(3) and 2.067(3) A, while the corresponding
lengths in 5 were 2.053(3) and 2.048(3) A, which are the same within experimental error, and
similar to those found for 3. The Pt-P bond lengths for 4 [2.2771(10) and 2.2898(9) A] were found
to be slightly shorter than those found for 5 [2.3010(8) and 2.3107(8) A], which may be attributed
to the reduced strain of the Pt-P-C,iy bond angles in the 5-membered ring formed by chelation of
dppe in 4, relative to the those found in the 6-membered ring formed in 5. The P-Pt-P angle was
85.75(3)° in 4, and 88.82(12)° in 5, which are close to the 90° angle expected for d* square planar
complexes. In contrast, 3 exhibited a P-Pt-P bond angle of 103.92(6)°, significantly larger than
expected for square planar complexes, because of the added steric bulk (and inter-ligand repulsion)

between the two cis PBu; groups.
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Scheme 2.2.3: Preparation of the cis-confined Pt thienyl complexes 4 and 5.

Figure 2.2.5: Thermal ellipsoid plot (30% probability) of (dppe)Pt(SC4H,Br), (4). Carbon-bound
hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and angles [°]: P(1)-Pt
2.2771(10), P(2)-Pt 2.2898(9), Pt-C(1) 2.044(3), Pt-C(5) 2.067(3), C(4)-Br(1) 1.879(4), C(8)-Br(2)
1.879(4), P(1)-Pt-P(2) 85.75(3), C(1)-Pt-C(5) 89.80(14), S(1)-C(4)-Br(1) 121.7(3), S(2)-C(8)-Br(2)
126.9(3).
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Figure 2.2.6: Thermal ellipsoid plot (30% probability) of (dppp)Pt(SCsH,Br), (5). Carbon-bound
hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and angles [°]: P(1)-Pt
2.3010(8), P(2)-Pt 2.3107(8), Pt-C(21) 2.053(3), Pt-C(11) 2.048(3), C(14)-Br(1) 1.888(3), C(24)-
Br(2) 1.885(3), P(1)-Pt-P(2) 91.91(3), C(21)-Pt-C(11) 88.82(12), S(1)-C(14)-Br(1) 120.9(2), S(2)-
C(24)-Br(2) 121.1(2).
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Figure 2.2.7: *'P{'H} NMR spectra of 4 (top) and 5 (bottom) with diagnostic '**Pt satellites marked
with (*).

To elucidate the necessary reaction conditions required for synthesizing platinum-thienyl
polymers, we shifted our focus towards simplified cross-coupling procedures wherein 5 was
coupled with monofunctional thienyl or acetylide units to afford controlled C-C bond formation

involving a single Pt complex (Scheme 2.2.4). Compound 5 was chosen for this model study due to
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its enhanced thermal stability, thus mitigating the degree at which the dppp ligand is released from
the Pt centre. The presence of a bidentate ligand will also supress the degree to which ligand
dissociation will occur due to the entropic benefit of the chelate effect. When 5 was combined with
two equivalents of 2-trimethylstannylthiophene under Stille coupling conditions with 2 mol%
Pd,(dba); in polar, arene and ethereal solvents, no evidence of C-C bond formation was observed;
likewise no reaction was observed under microwave irradiation. When 5 was reacted with two
equivalents of 2-trimethylstannylthiophene in the presence of catalytic Pd(PPhs)s in ethereal
solvents, starting material was recovered (90% by *'P NMR), along with several minor unidentified
products. When a substoichiometric amount of Pd(PPh;)s (5 mol%) was reacted with 5 in the
absence of 2-trimethylstannylthiophene and heated, a similar of product mixture was detected by *'P
NMR spectroscopy, implying some sort of phosphine exchange between the Pt and Pd centres had

occurred.

S, SnMe
2 s i) No Rxn
r > ji) Decomposition
i) 2 mol% Pdy(dba)z / Tol. or DCE / pw iiif) No Rxn
i) 5 - 10 mol% Pd(PPhs), / Tol. or DCE / pw
iii) 2 - 4 mol% (t-BusP),Pd / 4 CsF / THF reflux
Pha m ~Ph

Ph-R P~Ph

S
P < r2 Ot
S ) No Rxn
Br—4. | | >—gs| ) Ni(©OD),, COD, bipy / DCE / 1w

5

Y

+2 =—SiMe3
~ > No Rxn
i) 5 mol % Pd(PPh3), / Cul / Tol : iProNH

Scheme 2.2.4: Attempted C-C bond formation between 5 and 2-bis(trimethylstannyl)thiophene, 2-
bromothiophene and trimethylsilylacetylene

This result was initially perplexing as the use of chelating phosphines was intended, in part,
to reduce the amount of phosphine exchange and possible catalyst deactivation, however similar

procedures in the literature [11] have shown Pd(PPh;)s releases small amounts of free PPh; into
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solution, which coordinate to square planar Pt complexes forming pentacoordinate complexes or
displace inner shell ligands, inducing undesirable reactivity. The solution presented by Fréchet and
co-workers to form platinum-containing polymer was to use a Pd catalyst stabilized by bulky
tris(fert-butyl)phosphine ligands (#BusP), in order to avoid coordination of PPh; to the Pt centre.
Upon using (fBusP),Pd in place of Pd(PPh;)., polymerization of their cyclometalated square planar
Pt complexes was achieved, with no undesired reactivity. Utilizing the same catalytic conditions as
Fréchet and co-workers, we reacted 5 with 2-trimethylstannylthiophene in the presence of 2 mol%
(tBusP),Pd and 4 mole equivalents of CsF in refluxing THF. However in our system no sign of
cross-coupling was observed despite repeating the reactions with various catalyst loadings (2 - 4
mol%) and when microwave-assisted heating of the mixtures was attempted in 1,2-dichloroethane.
It is unclear at this time why 5 remains unreactive to Stille Cross-coupling when (#Bu;P),Pd is used
as a catalyst.

Attempts to react 5 with 2-bromothiophene via Yamamoto coupling [12] was done by
heating at 40 °C with stoichiometric Ni(COD), in the presence of the stabilizing co-ligands bipy and
COD. Work up of the reaction mixture yielded only starting material. It should be noted that an
expected side product, bithiophene, formed from the Ni assisted cross-coupling of 2-
bromothiophene, was never observed in any of the test reactions. Sonogashira cross-coupling was
attempted by reacting 5 with two equivalents of trimethylsilylacetylene in the presence of catalytic
Pd(PPhs)s and Cul, again resulting in the recovery of only the Pt starting material. Overall it was
surprising to observe that the reactivity of the monomer was inhibited to such an extent by
substitution of two monodentate PBus ligands for bidentate dppp. Exchanging PBus for dppp has
induced a resistance to most of the conventional aryl C-C bond forming coupling reactions, which
stands in contrast to most of the literature, that demonstrates how effectively thienylbromides have
been coupled using the reaction conditions described above [13].

This disparate behaviour in reactivity may be attributed to the nature of the substrate and the
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catalyst employed. We used coordinatively saturated Pd(PPhs), as a cross-coupling catalyst, which
dissociates PPh; ligands to become catalytically active, however the presence of free PPh; in
solution has been attributed to Pt monomer degradation as described previously [11]. We proved
this decomposition by reacting 5 with one equivalent of Pd(PPh;), at 70 °C in toluene which had a
3'P NMR spectrum that showed a complex mixture of products with no signs of 5 nor Pd(PPhs)..
Due to the proven effectiveness of Pd(PPhs), in the literature for Ar-Br homocoupling [13], it was
decided that a coordinatively unsaturated, Pd(0) catalyst which cannot release free phosphine be
ideal. However, when the coordinatively unsaturated catalyst (zBusP),Pd was combined
stoichiometrically with 5, no reactivity was observed, which stands in opposition to the previous
deduction. This may be due in part to the decreased lability of the /BusP ligands on Pd. The lack of
degredation of S in the presence of (/BusP).Pd implies free /BusP is not bonding to Pt to form
pentacoordinate species or inducing Pt ligand displacement.

We then looked at the possible ways in which 5 can react with Pd(PPhs)s. The possibility of
forming (Phs;P),Pt(SCsH,Br), was ruled out by independantly synthesizing it by reacting two
equivalents of PPh; with 2 to yield the desired complex (the *'P NMR spectrum exhibited a singlet
at 17.9 ppm ("Jere = 2095 Hz)). This value did not match any of the observed products in the
reaction between S and Pd(PPhs),. It was confirmed that free dppp will readily react with the
Pd(PPh;), catalyst, as Pd(PPh;), reacted with two equivalents of dppp to give Pd(dppp). [14] and
free PPh; quantitatively. We then combined one equivalent of Pd(PPhs), with 5, and heated the
mixture for 6 hours at 70 °C in CDCl;. The *'P NMR spectrum showed no signals corresponding to
5, but the presence of Pd(dppp). (5% at 4.5 ppm) was confirmed [14], as well as residual Pd(PPh;),
(10%), Pd(PPhs); (10%), and free PPh; (10%) [15]. The presence of a new peak at -5.6 ppm (40%,
'Jope = 3406 Hz) did not match any known dppp or PPh; complexes of Pt. In addition, two
unidentified products at 28.9 (5%) and 24.1 (5%) ppm were also observed (Scheme 2.2.5). The

complexes Pt(PPhs)s, Pt(PPh;)s, and Pt(dppp). were not detected by NMR, which is important to
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note, as formation of these products could only form following reductive elimination of bithiophene
from 5. The new major product had a similar *'P resonance to 5 (-3.3 ppm), which suggests that this

product still contains Pt-bound dppp.

PthéF’h Pd(dppp)2 (5%) + Pd(PPh3)4 (10%) + Pd(PPh3)3 (10%)
Ph="\ ,"~Ph CDCl3 /60 °C
Pt + Pd(PPh3)4 > | + PPh3 (10%) + Unknown A (40%) + Unknown B (5%)
S S
Br—4 \ / —pr + Unknown C (5%)
5

Scheme 2.2.5: Stoichiometric reaction between 5 and the cross-coupling catalyst Pd(PPh;),, which
yielded a complex mixture of products.

From the abovementioned observations. We postulate a few possible reaction pathways to
explain why the cross-coupling reactions with 5 did not proceed as expected. In a proposed first
step for the reaction of 5 with Pd(PPh;), (Scheme 2.2.6), oxidative addition of aryl-Br to the Pd(0)
centre leads to the formation of the intermediate 6a. This bimetallic intermediate contains two
transition metals in the +2 oxidation state in d® square planar coordination environments. Due to the
stability of the Pt(Il) centre by the chelating phosphine, dppp, and the presence of labile PPh;
ligands at Pd*, it is reasonable that deactivation pathways would involve Pd centres. After initial
oxidative addition to Pd, reductive elimination can occur at the same metal centre, regenerating the
catalyst and the monomer (i.e., the non-productive pathway). The next deactivation pathway
involves isomerization of 6a by isomerization to the less-hindered trans conformation (7) which
may undergo transmetallation upon dissociation of one PPh; ligand, however this pathway is also
unobserved (Scheme 2.2.6, Path A). Previous work has shown reductive elimination at Pt and Pd
centres with chelating phosphines depends on several factors including concentration of strong
donors in solution, and even minor changes to the molecular structure and electron withdrawing /

donating substituents on the stabilizing ligands [16]. Thus making it difficult to accurately predict
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the chemical behaviour of such species in solution.

The inhibition of the transmetallation step of Stille coupling was also considered as a
possible stopping point for the reactivity of 5. If 6a is formed and further reacts with free dppp to
displace the cis arranged PPh; ligands on Pd, then dissociation of dppp to reveal an open
coordination site at Pd will be significantly inhibited (Scheme 2.2.6, Path B). This dissociation step
is a requirement for square planar Pt or Pd complexes to undergo transmetallation. The Pd complex
Pd(dppp). is not reported to be catalytically active, however a two-coordinate Pd(dppp)
intermediate has been invoked as the proposed active species in the Pd-catalyzed
phenoxycarbonylation of alkynes [14b], where the reaction conditions involve combination of an

alkyne, CO, and Zn in the presence of equimolar equivalents of Pd(OAc), and dppp.
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Scheme 2.2.6: Proposed mechanism for the first step of Pd(PPhs;)s cross-coupling of 5, forming a
bimetallic intermediate.

Predecent for the formation of such stable bimetallic complexes was set by Sonogashira and

co-workers, who synthesized the diplatinum complex, Cl(PBus;),Pt(u-C4H,S)Pt(PBus).CI (8) [10],
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which we were able to further characterize via X-ray crystallography (Figure 2.2.8) using the
synthetic pathway used to form 8 is listed in Scheme 2.2.7. The PBus ligands on each Pt centre in 8
were found to be resting in the trans configuration in the solid state, and no solvent dependant
isomerization was observed. The Pt-C bonds of 8 were 2.004(9) and 2.025(9) A, which are the same
within error as in the PBus-bound Pt complex, 3. The Pt-P bond lengths were found to be 2.318(2),
2.308(2), 2.288(3), and 2.298(2) A which are all close in value to or the same within error as the Pt-
P bond lengths of 2.3159(14) and 2.3286(16) A found in 3. The P-Pt-P and CI-Pt-C bond angles
involving Pt(1B) were 174.45(9) and 178.8(3)° respectively; while the related angles involving
Pt(2B) were 178.67(11) and 177.2(3)°, thus reflecting the presence of square planar geometries at
both Pt-centres. The relative geometries of the planes formed by the chelating atoms to each Pt
centre were co-planar, with the plane formed by the bridging thienyl ring resting orthogonal to
them. This type of compound is preceded by similar examples in the literature as Lee and co-
workers found that Pd(0) complexes of the form Me;P-Pd”-NHC (NHC = N-heterocyclic carbene)
led to stable products upon oxidative addition of two equivalents with 2,5'-dibromobithiophene to
form trans-(Me;P)(NHC)BrPd"-(C,H,S),-Pd""Br(NHC)(PMe;) [14]. Given that trans-(Me;P)
(NHC)BrPd™-(C4H,S),-Pd""Br(NHC)(PMe;) was reported as the major product in 77% yield, it is
unlikely that this complex has any further catalytic activity in the cross-coupling of aryl bromides,
suggesting that these dinuclear complexes are resting states in organometallic oxidative addition

chemistry.
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Scheme 2.2.7: Synthetic route for CI(PBus),Pt(u-C4H,S)Pt(PBus;),Cl (8)

Cl(2B)

D
Figure 2.2.8: Thermal ellipsoid plot (30% probability) of Cl(Bu;P),Pt(C,H,S)Pt(PBus),Cl (8). The
second crystallographically independant molecule, hydrogen atoms and hexane solvate have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Pt(1B)-C(1B) 2.004(9), Pt(1B)-P(1B)
2.318(2), Pt(1B)-P(2B) 2.308(2), Pt(1B)-CI(1B) 2.380(2), Pt(2B)-C(4B) 2.025(9), Pt(2B)-P(3B)
2.288(3), Pt(2B)-P(4B) 2.298(2), Pt(2B)-Cl(2B) 2.386(3), CI(1B)-Pt(1B)-C(1B) 178.8(3), P(1B)-
Pt(1B)-P(2B)174.45(9), CI(1B)-Pt(1B)-P(1B) 91.86(9), CI(1B)-Pt(1B)P(2B) 92.62(8), CI(2B)-
Pt(2B)-C(4B) 177.2(3), P(3B)-Pt(2B)-P(4B) 178.67(11), CI(2B)-Pt(2B)-P(3B) 93.00(10), CI(2B)-
Pt(2B)-P(4B) 87.30(9), P(2B)-Pt(1B)-C(1B)-S(1B) torsion angle 99.1(4), P(3B)-Pt(2B)-C(4B)-
S(1B) torsion angle 93.4(5).
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One possible method for overcoming this lack of reactivity, and to ensure the stability of the
Pt monomer while encouraging the reductive elimination of the Pd-catalyst, is to utilize a sterically
bulky phosphine ligand on Pt. Such a sterically encumbering ligand would encourage the formation
of trans geometries at Pt, which when oxidatively added to the Pd(0) catalyst may prevent the
formation of a frans geometry at Pd, promoting reductive elimination from the cis geometry to yield
either the original Pt-complex or homocoupled products. Work done in our group has led to the
synthesis of the sterically bulky tris(3,5-diisopropylphenyl)phosphine ligand, which when reacted
with 0.5 equivalents of 2, gives the Pt complex 9 (Scheme 2.2.8). Preliminary NMR data (Figure
2.2.9) and X-ray diffraction studies of 9 have shown that complex 9 resides exclusively in the trans
conformation, with both thienyl substituents being co-planar. This co-planarity may be important in
extending the conjugation length of any synthesized oligomers or polymers derived from 9.
Furthermore, a detailed study of this sterically encumbered monomer in Pd catalyzed cross-

coupling chemistry is an area currently under investigation in our group.

AN e o
rs
e 2 PAr3 DM Br—> ||=t S B Ar= --
+ r > r =
S s -coD WA W
Br’d DBr PAs -Pr
2

9

Scheme 2.2.8: Synthesis of dithienyl-Pt(IT) complex stabilized by 2 tris(3,5-
diisopropylphenyl)phosphine ligands.
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Figure 2.2.9: °*'P{'H} NMR of the initial synthesis of 9 (¢rans), showing small amounts of impurity
(0). The diagnostic flanking '°Pt satellites are noted with (¥).

2.3 Conclusions

In summary, a series of bromothienyl-functionalized platinum complexes have been
synthesized and fully characterized, while initial attempts at polymerization were met with some
success. The heretofore unknown polymerization of a Pt monomer with direct thienyl linkages was
achieved with Yamamoto coupling, using PBus ancilliary ligands on the Pt centre, however the
coordination geometry of the Pt centres in the polymeric material is unknown due to an inability to
form pure materials. Polymer purity and synthetic reproducibility were suspect due to the presence
of starting material and the temperature and solvent dependant isomerism of the monomer. Attempts
to polymerize platinum-bis(thienyl) complexes affixed in the cis conformation with bidentate
phosphines were unsuccessful with either no observed reactivity under typical cross-coupling
methods, or decomposition of the monomer itself. Future work in this area will involve an in-depth
study of the effect of steric bulk at the Pt centre, as well as determining the total Pt content and

catalyst loadings necessary for polymerization.
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2.4 Experimental Section

General. All reactions were performed using standard Schlenk line techniques under an atmosphere
of nitrogen or in an inert atmosphere glove box (Innovative Technology, Inc.). Solvents were dried
using Grubbs-type solvent purification system manufactured by Innovative Technology, Inc.,
degassed (freeze-pump-thaw method) and stored under an atmosphere of nitrogen prior to use.
Synthesis of trans-(BusP),PtCl,, Compounds 2 - § were adapted from literature procedures [10b,17].
Compound 8 was synthesized using a modified procedure based on literature procedures, however
no crystal structure has yet been published [10b]. 'H and *'P NMR spectra were collected on a
Varian iNova-400 spectrometer, and *C {'H} NMR spectra were collected on a Varian VNMRS-500
cold probe spectrometer. Samples were referenced externally to SiMes ['H, 'H{''B}, “C{'H}] and
H;PO, (*'P). Elemental analyses were performed by the Analytical and Instrumentation Laboratory
at the University of Alberta. Infrared spectra were recorded on a Nicolet IR100 FTIR spectrometer
as Nujol mulls between NaCl plates. Melting points were measured in sealed glass capillaries under

nitrogen using a MelTemp melting point apparatus and are uncorrected.

X-ray Crystallography. Crystals suitable for X-ray diffraction studies were removed from a vial
(in glove box) and immediately coated with thin layer of hydrocarbon oil (Paratone-N). A suitable
crystal was then mounted on glass fiber, and quickly placed in a low temperature stream of nitrogen
on the X-ray diffractometer [18]. All data were collected using a Bruker APEX II CCD detector/D8
diffractometer using Mo Ka or Cu Ka radiation, with the crystals cooled to -100 °C. The data were
corrected for absorption through Gaussian integration from the indexing of the crystal faces [19].
Crystal structures were solved using direct (3, 4: SHELXS-97 [20]) or Patterson (2, 5: DIRDIF
[21]) methods, and refined using SHELXS-97. The assignment of hydrogen atoms positions were
based on the sp? or sp’ hybridization geometries of their attached carbon atoms, and were give

thermal parameters 20% greater than those of their parent atoms.
p g p
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Synthetic Procedures

Synthesis of trans-(Bus;P),PtCl,: 0.477 g (1.01 mmol) of bis(benzonitrile) platinum dichloride was
suspended in 40 mL of toluene. While stirring, 0.51 mL (2.04 mmol) of PBu; was added via syringe
at room temperature. The mixture was stirred for 12 hours to yield a clear yellow solution, and the
volatiles were removed under vacuum to yield a pale yellow solid. The product was purified by
recrystallization from 3:1 hexanes:THF at -35 °C to give trans-(PBu;),PtCl, as colourless prisms
(0.57g, 85%). The cis isomer can be isolated by dissolving the solid in chloroform or
dichloromethane, and the trans isomer can be isolated by dissolving the solid in benzene.

'H NMR (400 MHz, CDCL): & = 199 (m, 12H, -CH,CH,CH,CH;), 1.54 (m, 12H,
-CH,CH,CH,CH3), 143 (m, 12H, -CH,CH,CH,CH;), 094 (t, 18H, *Jux = 7.2 Hz,
-CH,CH,CH,CH,). "C{'H} NMR (100 MHz, CDCl;): § = 26.1 (PBus), 23.8 (PBus), 23.6 (PBu;),
13.3 (PBus). *'P{'H} (161.8 MHz, CDCl; (cis)): & = 1.0 (cis, '°Pt satellites: 'Jop = 3517 Hz).

S'P{'H} (161.8 MHz. C¢Ds (trans)): -4.4 (trans, "°Pt satellites: 'Jo.p = 2386 Hz).

Reaction of trans-(Bu;P),PtCl, with 2,5-bis(trimethylstannyl)thiophene: In a Schlenk flask
flushed with nitrogen, Pt(PBus),Cl, (92.1 mg, 0.225 mmol) and 2,5-bis(trimethylstannyl)thiophene
(56.0 mg, 0.222 mmol) were dissolved in 2 mL of DCM to yield a clear pale yellow solution. To
this solution was added (PPh;),PdCl, (4 mg , 0.006 mmol, 2 mol%). The solution was allowed to stir
overnight to yield a dark brown mixture. Volatiles were removed in vacuo to yield the brown
mixture of solid products. 'H NMR (CDCI;) of this compound showed very broad peaks between
2.0 and 0.65 ppm, however *'P{'H} NMR showed six new phosphorus environments with no
discernible Pt satellites, at 7.8, 7.4, 6.4, 2,4, 2.0 and 0.5 ppm. GPC analysis showed an average

molecular weight of 100 kDa, however reproduction of this result was unsuccessful.
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Synthesis of 2-bromo-5-trimethylstannylthiophene: In a Schlenk flask 2-bromothiophene (5.48
g, 33.6 mmol) was dissolved in 100 mL of THF. The solution was cooled to -78 °C, and 2.0 M
lithium diisopropylamide (LDA) (16.8 mL, 33.6 mmol) was added dropwise via syringe under a
flow of nitrogen. The solution turned from colourless to orange after the addition of LDA was
complete, and finally to a deep red after 1 hr at -78 °C. Trimethyltin chloride (35.0 mL, 35.0 mmol,
1.0 M solution in hexanes) was then added dropwise. Upon complete addition of the ClSnMe;s, the
solution turned from deep red to pale clear yellow. The solution was stirred for 1 hr at -78 °C and
then raised to room temperature for an additional 4 hours. 100 mL of water was then added, and the
product was extracted with 3 x 50 mL portions of diethyl ether. The organic fraction was dried with
MgSQO., filtered, and the volatiles were removed under high vacuum to yield the product (orange
liquid) in 96% yield (10.5 g).

'H NMR (400 MHz, CDCL;): 8 = 7.14 (d, 2H, *Juu = 3.2 Hz, BrC4H,SSnMes), 6.96 (d, 2H, *Juu =
3.2 Hz, BrC,H,SSnMe;), 0.38 (9H, -Sn(CHs)3, *Ji119sn = 58.0 Hz; *Jii17sa = 55.6 Hz). "C{'H} NMR
(100.5 MHz, CDCL): & = 140.0 (ArC), 135.2 (ArC), 130.6 (ArC), 116.1 (ArC), -8.0 (-Sn(CHs)s).

HR-MS Calcd. M*™ (m/z 325.88); Found: M"™ (m/z 325.87).

Synthesis of cis-bis(5-bromothienyl)(1,5-cyclooctadiene) platinum (II) cis-(BrCsH,S),Pt(COD)
(2): In a Schlenk flask under nitrogen, 2-bromo-5-trimethylstannylthiophene (112.5 mg, 0.34 mmol)
and cis-CLL,Pt(COD) (64.5 mg, 0.17 mmol) were dissolved in 5 mL of dichloromethane, and stirred
for 6 hours at room temperatre to yield a clear dark yellow solution. The volatiles were then
removed in vacuo to yield 2 as a pale yellow solid (0.102 g, 96%). Crystals of 2 suitable for X-ray
crystallography were grown from a saturated solution of THF:hexanes at -35 °C (orange plates).

'H NMR (400 MHz, CDCl5): 8 = 6.98 (d, 2H, *Juu = 3.6 Hz, BffCCHCHCS]Pt), 6.50 (d, 2H, *Jiuu =
3.6 Hz, Br[CCHCHCS]Pt, "°Pt satellites: *Jup = 49.6 Hz), 5.47 (br s, 4H, n*-(-CHCH-)-Pt, '*°Pt

satellites: *Jup = 42.0 Hz), 2.62 (br s, 8H, [-CH,CH,-]). "C{'H} NMR (125 MHz, CDCl;): & =
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147.4 (ArC), 131.5 (ArC), 130.1 (ArC), 112.5 (ArC), 105.1 (COD CH), 30.1 (COD CH,). Mp (°C)
173 - 175 (decomposed, turned black). Anal. Calcd. for C;sH»Br,PtS;: C, 32.89; H, 3.37; S, 9.76.

Found: C, 33.56; H, 3.05; S, 9.84.

Synthesis of cis-di(5-bromothienyl)bis(tri-n-butylphosphine) platinum an
(BrC,H,S),Pt(PBus); (3): To a slurry of cis-(BrC4H,S),Pt(COD) (61.4 mg, 0.098 mmol) in 6 mL of
hexanes was added two equivalents of PBu; (50 puL, 0.20 mmol). After stirring for 3 hours at room
temperature, the initially yellow suspension became a clear yellow solution. The volatiles were
removed in vacuo to yield 3 as a pale yellow solid (101 mg, 95%). Crystals of 3 suitable for X-ray
crystallography were obtained by cooling a saturated hexanes solution to -35 °C (pale yellow
prisms).

'H NMR (400 MHz, CDCL): § = 6.82 (d, 2H, *Jun = 2.8 Hz, Pt-(BrC.H,S)), 6.32 (d, 2H, *Jun= 2.8
Hz, Pt-(BrC.H-S)), 1.58 (m, 12H, -CH>CH,CH,CHs), 1.45 (br m, 12H, -CH,CH,CH,CHs), 1.40 (m,
12H, -CH,CH,CH,CH3), 0.94 (t, 18H, *Juy= 7.2 Hz, -CH,CH,CH,CH;). "C{'H} NMR (128 MHz,
CDCly): 6 = 137.3 (ArC), 133.8 (ArC), 128.7 (ArC), 128.4 (ArC), 26.5 (PBus), 24.4 (PBus), 13.9
(PBus), 13.8 (PBus). *'P{'H} NMR (161.8 MHz, CDCl;): 8 = -3.7 (cis, '*°Pt sattelites: 'Jppe = 2057
Hz). Anal. Calcd. for C;,HssBr,P,PtS,: C, 41.61; H, 6.33; S, 6.94. Found: C, 41.81; H, 6.43; S, 6.46.

Mp (°C): 85 - 86 (melts).

Thermal Isomerization of (BrC H,S),Pt(PBus); (3): 5 mg of (SC,H,Br),Pt(PBus), was dissolved
in 0.5 mL of CDCl; in a J. Young NMR tube under an atmosphere of nitrogen. The sample was
checked in-situ by *'P{'H} NMR to verify the presence of the cis-isomer of the compound. The
sample was then heated at 60°C for 24 hours. The NMR spectrum of the heated sample showed the

two isomers in solution (approximately 40% trans).

'P{'"H} NMR (161.8 MHz, CDCls): & = -3.7 (cis, Pt satellites: 'Jp.p, = 2057 Hz), 2.7 (trans, '*°Pt
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satellites: 'Jp.p = 2543 Hz).

Polymerization of (BrC;H,S),Pt(PBus),(3): a) Palladium assisted cross-coupling: 104.3 mg (0.112
mmol) of 3 and 4 mg (0.003 mmol, 3 mol%) of Pd(PPh;), were dissolved in 2 mL of CH,Cl, to
yield a clear yellow solution. After stirring for 12 hours at room temperature, the solution turned
dark orange. Volatiles were removed in vacuo to yield an orange solid. 'H and *'P NMR of this
compound showed only starting material and residual free PPh;. Repeating the synthesis in toluene
at reflux afforded no additional reactivity. Repeating the reaction with 5 mol% (PPh;),PdCl, in
CH,Cl; and toluene (reflux) also affords no reactivity

b) Grignard metathesis polymerization: 183.0 mg (0.198 mmol) of 3 and 8.4 mg (0.199 mmol) of
LiCl were dissolved in 3 mL of THF and cooled to -78 °C. To this solution was added 198 pL
(0.198 mmol) of 1.0 M /BuMgCl. The solution turned opaque yellow as the reaction mixture was
allowed to warm to room temperature. The turbid mixutre was left to stir for 12 hours, at which
point a 1 mL THF solution containing 1.0 mg (0.002 mmol, 1 mol%) of Ni(dppp)Cl, was added
followed by stirring for 24 hours. The resulting mixture was a pale peach colour. In-situ *'P{'H}
NMR showed free PBu; (-31 ppm) and starting material, along with other unidentified products.
GPC analysis showed that no polymeric (M,, >1000 g/mol) compounds were present in the crude
mixture.

¢) Yamamoto cross-coupling: A 1 mL toluene solution of 30.3 mg (0.11 mmol) of Ni(COD),, 17.2
mg (0.11 mmol) of 2,2"-bipyridine, and 13.5 pL (0.11 mmol) of 1,5-cyclooctadiene (COD) was
added to a 2 mL toluene solution containing 102 mg (0.11 mmol) of 3. The resulting solution was
deep blue, and left to stir for 12 hours at room temperature to yield a dark orange-brown solution.
The mixture was then heated to 80 °C for 48 hours. Volatiles were removed in vacuo, and the
resulting sticky orange residue was dissolved in 3 mL of THF, filtered and dried under vacuum
again to yield a sticky orange crude solid. "H NMR (CDCl;) showed broadened peaks similar to that

of the starting material. The *'P{'H} NMR spectrum showed broadened peaks for the starting
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material at -3.7 ppm; unidentified peaks at 4.2 and -9.6 ppm were also present. GPC analysis
showed the resulting material to have M,, = 38 000 Da; repeated syntheses yielded materials with
molecular weights ranging from M,, = 3500 - 38 000 Da. The product peaks found in the *'P NMR

spectra were inconsistent from one experiment to the next.

Synthesis of cis-bis(5-bromothienyl)diphenylphosphinoethane platinum m,
(BrC.H,S),Pt(dppe) (4): cis-(BrC,H,S),Pt(COD) (2) (41.6 mg 0.07 mmol) was dissolved in 5 mL
of CH,Cl; to yield a clear yellow solution. A solution of bis(diphenylphosphino)ethane (26.0 mg,
0.07 mmol) in 5 mL CH,Cl, was added to the solution of 3 and left to stir for 12 hours at room
temperature. The resulting solution was clear yellow. Volatiles were removed in vacuo to yield 4 as
a yellow solid in (48.4 mg, 79%). Crystals of 4 suitable for X-ray crystallography were obtained by
slow diffusion of diethyl ether into a saturated CH,Cl, solution (orange prisms).

'H NMR (400 MHz, CDCL): & = 7.62 - 7.40 (m, 20H, (C¢Hs).P), 6.70 (d, 1H, °J,, = 1.2 Hz,
CHCHCBY), 6.69 (d, 1H, °J,,, = 1.2 Hz, CHCHCBYr), 6.17 (t, 2H, °J,,, = 1.2 Hz, CHCHCBr, Pt
satellites: °J,, , = 44.0 Hz), 2.37 (br, 4H, Ph,PCH,CH,PPh,). *'P{'H} NMR (CDCl,, 161.8 MHz): 6
= 42.5 (cis, Ph,PCH,CH,PPh,, Pt satellites: '/, , = 2072 Hz). "C{'H} NMR (128 MHz, CDCl;):
6 =133.6 (Ar(), 133.5 (ArC), 131.2 (ArC), 129.9 (ArC), 128.9 (Ar(C), 128.8 (ArC), 128.7 (ArC),
128.6 (ArC), 28.0 (-PCH,CH,P-). Anal. Calcd. for C, H,.P Br,PtS: C, 44.51; H, 3.08; S, 6.99.

3477287 2

Found: C, 43.99; H, 3.01; S, 6.89. Mp (°C) 210 - 211 (turns brown), 237 - 238 (melts).

Synthesis of cis-bis(5-bromothienyl)diphenylphosphinopropane platinum dn,
(BrC H:S),Pt(dppp) (5): Complex 2 (135.2 mg, 0.21 mmol) was dissolved in 5 mL of CH,Cl, to
yield a clear yellow solution. A solution of bis(diphenylphosphino)propane (84.2 mg, 0.21 mmol) in

5 mL CH,Cl, was added and the reaction was stirred for 12 hours at room temperature. The
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resulting solution was clear orange. The volatiles were removed from the resulting orange solution
to yield 5§ as an orange powder (189.0 mg, 95%). Crystals of 5 suitable for X-ray crystallography
were obtained by slow diffusion of ether into a saturated DCM solution (orange prisms).

'H NMR (CDCl,, 400 MHz): § 7.55-7.29 (m, 20H, (ArH),P), 6.46 (d, *J, = 1.6 Hz, 2H,
BrC,HC,HS), 5.93 (br, 2H, BrC,HC,HS, Pt satellites: Jup = 43.2 Hz), 2.58 (br, 4H,
H,CCH,CH,), 188 (m, 2H, H,CCH,CH). *P{'H} NMR (CDCl,, 161.8 MHz): & -3.3
(Ph,PCH,CH,CH_PPh,, '*°Pt satellites: J,, = 1984 Hz). "C{'H} NMR (128 MHz, CDCL): § =
133.3 (ArC), 131.2 (ArC), 130.6 (ArC), 130.4 (ArC), 129.7 (ArC), 128.7 (ArC), 128.3 (ArC), 127.7

(ArC), 28.0 (-PCH,CH,CH,P-), 19.1 (-PCH,CH,CH,P-). Anal. Calcd. for C,.H, P.S

3577300 272

PtBr,: C, 45.03;

H, 3.45; S, 6.87. Found: C, 45.24; H, 3.27; S, 6.89. Mp (°C) 245-247 (melts).

Attempted cross-coupling of (BrC,H,S)Pt(dppp) (5): a) Stille cross-coupling with 2-
trimethylstannylthiophene: In a Schlenk flask flushed with nitrogen, 5 (27.4 mg, 0.03 mmol) and 2-
trimethylstannylthiophene (10.3 pL, 0.06 mmol) were dissolved in 5 mL of toluene to yield a clear
yellow solution. To this solution, Pd(PPh;), (3.4 mg, 1 mol%) was added and the solution was
refluxed for 12 hours. The resulting mixture was yellow-green with the formation of a black
precipitate. Volatiles were removed under vacuum to yield a dark yellow solid. *'P{'H} NMR of this
product showed starting material and trace amounts of free PPh;. Repeating this reaction in THF
yielded several unidentifiable peaks in the *'P{'"H} NMR spectrum, however 90% (by integration)
of starting material remained unreacted.

b) Microwave-assisted Stille cross-coupling: In a sealed microwave reactor vial was dissolved 60
mg (0.063 mmol, 1 mol%) of 5, 23.0 pL (0.12 mmol) of 2-trimethylstannylthiophene, and 7.4 mg of
Pd(PPhs)s in 3 mL of 1,2-dichloroethane. The microwave vial was placed in the reactor for 1 hr at
80 °C (avg. power was 17 W) to yield a clear yellow solution. Only starting material was present
by in situ *'P{'H} NMR. The vial was placed back into the reactor and heated to 90 °C for 8 hours
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(avg. power was 30W) to yield a dark orange solution with black precipitate. Only 5 was present in
the *'P{'"H} NMR spectrum. The reaction was repeated with the following catalyst and co-ligand
combinations to yield only 5 by *'P{'H} NMR: 2 mol% Pd,(dba);, 5 mol% Pd(PPh;),; 8 mol%
AsPhs; 10 mol% Pd(PPhs)s, 15 mol% AsPhs; 2 mol% Pd,(dba);, 4 mol% Pd(P(#Bu);)., 4 mol. eq.
CsF; 2 mol% Pd(P(/Bu)s)., 4 mol. eq. CsF.

¢) Microwave-assisted Yamamoto cross-coupling: In a sealed microwave reactor vial, 5 (66.8 mg,
0.071 mmol), 2-bromothiophene (23.1 mg, 0.142 mmol), Ni(COD), (19.5 mg, 0.07 mmol), COD
(8.6 uL, 0.071 mmol) and 2,2'-bipyridine (11.1 mg, 0.071 mmol) were dissolved in 3 mL of 1,2-
dichloroethane. The yellow-green solution was heated at 40 °C in a microwave reactor for 8 hours
to yield a dark brown solution. Only 5 was present by 'H and *'P{'H} NMR, showing no signs of
reaction.

d) Sonogashira cross-coupling: In a Schlenk flask flushed with nitrogen, 5 (68.6 mg, 0.073 mmol),
trimethylsilylacetylene (21 pL, 0.15 mmol), Cul (0.7 mg, 0.073 mmol) and Pd(PPh;), (4.2 mg,
0.073 mmol) were dissolved in 10 mL of toluene:diisopropylamine (7:3 ratio) to yield a clear
yellow solution. The solution was heated at 70°C for 12 hours to yield a cloudy yellow mixture. The
volatiles were removed in vacuo to yield to an orange solid. "H and *'P{'H} NMR showed only the

presence 5, showing no signs of reaction.

Synthesis of  CI(PBu;),Pt(n-CsH,S)Pt(PBu;3),Cl (8): At room temperature, a solution of
Pt(COD)ClL, (192.5 mg, 0.51 mmol) in 7 mL CH,Cl, was added to a 8 mL solution of 2,5-
bis(trimethylstannyl)thiophene (105.4 mg, 0.25 mmol) in CH,CL. The clear yellow solution was
stirred for 12 hours to yield a yellow slurry, indicating the formation of the intermediate product
2,5-bis(CIPt(COD))»(CsH,S). To the stirring slurry was added 256 pL (1.03 mmol) of PBu;. The
complete addition of the phosphine caused the solution to immediately turn deep clear yellow. The

volatiles were removed in vacuo and the product was extracted in 10 mL of hexanes. The volatiles
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were removed from the mother liqour to yield a pale yellow solid (87%, 302 mg). Crystals of 8
suitable for X-ray crystallography were obtained by cooling a saturated THF:hexane solution to
-35°C (pale yellow prisms). This compound had been synthesized previously in the literature [10b],
however this is a modified version of the synthesis, and no crystal structure has yet been published.

'H NMR (400 MHz, CDCl;): 8 = 6.90 (s, 2H, -[CCHCHS]-, '*°Pt satellites: *Ju.pe = 23.5 Hz), 1.66
(br, 24H, P(CH,CH,CH,CHj3)s), 1.52 (br m, 24H, *Juu = 3.6 Hz, P(CH,CH,CH,CHs);), 1.42 (sextet,
24H, *Jun = 7.6 Hz, P(CH,CH,CH,CHs)3), 0.93 (t, 36H, *Jun = 7.6 Hz, P(CH,CH,CH,CH)s).
BC{'H} NMR (100 MHz, CDCl;): 8 = 125.1 (CCHCHCS), 114.3 (CCHCHCS), 26.0 (PBus), 24.3

(PBus), 20.3 (PBus), 13.9 (PBus). *'P{'H} NMR (161.8 MHz, CDCl;): § = -6.4 (PBus, '*°Pt satellites:
'Jppe = 2649 Hz). Anal. Calcd. for C_H, P CLSPt: C, 46.18; H, 8.20; S, 2.37. Found: C, 45.22; H,

5277110 2

8.15; S, 2.33. Mp (°C): 100 - 101 (melts).
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2.5 Crystallographic Tables

Table 2.5.1. Crystallographic Data for Compounds 2 and 3.

2 3 4
empirical formula Ci6H16Br,PtS, Cs.HssBr,P,PtS, Cs4HysBr,P,PtS,
fw 627.32 923.75 917.53
cryst. dimens. (mm) 0.21 x0.17x0.17  0.57 x 0.36 x 0.06 0.31 x0.25%x0.17
cryst. syst. triclinic triclinic orthorhombic
space group P (No. 2) P (No.2) P212124
unit cell
a(A) 9.2337 (5) 9.4079 (12) 10.2910 (5)
b(A) 9.9857 (6) 10.2731 (13) 17.6215 (8)
c(A) 10.1881 (6) 21.475 (3) 17.6371 (8)
a(°) 74.7445 (6) 94.4793 (16)
B () 68.8269 (6) 98.2316 (16)
7 (%) 81.1783 (6) 109.5480 (14)
V (A%) 843.33 (8) 1918.0 (4) 3198.4 (3)
Z 2 2 4
Pealed (g cm™) 2.470 1.600 1.905
u (mm1) 13.29 5.953 7.140
T (K) 173(1) 173(1) 173(1)
20max (°) 55.14 53.18 55.00
total data 7604 15665 28422
unique data (Rin) 3862 (0.0123) 7976 (0.0270) 7313 (0.0326)
observed data a [[ > 20(I)] 3596 6326 6904
params. 190 379 370
R, [I>26(D]* 0.0192 0.0383 0.0207
wR; [all data]*® 0.0505 0.0982 0.0467
difference map Ap (e A?) 1.216 /-0.786 1.309 /-1.252 0.922/ —1.099

"R, = X|[F,| - |[Fe|| / Z|Fo|; WR, = [EW(F.2- F2)?/ X w(F,})]'"?
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Table 2.5.2. Crystallographic Data for Compounds 5 and 8.

5 8
empirical formula CssH;30Br,P,PtS, CssH24CLP4Pt,S
fw 931.56 1438.59
cryst. dimens. (mm) 0.58 x0.13 x 0.08 0.42 x 0.38 x 0.24
cryst. syst. triclinic monoclinic
space group P P2,
unit cell
a(A) 9.1235 (5) 12.1410 (11)
b(A) 12.9043 (8) 45.923 (4)
c(A) 15.0858 (9) 12.6005 (11)
a(°) 97.7213 (7)
B(°) 104.1687 (7) 91.5479 (14)
v (°) 102.1434 (7)
vV (A%) 1650.85 (17) 7022.9 (11)
V4 2 4
Pealed (g cm™) 1.874 1.361
u (mm1) 6.918 4.208
T (K) 173(1) 173(1)
20max (°) 55.22 55.40
total data 14714 62454
unique data (Rin) 7550 (0.0261) 32301
observed data a [ > 2o(I)] 6835 30123
params. 379 1063
R [I>2o(D)]* 0.0247 0.0520
wR, [all data]® 0.0593 0.1221
difference map Ap (e A?) 1.225 /—0.860 2.965/ —2.053

"R, = X||F| - [Fd| / Z[Fof; WR: = [EW(Fo2- F2)/  w(Fo)]"
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Chapter 3

Isolation of inorganic ethene (H,BNH,): en route to boron nitride

3.1 Introduction

Ammonia borane and amine borane derivatives have been used as chemical sources of
hydrogen [1,2] and precursors for boron nitride (BN) [3]. Air stable at room temperature in the solid
state, ammonia borane (AB or H;N*BH3) contains 19.4% hydrogen by weight [1] and was widely
regarded as a highly promising hydrogen storage material. H;N*BHj; is considered isoelectronic,
isostructural and isolobal with ethane (H;C-CHs), while borazine [(HBNH);] has the same
relationship with its hydrocarbon counterpart, benzene. The key difference between ethane, benzene
and their inorganic B-N analogues is the B-N bonds in the latter species are quite polar, allowing for
a wider range of bonding through dipole interactions, and reactivity from the presence of protic and
hydridic hydrogen atoms. While the parent inorganic ethene and acetylenes have been isolated at
-196 °C [4,5], they remain elusive at room temperature due to their volatility and ability to
spontaneously self-polymerize. McGee and co-workers first reported the isolation of inorganic
ethene (H.NBH,) by condensation at 4 K [4], while inorganic acetylene (HBNH) was first observed
by Porter and co-workers [5], but was later characterized in detail by Andrews, et al. using matrix
isolation techniques [6].

Moreover, molecular boron nitride (BN), an inorganic analogue of C,, is of great interest.
Ceramic boron nitride [(BN)y] is a synthetic material that is isostructural with diamond in its cubic
form [7] and is similarly as hard with nearly unparalleled thermal stability, making it ideal for
mechanical and electronic applications such as heat sinks and electronic insulators [8]. Current
synthetic methods for boron nitride require reaction temperatures of >1500 °C and pressures up to 5
GPa, and often require very specialized equipment [9,10]; in rare circumstances, lower temperature
methods have been used [11]. Therefore, it would be of great value to synthesize chemical

precursors that may aid in the synthesis of boron nitride under mild reaction conditions (e.g., <200
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°C). The parent inorganic ethene, H,BNH,, is a suitable precursor to molecular BN, by removal of
two equivalents of H,. The work presented herein describes the trapping of the parent inorganic
ethene using a donor-acceptor approach, and our attempts to convert these adducts into a complex

of BN via dehydrogenation chemistry (Scheme 3.1.1).

LB. H
\B—NF/H HH H
DN IV S %:N//H

H LA HZ " O H7

LB = Lewis base | I
LA = Lewis Acid

LB’\ H

-H ) ;

2 B=N. M2 B sp=N—>LA
H N

LA

Scheme 3.1.1: Dehydrogenation of H,BNH,, the canonical
resonance forms (I and II) are shown.

Research in our group has focused on the trapping of unstable or reactive closed-shell
molecules or molecular fragments using a donor-acceptor stabilization protocol. Previously, we
have reported the isolation of adducts of molecular GeH, [12,13], SnH, [13], and SiH, [14], as well
the mixed heavy group 14 element ethylene congeners H,Ge=SiH, and H,Sn=SiH, [15]. In theory,
this general donor-acceptor approach could be used to access a stable complex of BN, given the
anticipated Lewis acidic and basic properties of the B and N atoms, respectively. The goal of this
work was to initially isolate inorganic ethene (H,N-BH,) in the form of a donor-acceptor adduct at
room temperature, and then induce two successive hydrogen elimination events to produce a stable
adduct of coordinated BN (Scheme 3.1.1). In this work an inorganic analogue of ethene was
successfully isolated using our donor-acceptor method, and preliminary dehydrocoupling chemistry

has been investigated.
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3.2 Results and Discussion

One of the key issues with synthesizing H,BNH. is that it readily oligomerizes to form
cycloborazanes (H.BNH,), (n = 2 - 5) [16]. H,BNH, was first trapped cryochemically by pyrolysis
of borazine with subsequent trapping of the products at 4 K. It was reported that H,NBH, began to
polymerize at temperatures as low as -155 °C [4]. Our method for trapping H,.BNH, allows for the
formation of a room temperature, stable bottleable compound whereby the reactivity and bonding
characteristics of the coordinated H,.BNH, unit can be examined more readily (Scheme 3.2.1). The
synthetic pathway described herein makes use of the nucleophilic olefin IPrCH, (IPrCH, =
(HCNDipp).C=CH,; Dipp = 2,6-iPr,CsH3) which has been shown previously to act as a Lewis base,
in similar fashion as N-heterocyclic carbenes (NHCs) like IPr [IPr = (HCNDipp),C:] [17]. Stable
adducts of H,BNH, were isolated via the ring-opening of cyclic aminodiboranes by strong
nucleophilic electron donors. The cyclic p-aminodiborane (H,NB,Hs, 1) was generated in-sifu by
reaction of anhydrous ammonia borane (Hs;NeBH;) and H;B*THF for 72 hours in a 5:1
hexanes:THF solvent mixture.  Addition of IPrCH, to a solution of 1 caused the adduct
IPrCH,*H,BNH,*BH; (2) to precipitate from solution as a white powder in a moderate isolated yield
of 64%. The formation of the product was confirmed by NMR ('H, "B, 'H{'"B}, GCOSY) and IR

spectroscopy.
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Scheme 3.2.1: Synthesis of H,BNH, bis-adducts 2 and 3.

The presence of IPrCH, in the adduct was confirmed by 'H NMR, while a triplet and a
quartet resonance were observed in the proton-coupled "B NMR spectrum (triplet, = -14.7, 'Jg.n =
94.5 Hz; quartet, 8 = -21.9, 'Jyu = 86.9 Hz), which could be assigned to the internal -BH,- and
terminal -BH; groups respectively (by 'H{''B} NMR decoupled at the ""B resonances -14.7 and
-21.9 ppm). Linkage of the nucleophilic -CH, group of IPrCH, to the -BH>- unit of the inorganic
chain was proven by 'H{""B} aoGCOSY NMR. The resonance corresponding to boron-bound
hydrogen atoms of the -BH>- at 1.40 ppm showed off-diagonal coupling to the resonance at 1.88
ppm belonging to the terminal -CH, group of the nucleophilic olefin. The resonance corresponding
to the central -NH,- unit could not be identified due to coincidence with the doublets corresponding
to an isopropyl group on the IPrCH, donor, however an N-H stretching band at 3340 ¢cm™ could be
located by IR spectroscopy. The adduct demonstrated indefinite stability in the solid state under N,
and was stable in non-polar solvents up to 100 °C (benzene, toluene). Limited stability of 2 was
noted in chlorinated solvents (dichloromethane, 1,2-dichloroethane, chloroform), however this
species rapidly decomposed in THF (decomposition half-life of 24 hours). The decomposition

product showed a resolved pentet in the "B NMR spectrum (8 = -40.6 ppm, 'Jsu = 81.3 Hz)
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corresponding to a BH4 anion, and a highly shifted downfield singlet at 8.18 ppm in the "H NMR
spectrum (CDCl;) corresponding to the unsaturated backbone of the [IPrCH;'] cation [18].
IPrCH»*H,BNH:*BHj; could not be crystallized in a form suitable for X-ray crystallography using
arene or ethereal solvents (THF, hexanes, ether or toluene) and crystals of 2 grown from saturated
CH,Cl, and CICH,CH,CI solutions exhibited significant twinning, thus preventing the terminal B
atom of the inorganic chain, -BH,NH,BHj3, from being refined anisotropically.

It was found that very specific 6-donors were required to prepare adducts of the general
form LB*H,BNH,*BHj; (LB = Lewis base) from the ring opening of 1. For example, the addition of
the N-heterocyclic carbene, IPr, resulted in the formation of the adduct IPr-BH; [19] (64%, 6 = -35
ppm, quartet in "B NMR, 'Jgn = 86.3 Hz), and an unknown product (36%, & = -17.5 ppm, br s in
"B NMR). Similarly, when the strong o-donor tricyclohexylphosphine (PCy;) was added to 1, the
known phosphine-borane adduct, Cy;P-BH; was formed in a 90% yield (by integration of peaks, d =
22.9 ppm, 1:1:1:1 quartet by *'P{'H} NMR, 'Jr5 = 64 Hz; doublet by ''"B{'H} NMR: -46.3 ppm, 'Js.
p = 63 Hz), with 10% of an unknown product, tentatively assigned to Cy;P*H,BNH,*BH; [''B NMR:
8 =-25.0 (br) and -21.5 (q, 'Jsr =111 Hz); *'P{'"H} NMR: 6.9 ppm, (br)].

In order to investigate if the terminal BH; unit in the amino-borane adducts
LB+H,BNH,*BHj could be displaced by other Lewis acids, [PrCH,*H.BNH,*BH; was reacted with
one equivalent of B(CgFs);1n a 10:1 toluene: THF mixture, with the hope that the terminal BH; group
would be exchanged by the stronger Lewis acid B(CgFs)s, to form IPrCH,*H,BNH,*B(C¢Fs);. The
reaction was monitored in situ for 3 hours. The presence of the methylimidazolium [IPrCH;]
cation was confirmed by “C{'H} NMR, however the diagnostic unsaturated backbone protons of
the imidazolium ring could not be identified due to the presence of numerous peaks from aryl
resonances, where the backbone resonance should also appear. A doublet was present in the "B
NMR spectrum (d, 8 = -25.4 ppm, 'Jsu = 93.3 Hz) with accompanying "’F NMR resonances that

were in agreement with the literature values for the HB(C¢Fs);” anion [18]. These data suggest the
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formation of [IPrCH;"][HB(CsFs);] as the major soluble product. A second unidentified product in
the "B spectrum was located at -19 ppm as a broad singlet (10%). The borane adduct, H;B*THF
was identified in the "B spectrum (10%), implying this reaction involves intial displacement of the
terminal BH; with B(C¢Fs);, or competitive exchange of the two boranes. This is followed by
migration of H to B(C¢Fs); to form [HB(CeFs);] and H' transfer to IPrCH, to form [IPrCH;'],
extruding HNBH in the process (Scheme 3.2.2). This mechanism is similar to that proposed for the
decomposition of IPrCH,*H,BNH,*BH; to [IPrCH;"][BH,], where a concerted hyrdride / proton
shift occurs. A possible alternative decomposition route involves decomposition of 2 into [IPrCH; ']
[BH4], followed by a hydride shift from [BH4] to B(C¢Fs)s, forming [HB(CsFs);]. The exact route
of decomposition is currently unknown. The chemical fate of any extruded HBNH is unknown, and
is a current area of investigation in our group. Due to the limited solubility of 2 in most organic
solvents, and its tendency to decompose in THF, attempts to dehydrogenate the H.NBH, unit were
unsuccessful. Support for a proton transfer step occuring during decomposition comes from the
observed tendency of these nucleophilic olefins and carbenes to react readily with acidic protons to

form imidazolium salts [18d].

Dipp H H BH 10:1 Toluene:THF Dipp H H B(C<F

,\1 j‘B\N._/ 3 + B(CgF5)3 ’\ﬂ (\/}‘B\N.'/ (CeFs)
| ®) OC.' h\ _ - H3BeTHF = | @) GC" h\

) an pH ) N H H

N g% - B(CeFs)3 N gy

\ HaB e THF \
Dipp 2 s Dipp \

[g%c/ [»_ B\N.‘ B(CgFs)
" | [HB(CeFs)y] = P—c- L%+ BCeFs)
'\{ b "HB=NH" extrusion \\_/,H

i Dipp ] D|pp

Scheme 3.2.2: Proposed proton-hydride shift leading to the decomposition of 2 into
[IPI'CH3+] [HB(C6F5)3_] .
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In an attempt to avoid the decomposition path outlined in Scheme 3.2.2, p-
dimethylaminopyridine (DMAP) was chosen to replace IPrCH, as a neutral Lewis base. We
repeated the abovementioned synthetic procedure using DMAP in place of IPrCH, to yield the
desired adduct, DMAP+H,BNH,*BHj; (3) as a white solid in a high isolated yield of 75%. The
structure of DMAP+H,BNH»*BH; (3) is presented in Figure 3.2.1, and has the expected geometry

proposed in Scheme 3.1.1.

Figure 3.2.1: Thermal ellipsoid plot (30 % probability) of DMAP<H,BNH,*BHj; (3), with carbon-
bound hydrogen atoms and hexane solvate molecules have been omitted for clarity. The hydrogen
atoms bound boron and nitrogen were located from the electron difference map. Selected bond
lengths [A] and angles [°]: B(1)-H 1.109(13) and 1.125(13), B(2)-H 1.102(15), 1.145(14) and
1.147(17), N(2)-B(1) 1.5728(15), B(1)-N(1) 1.5720(17), N(1)-B(2) 1.5939(16), N(2)-B(1)-N(1)
110.44(9), B(1)-N(1)-B(2) 118.68(9), N(2)-B(1)-N(1)-B(2) torsion angle 65.71(13).

The Npwmar-BH,-NH»-BH; array rests in a gauche conformation about the B-N bond vector
similar to that of H;NeBH; [20], with an Npuap-B-N-B torsional angle of 65.71(13)°. The central
H,B-NH, bond distance was 1.5720(17) A, which was the same within experimental error as the B-

N bond of 1.58(2) A in H;N*BH; found by Crabtree and co-workers [20]. The B-N bond length
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involving the terminally bound BH; group in 3 was 1.5939(16) A, which is of similar value as in
Shore's inorganic butane analogue, H;NBH,NH,BH;, which had terminal B-N bond lengths of
1.600 and 1.588 A [21]. The "B NMR spectrum conclusively proved the presence of -BH,- and
-BH; groups in 3 (triplet, § = -3.7, 'Js.u = 99.5 Hz; quartet, = -21.8 ppm, 'Jsu = 91.9 Hz). Due to
the low number of resonances in the '"H NMR spectrum of 3, the central -NH,- unit was located in
the form of a broad singlet at 2.19 ppm. By doing selectively decoupled 'H{""B} NMR experiments,
the BH, and BH; were also assigned in the "H NMR spectrum. Tthe 3-bond coupling of the terminal
-BH; to the adjacent -NH»- was located as a triplet at 1.26 ppm (*Js.u = 4.4 Hz), when decoupling

was carried out at the resonant ''B frequency for the terminal BH; unit.

LB — BHj;
+
H BH - Hy (central) H HB=NH - H
yZ 3 2 o \ BH; extrusion / trimerization |
By . B >~ | H.__N.__H
LYY LB \ B= B
H H ,N\‘ ,N\
H B H
I
- H2 (terminal) ————
|T| /_\
H\B\NéBHZ hydride shift H\B _BH
LB | s~ N HB=NH
H H extrusion / trimerization

Scheme 3.2.3: Possible dehydrogenation reaction pathways for H,BNH, adducts.

Of great intrest was the fact that the DMAP adduct (3) was completely stable at room
temperature in THF and chlorinated solvents. The thermal stability of 3 is significantly different
then that of IPrCH,*H,BNH,*BH; (2), showing decomposition in refluxing CsDs to form the known
adduct, DMAP-BH; ("B NMR: q, & = -13.9 ppm, 'Jeu = 92.7 Hz) and borazine (HBNH); ("B
NMR: d, & = 30.6 ppm, 'Jgu = 141.1 Hz) [22], implying thermal dehydrogenation had transpired,
followed by extrusion of HBNH and subsequent trimerization. By comparison, 2 was completely

stable in refluxing C¢Ds. No evidence for the formation of [DMAPH][BH,] was observed. It is
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unkown if dehydrogenation of 3 occurs at the central H,BNH, or terminal H,NBH; units, thus two
reaction pathways are again possible (Scheme 3.2.3). In order to displace BH; with a Lewis acid
that could not undergo dehydrogenation, thus promoting the H, loss exclusively from the central
H,BNH, unit, compound 3 was reacted with B(C¢Fs);. When the two compounds were combined in
toluene an intractable mixture of unknown products was obtained, as a complicated series of
resonances were observed in both ''B and "’F NMR spectra. These results demonstrate that the B-H
and N-H bonds of the adduct are quite reactive, so we decided to synthesize the N-methylated
analogue (DMAP+*H,BNMe,*BH;) to supress the possible hydrogen elimination chemistry, and
encourage the formation of the Lewis acid-exchanged product DMAP+<H,BNMe,*B(C¢Fs)s.
Synthesis of the adduct DMAP<*H,BNMe,*BH; (5) was achieved through a similar ring-
opening pathway as used to prepare the H,BNH, adducts, but starting from the p-
dimethylaminodiborane (4). Compound 4 was prepared in 40% vyield by the reaction of
Me,NH<*BH; with one equivalent of BH3;*THF after 3 days of heating at 60 °C. In order to facilitate
the dehydrocoupling step of the reaction, [Rh(COD)CI], was used as a catalyst to first convert
Me,NH*BH; into the known dimer [Me,NBH,], ("B NMR: triplet, & = 4.75 ppm, 'Jsn = 112.8 Hz)
[23]. The in situ generated dimer [Me,NBH,], was then reacted with one equivalent of H;B*THF at
60 °C for 8 hours to generate NMe,B,Hs (4) in quantitative yield (Scheme 3.2.4). Addition of one
equivalent of DMAP to 4 causes ring-opening and precipitation of the desired linear adduct,
DMAP<H,BNMe,*BH; (5), as a pale yellow solid in 63 % yield. Using the same methodology,
stable adducts involving IPrCH, and IPr donors were also prepared (IPrCH,*H,BNMe,*BHj; (6) and
IPreH,BNMe,*BH; (7)). The structures of adducts 5 - 7 are shown in Figures 3.2.2 - 3.2.4. The
central H,.BNMe, units in 5 - 7 bear structural similarity to the parent H,BNH, adduct 3, with the L-
BH,-NMe,-BH; chain resting in the gauche conformations for L = DMAP and IPrCH, (e.g. the
Ciprciz-B-N-Bierminal torsion angle was 51.3(6)°), while an anti-conformation was found within the IPr

adduct (7) [Cip-B-N-Biemina torsion angle = 178.38(12)°]. This difference may in part be due to the
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increased steric bulk of the IPr, relative to the IPrCH, and DMAP donors, which cause the
H,BNMe,BHj chain to take on an alternate low energy conformation. In the case with IPrCH,, the
olefinic CH, carbon creates enough distance between -NMe»- and the bulk of the ligand such that
the gauche conformation is favoured. Due to the fact that the parent inorganic ethene could not be
isolated with IPr using this method, our focus shifted solely to the IPrCH, and DMAP adducts of

both the parent H,BNH, and H.BNMe,, in order to form a basis for reasonable comparison.

HH\ |)/|e Me%N,Me
Rh ~B—N— .
2 MepHNeBH; — 0 o BN—Me 2HBeTHE ) Hag gt
hexanes:THF —N—B H( N \H
H Me | \\H H
T2 Me H
H BH
+4 %I‘B B3 L = DMAP, 5
L L N L =IPCH,, 6
hexanes:THF |_'~/ B\M 2
Me' '€ L=IPr, 7

Scheme 3.2.4: Synthesis of p-dimethylaminodiborane (4) and the H.BNMe,
adducts 5 - 7.
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Figure 3.2.2: Thermal ellipsoid plot (30 % probability) of DMAP<H,BNMe,*BH; (5), with carbon-
bound hydrogen atoms and dichloroethane solvate removed for clarity. The boron bound hydrogen
atoms were located from the electron difference map. Selected bond lengths [A] and angles [°]:
B(1)-H 1.115(14) and 1.104(15), B(2)-H 1.130(15), 1.130(16), and 1.126(18), N(2)-B(1)
1.5722(19), B(1)-N(1) 1.5801(18), N(1)-C(1) 1.4835(16), N(1)-C(2) 1.4800(17), N(1)-B(2)
1.6020(19), N(2)-B(1)-N(1) 111.32(11), B(1)-N(1)-B(2) 114.53(11), N(2)-B(1)-N(1)-B(2) torsion
angle 60.99(15).
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Figure 3.2.3: Thermal ellipsoid plot (30 % probability) of IPrCH,*H,BNMe,*BHj5(6), with carbon-
bound hydrogen atoms omitted for clarity. The boron bound hydrogen atoms were located from the
electron difference map. Selected bond lengths [A] and angles [°]: C(2)-B(1) 1.660(3), B(1)-N(3A)
1.659(9), N(3A)-C(5A) 1.462(16), N(3A)-C(6A) 1.469(8), N(3A)-B(2A) 1.595(12), C(2)-B(1)-
N(3A) 107.9(4), B(1)-N(3A)-B(2A) 116.3(7), C(2)-B(1)-N(3A)-B(2A) torsion angle 51.3(6).
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Figure 3.2.4: Thermal ellipsoid plot (30 % probability) of IPreH,BNMe,*BH; (7), with carbon-
bound hydrogen atoms omitted for clarity. The boron bound hydrogen atoms were located from the
electron difference map. Selected bond lengths [A] and angles [°]: B(1)-H 1.146(18) and 1.130(18),
B(2)-H 1.12(2), 1.16(2), and 1.16(2), C(1)-B(1) 1.639(2), B(1)-N(3) 1.588(2), N(3)-C(4) 1.477(2),
N(3)-C(5) 1.475(2), N(3)-B(2) 1.617(2), C(1)-B(1)-N(3) 114.39(12), B(1)-N(3)-B(2) 110.63(13),
C(1)-B(1)-N(3)-B(2) torsion angle 178.38(12).

DMAP+H,BNMe,*BH; (5) and IPrCH,*H.BNMe,*BHj; (6) exhibited H,B-NMe, bond lengths
of 1.5801(18) A and 1.659(9) A, respectively. The terminal Me,N-BH; [1.6020(19) A] and H,N-
BH;[1.5939(16) A] bond lengths in 5 and 3 respectively, were the same within experimental error.
While it was not evident from the structural comparison of § and 6, it was confirmed that DMAP is
a stronger Lewis base than IPrCH,. This was confirmed by reacting one equivalent of DMAP with 2
and 6 to quantitatively yield 3 and 5, with free IPrCH, (Scheme 3.2.5). The "B NMR spectrum for

the reaction of DMAP+H,BNMe,*BH; (5) with B(C¢Fs); exhibited two doublets (-16.9 ppm, 'Jeyn =
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166 Hz; -24.8 ppm, 'Js.u = 88 Hz) and a quartet (-14.7 ppm, 'Jsu = 142 Hz) with equal integration.
The "H NMR spectrum showed only one major unidentified DMAP environment (65%). These data
when taken with the tendancy of B(CeFs); to abstract a hydride from 2, suggest the possible
formation of [DMAP*HBNMe,*BH; ][H(BCcF5);]. Investigation of the interaction of strong Lewis

acids like B(CeFs); with H,.BNR; adducts is an area of ongoing investigation in our group.

Dipp  H N H
/ S B AN BH3
N o / \N : CGHG B\ /
[@»_0' bR > N
N |_Z|J\ R + DMAP Z "N I R
\ HH - IPrCH, ) R
Dipp \“\'
R=H,2 R=H,3
R =Me, 6 R=Me, 5

Scheme 3.2.5: Displacement of IPrCH, with DMAP to form 3 and 5.

Theoretical studies (B3LYP / cc-pVDZ) were performed on DMAP<H,BNH,*BH;,
DMAP+H,BNMe,*BH;, and the structurally truncated complexes ImMe,CH,*H,BNH,*BH; and
ImMe,CH,*H,BNMe,*BH; [ImMe,CH, = (HCNMe),C=CH,]. All of the DFT calculations
demonstrated polar and dative bonds for the donor-BH; (Ciprcra®-B®"; Npmar®-B®") and internal and
terminal B-N bonds (H,N*-B*'H;; Me,N*-B>'H3), confirming the validity of the bonding models for
the adducts described herein; furthermore there was reasonable agreement between the X-ray
structural data and the calculated bond lengths and angles (see Table 3.6.1). In a comparitive study
using DMAP as the donor, the difference in bond interaction between the structurally similar parent
H,BNH, and H,BNMe, was evident. The Wiberg bond index for H,B-NH, in 3 (0.69) was slightly
higher then that of H,B-NMe, in 5§ (0.61). It was observed based on the calculated bond indices that
the DMAP interaction strength with BH, was effectively the same for H,B-NH, (0.603) and H,B-
NMe, (0.605). The terminal NH,-BHj interaction was found to be slightly greater in 3 (0.63) then

that of NMe,-BH; in 5 (0.57). This result can be rationalized by realizing that the pendant methyl
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groups create a sterically encumbered site, slightly hindering the Me,N: from approaching the BH;
to achieve optimal orbital overlap, despite being more electron rich. Studies using ImMe,CH, as a
donor yielded similar results. The bond order based on Wiberg index of Cimmeaciz-Bmz (0.714) and
Cimmezcn2-Bawver (0.720) were approximtely the same, and the terminal N-BH; linkage was slightly
weaker in ImMe,CH,*H.BNMe,*BH; (0.55) compared to ImMe,CH,*H,BNH,*BH; (0.60).
Molecular orbital calculations showed the expected configuration for the BH,-NH,-BHj; chains (and
the methylated analogues), showing p-p overlap as the dominant bonding interaction (see Figures
3.6.1 - 3.6.4 for selected MOs). For ImMe,CH,*H,BNH,*BH; and DMAP<H,BNH,*BH;, there
existed a bonding interaction (HOMO-18 in Figure 3.6.1 and HOMO-19 in Figure 3.6.2) between
the B-N-B atoms, where p-character orbitals on B-H and N-H bonds formed a n-symmetry bonding
interaction across all 3 atoms. This positive overlap may contribute to the overall reason for why the
gauche conformer is the dominant geometry, as opposed to anti, as intramolecular B-Hee*H-N
interactions are maximized.

Many dehydrocoupling reactions were performed on the H,BNH, adducts described herein.
It has been well established in the literature that Rh(I) complexes are very effective at inducing
rapid dehydrocoupling of amine boranes [23]. The reaction of IPrCH,*H,BNH,*BH; (2) with
catalytic [Rh(COD)Cl]; in toluene yielded two major products by in-situ "B NMR spectroscopy; a
doublet was present at 31 ppm ('Jsu = 141 Hz) corresponding to the formation of borazine (80%),
and a broad singlet was seen at 18.9 ppm which was not identified (20%). The presence of borazine
implied that loss of H, from H,BNH, occured to yield HBNH followed by extrusion and
trimerization to form borazine. In contrast to this, when DMAP<*H,BNH,*BH; was reacted with
catalytic [Rh(COD)Cl], in THF, no reaction was evident by either in-situ ''B or '"H NMR, however
an intractable black powder was present, typically attributed to precipitated Rh metal. The mother
liqour of the reaction was decanted and dried under vaccum to recover 71% of initial

DMAP<H,BNH,*BH; used; due to lack in solubility of the precipitate in any organic solvent, it is
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unknown what, if any, new products remained in the insoluble precipitate. When taken with the lack
of knowledge of the side products of the reaction, these results provide a challenge for
understanding what, if any, dehydrocoupling events are taking place. This necessitated the need to
seek other methods of dehydrogenating H,BNH, adducts.

Recently Liu and co-workers reported that transition metal halides (MX and MX, , M = Fe,
Ni, Co, Cu; X = F, Cl, Br, and I) can catalytically dehydrocouple amine-boranes of the form
RH,B*NH,R (R = alkyl) [24]. We therefore explored if similar transition metal halides could induce
H, elimination from DMAP+H,BNH,*BHj; (3). When 3 was reacted with catalytic quantities of
NiBr,> DME (DME = 1,2-dimethoxyethane) in THF, "B NMR spectroscopy showed that the
reaction produced DMAP-BH; [25] and borazine in approximately 1:1 ratio. When CuBr was used
instead, the starting material was consumed entirely, yielding DMAP-BH; and borazine in a 1:1
ratio (by "B NMR; an unidentified broad singlet at 5.5 ppm was observed in 5% yield by
integration). Both pure CuBr and the adduct CuBreSMe, were tested as dehydrogenation catalysts,
and both yielded near quantitative conversion of 3 to DMAP-BH; and borazine. This result, when
taken with the results from the reaction of 2 with [Rh(COD)CIl],, imply that indeed our complexes
of H,BNH, are undergoing one dehydrocoupling event, followed by extrusion of the newly formed
inorganic ethyne (HBNH) and trimerization to form borazine. The free DMAP and BH;
subsequently coordinate to each other forming the air- and moisture-stable DMAP-BH; adduct. This
result is promising as it provides and alternate synthetic route to borazine; it has been shown
previously that borazine can be utilized as a precursor for the low-pressure synthesis of boron
nitride [26], however it is difficult to synthesize pure borazine using existing methods [22]. The
elimination of HBNH from the adduct (scheme 3.2.6) was likely due to the increased s-character of
the resulting sp” bonding orbitals on N within the putative adduct DMAP*HB=NH<*BH;. This would
cause a reduction in the o-donating capability of the lone pair, resulting in a weaker donor-acceptor

interaction involving BH;. Therefore, a synthetic route for placing stronger Lewis acids at the
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molecular terminus will be required to stabilize HBNH in the form of a donor-acceptor adduct.

Hay BH
- N
A\ R cat. (DME)NiBr, or (Me,S)CuBr H
2N b e N\ T HN B NH
| H > N—\ N:—=BHz+ 133 i
~ X THF / / HB. -BH
N N
\ 3 H

Scheme 3.2.6: Dehydrogenation of 3 with (DME)NiBr, and (Me,S)CuBr. DME = 1,2 -
dimethoxyethane.

We then attempted to add steric bulk the H,BNH, centre, by synthesizing
DMAP+H,BNH/Bu*BHj; (9). It was hypothesized that the rBu group would increase the electron
density on nitrogen via inductive effects making it a stronger donor and the larger size of the
substituent would prevent oligomerization, allowing for the isolation of HBN7Bu in the form of a
stable donor-acceptor adduct. Compound 9 was synthesized by ring-opening of rBuNHB,H;s (8)
with DMAP (Scheme 3.2.7). Reacting one equivalent of /BuH,N*BH; with H;B*THF in 5:1
hexanes:THF at room temperature for three days yielded /BuNHB,Hs (8), which was confirmed by
in situ "B NMR spectroscopy (t of d, 'Jex = 30 Hz (B-H bridging) and 127 Hz (B-H terminal)).
One equivalent of DMAP was then added to a solution of 8 to precipitate 9 as a white solid in an
isolated yield of 73% (Scheme 3.2.5). The formation of DMAP+*H,BNH/Bu*BH; was confirmed by
NMR spectroscopy and X-ray crystallography (Figure 3.2.7). Compound 9 exhibited a Npuap-BH>
bond length of 1.583(2) A, which is intermediate between the same bond length in 3 and 5
respectively. The central H,B-NH(/Bu) bond length was found to be 1.593(2) A, which is slightly
elongated compared to 3 and S, which may be due in part to the increased steric bulk of the rBu
group. The adduct also rests in the gauche conformation, similar to adducts 3, 5 and 6, with a
Nbmar-B-N-Biemina torsion angle of 76.66(18)°.

With the tert-butylated adduct 9 in hand, we decided to explore dehydrogenative chemistry

to access the iminoborane adduct DMAP<HBN(7Bu)*BHj;. Reaction of 9 with a catalytic amount of
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Me,S+CuBr in benzene resulted in the observation of DMAP-BH; and 8 in 15 and 21% yield
respectively with 64% unreacted 9, by integration of the B NMR spectrum, implying
dehydrogenation had not proceeded in a manner similar to S. This stands in contrast to previous
dehydrogenation experiments with Me,SeCuBr, where rapid H, elmination was observed via the
formation of borazine. We then reacted 9 with a catalytic amount of [Rh(COD)CIl], in benzene (see
Scheme 3.2.7). In situ "B NMR analysis confirmed the formation of (HBN#Bu); (10, 5%, d, -25.2
ppm, 'Jpu = 143 Hz), poly-t-butylborazylene (11%, br s, -30.1), (H,BNHzBu); (11, 31%, t, -4.7
ppm, 'Jsn = 95 Hz) [27], DMAP-BH; (31%), and 8 (21%). The formation of large quantities of
(H.BNH7Bu), is interesting as it implies that extrusion of H,BNH/Bu is the primary reaction
pathway, with only a small percentage of 9 undergoing dehydrogenation. Unfortunately, the small
fraction of 9 that appears to undergo dehydrogenation chemistry seemingly extrudes HBN/Bu
which oligomerizes to form N-z-butylborazine and poly-z-butylborazylene. This was corroborated
by the work of Wright and co-workers, who showed that dehydrocoupling of /BuH.N*BH; with

Al(NMe,); as a catalyst resulted in mixtures of the trimers 10 and 11 and polymers of HBN7Bu and

(H,BNH?Bu):[27].
H
H% % SN %‘ \ /BH3
5:1 hexanes: THF e
HKB/N\BAH + = | > ~ "N \H
H” Ny “H ~ | tBu
H N ~ A
N
8 |

N — tBu.  B. -tBu tBu. ,.B.  tBu
H \ S
HfBiH:BfH + N‘@N —=BH3; + NuH NuH + Nu 'u\j + poly-tBu-borazylene

H / HZB.NIH BH, HB\II\]//BH
tBu tBu
8 10 1

Scheme 3.2.7: Synthesis and catalytic dehydrogenation of DMAP<H,BNHBu*BH; (9).
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Figure 3.2.5: Thermal ellipsoid plot (30 % probability) of DMAP<H,BNHsBu*BH; (9), with
carbon-bound hydrogen atoms omitted for clarity. The boron bound hydrogen atoms were located
from the electron difference map. Selected bond lengths [A] and angles [°]: B(1)-H 1.11(2) and
1.11(2), B(2)-H 1.14(2), 1.17(2), and 1.16(2), N(2)-B(1) 1.583(2), B(1)-N(1) 1.593(2), N(1)-B(2)
1.623(2), N(1)-C(1) 1.519(2), N(2)-B(1)-N(2) 108.95(13), B(1)-N(1)-C(1) 112.87(12), B(1)-N(1)-
B(2) 110.57(14), N(2)-B(1)-N(1)-B(2) torsion angle 76.66(18).

It is known that N-heterocyclic carbenes have a tendency to act as Brenstead bases to form
stable imidazolium cations. In a previous study, we showed that H™ attack on an imidazolium ring
cation can yield neutral aminals of the general form NHCH, (12, Scheme 3.2.8, NHC = N-
heterocyclic carbene), and it has been shown by Roesky and co-workers that IPr can extract H™ and

H™ from H;N*BH; to give the same aminal product [13a,b].
: 1. HCI .
/-Pr/Q. 2. Li(HBEts) I-PF/Q'
N i-Pr i-Pr
N

+ HMezNOBH3
- (MGQNBHQ)Q

\

T
:_‘ :
I
o
—
Y
I
o
:_‘ :
+
.|
-

IPr 12, IPrH,

Scheme 3.2.8: Two possible routes for the formation of
the N-heterocycle aminal IPrH, via H" and H™ abstraction.
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In an attempt to perform the same transformation, compound 3, IPreH.BNH,*BHj3, was
reacted with IPr. Upon combining 3 with IPr, the known N-heterocycle, IPrH (12), was observed as
well as the heretofore unknown IPreH,BNH,*BH; adduct (13). The fate of HBNH produced from
this dehydrocoupling event is currently an area under investigation in our group. While the
formation of this adduct does not add further insight into the reactivity of inorganic ethene, it
demonstrates that the linear chain BH,NH,BH; is more stable in the presence of strong nucleophiles
than the cyclic isomer, p-aminodiborane (NH,B,Hs). This allows synthetic access to adducts that
were otherwise unobtainable (Scheme 3.2.6), increasing the scope of this method.

Hy M +1Pr nH

\ BH;
H§ /N\ AH X %B\ /
H/B\ O~ hexanes: THF 7 N\
H H IPr AH i-Pr
13 N i-Pr
+IPrCH, | hexanes:THF [l\>l>
wPr -Pr
-DMAP | 66 i-Pr
i H
/D'pp H%‘B _~BH3  +DmAP L H IPr
N N - IPrCH Al BH3
DN - B. .~
H 7 N
N 4V H CeHs g N
\ H H DMAP 5 H
Dipp 2 3

Scheme 3.2.9: Alternate synthetic route to obtain IPreH.BNH,*BH;
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3.3 Conclusions

In summary we have developed a general donor-acceptor method for trapping the parent
inorganic ethene (H,BNH,), which is a logical chemical precursor to a molecular adduct of boron
nitride. Initial dehydrogenation studies have demonstrated that H.BNH, units can be converted to
HBNH in the presence of suitable dehydrogenation catalysts, which was shown to trimerize into
borazine. This work has opened up new avenues for study of these once unstable molecules, adding
insight into the dehydrogenation chemistry of amine boranes in the fields of both boron-nitride
materials and hydrogen storage. Future work will involve exchanging the terminal Lewis acid BH;
group in these adducts with less reactive Lewis acid partners in the attempts to induce full

dehydrogenation to isolate the elusive BN molecule in the form of a stable complex.
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3.4 Experimental Section.

General. All reactions were performed using standard Schlenk line techniques under an atmosphere
of nitrogen or in an inert atmosphere glove box (Innovative Technology, Inc.). Solvents were dried
using Grubbs-type solvent purification system manufactured by Innovative Technology, Inc. [28],
degassed (freeze-pump-thaw method) and stored under an atmosphere of nitrogen prior to use.
Ammonia borane and /BuNH,*BH; was purchased from Aldrich, and Me,NH*BH;, BH;*THF, and
p-dimethylaminopyridine (DMAP) were purchased from Alfa Aesar and used as recieved. 1,3-Bis-
(2,6-diisopropylphenyl)-imidazol-2-ylidene (IPr) and 1,3-Bis-(2,6-diisopropylphenyl)-imidazol-2-
methylidene (IPrCH,) were prepared following literature procedures [29, 30]. 'H and "B NMR
spectra were collected on a Varian iNova-400 spectrometer, and “C{'H} NMR spectra were
collected on a Varian VNMRS-500 spectrometer. Samples were referenced externally to SiMe, ('H,
'H{"B}, “C{'H}) and BF;*OEt, ("B, "B{'H}). Elemental analyses were performed by the
Analytical and Instrumentation Laboratory at the University of Alberta. Infrared spectra were
recorded on a Nicolet IR100 FTIR spectrometer as Nujol mulls between NaCl plates. Melting
points were measured in sealed glass capillaries under nitrogen using a MelTemp melting point

apparatus and are uncorrected.

X-ray Crystallography. Crystals suitable for X-ray diffraction studies were removed from a vial
(in glove box) and immediately coated with thin layer of hydrocarbon oil (Paratone-N). A suitable
crystal was then mounted on glass fiber, and quickly placed in a low temperature stream of nitrogen
on the X-ray diffractometer [31]. All data were collected using a Bruker APEX II CCD detector/D8
diffractometer using Mo Ka or Cu Ka radiation, with the crystals cooled to -100 °C. The data were
corrected for absorption through Gaussian integration from the indexing of the crystal faces [32].
Crystal structures were solved using direct methods (3, 5, and 7: SHELXD [33]; 6: SHELXD [34]),

and refined using SHELXS-97. The assignment of hydrogen atoms positions were based on the sp?
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or sp® hybridization geometries of their attached carbon atoms, and were give thermal parameters

20% greater than those of their parent atoms.

Synthetic Procedures.

Synthesis of Aminodiborane, NH,B,Hs (1): Ammonia-borane (61.7 mg, 2.13 mmol) was taken up
as a slurry in 15 mL of hexanes, and 1.0 M BH;*THF (2.00 mL, 2.00 mmol) was added. The
resulting cloudy solution was stirred for 3 days at room temperature to yield a colourless solution.
The solution volume was concentrated by half under vacuum and filtered. The presence of NH>B,Hs
can be deteremined by diluting a small aliquot with CsDs for "B NMR analysis. ''B NMR (128

MHz, CsDs): 8 = -26.6 ppm [d of t, 'Jzn = 27 Hz (B-H bridging) and 138 Hz (B-H terminal)].

Synthesis of IPrCH,*H,BNH,*BH; (2): A solution of IPrCH, (0.859 g, 2.13 mmol) in 3 mL
hexanes was added to a purified solution of NH,B,H;s (made from 66.0 mg of NH;BHj3, 2.13 mmol)
in 5:1 hexanes:THF to give a white slurry which was stirred at room temperature for 2 hours. The
mother liquor was decanted, and the white precipitate was washed with 2 x 6 mL portions of
hexanes and toluene. The product was dried under vacuum, to give 2 as a white powder (0.587 g,
62%).

'H NMR (400 MHz, CDCl3): & = 7.52 (t, 4H, *Juu = 7.5 Hz, ArH), 7.34 (d, 2H, *Jun = 7.5 Hz, ArH),
7.00 (s, 2H, -N-CH), 2.56 (septet, 2H, *Juu = 6.5 Hz, -CH(CHs),), 1.88 (br t, 2H, *Juu = 4.0 Hz,
IPrCH,), 1.41 (s, 2H, assignment made by selective '"H{"'B} decoupling, -BA,NH,BH;) 1.35 (d,
12H *Jiu = 6.5 Hz, -CH(CHs),), 1.16 (d, 12H, *Juu = 6.5 Hz, -CH(CH),), 1.06 (s, 3H, assignment
made by selective 'H{"'B} decoupling, -BH,NH,BH:). “C{'H} (125 MHz, CDCl;): § = 162.3
(ArC), 145.7 (ArC), 131.4 (ArC), 130.8 (ArC), 124.7 (-N-CH), 121.3 (-N-C(CH,)-N-), 28.9 (-
CH(CHs),), 25.7 (-CH(CHs),), 22.6 (IPrCH,). "B (128 MHz, CDCl;): § = -14.7 (br t, 'Jsn = 94.5 Hz,

-BH,NH,BH;), -21.9 (br q, 'Jsu = 86.9 Hz, -BH,NH,BHj3). IR (Nujol / cm™): 3340 (s, vNH), 2351 (s,
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vBH), 2304 (s, vBH), 2219 (s, vBH). Anal. Calcd. for C;sHssB,Ns: C, 75.52; H, 10.19; N, 9.44.

Found: C, 74.02; H, 11.24; N, 8.49. Mp (°C) 148 — 149 (melts).

Decomposition of IPrCH,*H,BNH,*BH; (2) in Solution: To investigate its decomposition,
compound 2 (75.3 mg, 0.168 mmol) was dissolved in 8 mL of THF and stirred at room temperature.
An aliquot of solution was removed and analyzed by "B NMR spectroscopy every hour. Initial
measurements (<15 min.) showed no signs of decomposition. After 24 hours ca. 50% had
decomposed into [IPrCH;"][BH4] by integration of the "B NMR spectrum. After 48 hours ca. 90%
had decomposed into the same product. Volatiles were removed in-vacuo and white residue was
analyed by '"H and "B NMR to yield a crude sample of [IPrCH;"][BH4], containing 10% of 2.

NMR Data for [IPrCH;'][BHs]: '"H NMR (400 MHz, CDCl;): & = 8.18 (s, 2H, -N-CH), 7.65 (t,
4H, *Jin = 8.0 Hz, ArH), 7.44 (d, 2H, *Juu = 8.0 Hz, ArH), 2.34 (septet, 2H, *Juy = 6.8 Hz,
-CH(CHs),), 2.14 (s, 3H, IPrCHs), 1.32 (d, 12H, *Juu = 6.8 Hz, -CH(CHs),), 1.23 (d, 12H, °Juu =
6.8 Hz, -CH(CHs),), 0.33 (q, 4H, 'Jsn = 81.5 Hz, BHy). "B (128 MHz, CDCl;): = -40.6 (pentet,
'Jen = 81.3 Hz, BHy). "C{'H} (125 MHz, CDCl;): 8 = 145.7 (ArC), 144.9 (ArC), 132.6 (ArC),
129.0 (ArC), 126.2 (ArC), 125.4 (ArC), (-N-CH), 29.2 (-CH(CHs),), 24.6 (-CH(CHs;),), 23.4 (-

CH(CH;),), 10.9 (IPrCH).

Reaction of IPrCH,*H,BNH,*BH; (2) with B(C¢Fs);: Compound 2 (45.4 mg, 0.101 mmol) and
B(CeF5);(52.1 mg, 0.100 mmol) were taken up in 8 mL of toluene as a slurry, and 1 mL of THF was
added to dissolve the starting materials. After 3 hours the volatiles were removed under vacuum to
yield a white residue. The tentative primary product of the reaction is [I[PrCH;"][HB(C¢Fs);]; the “C
NMR spectrum was in agreement with values for the IPrCH;" cation [18d], while "B and "F NMR
confirmed the presence of the HB(C¢Fs); anion [18a-c]. The aryl region of the 'H spectrum

displayed a complicated splitting pattern, making it difficult to use for product identification. In a
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separate reaction, 5.6 mg (0.012 mmol) of 2 and 6.4 mg (0.012 mmol) of B(CsFs); were dissolved in
0.8 mL of toluene and 2 drops of THF. The solution was immediately sealed in a J.Young NMR
tube and monitored via "B NMR spectroscopy. After 5 minutes, 90% of the B(CeFs); had been
consumed and converted into [HB(CeFs);7], with a second product at -19 ppm (~10%, br s). After 3
hours all of the starting materials had been converted into [HB(C¢F5);] (90% yield by integration);
BH;*THF was present in solution (8% by integration), confirming that the terminal BH; group was
displaced in the reaction before the formation of [IPrCH;"][HB(C¢Fs);]. There were several
unidentified peaks in the aromatic region of the '"H NMR spectrum thus making it difficult to assign
diagnostic resonances, however the major product was confirmed by "C{'H}, ''B and "F NMR.

NMR Data for [IPrCH;'][HB(CsFs)s]: "B NMR (128 MHz, CDCls): § = -25.4 (d, 'Jsn = 93.3 Hz,
HB(C4Fs)y). F (500 MHz, CDCl;): 6 = -133.52 (d, *Jr = 21.8 Hz, ArF), -163.8 (t, *Jw = 20.7 Hz,
ArF), -166.8 (m, *Jy = 16.6 Hz, ArF). "C{'H} (125 MHz, CDCl;): § = 145.1 (ArC), 144.8 (ArC),
132.7 (ArC), 129.1 (ArC), 125.6 (-N-CH), 29.3 (-CH(CHs),), 24.3 (-CH(CHs),), 23.2 (-CH(CHs)»),

10.6 (IPI’CH}).

Thermolysis of [IPrCH,*H,BNH,*BH; (2): A small amount of 2 (approx. 5 mg) was dissolved in 1
mL of C¢Dg and sealed in a J. Young NMR tube under 1 atm of nitrogen. The solution was heated at
100 °C for 24 hours to yield a clear colourless solution with a small amount of undissolved 2. 'H

and "B NMR analysis showed only the presence of 2 with no sign of decomposition.

Synthesis of DMAP*H,BNH,*BH; (3): A solution of p-dimethylaminopyridine (0.0918 g, 0.75
mmol) in 5 mL of 5:1 hexanes:THF was added to a solution of NH,B,Hs (made from 23.2 mg of
NH;BHj3;, 0.75 mmol) in 10 mL of 5:1 hexanes:THF solvent mixture. The resulting mixture clouded
to give a white slurry after 8 hours. The mother liqour was then decanted, and the white solid was

washed with 6 mL portions of hexanes, diethyl ether and toluene. The product was dried under
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vacuum, giving 3 as a white powder (0.0920 g, 75%). Crystals of 3 suitable for X-ray
crystallography (colourless needles) were obtained by cooling a saturated dichloroethane /
diethylether solution to -35 °C.

'H NMR (400 MHz, CDCl;): 8 = 8.08 (d, 2H, *Juu = 7.3 Hz, ArH), 6.57 (d, 2H, *Jiu = 7.3 Hz, ArH),
3.13 (s, 6H, -N(CHs),), 2.79 (s, 2H, assignment made by selective 'H{"B} decoupling,
-BH,NH,BH3), 2.19 (br s, 2H, -BH,NH,BH;), 1.26 (t, 3H, assignment made by selective 'H{"'B}
decoupling, *Jun = 4.4 Hz, -BH,NH,BH;). “C{'H} (125 MHz, CDCL;): & = 155.8 (ArC), 1474
(ArC), 106.2 (ArC), 39.6 (Ar-N(CHs),). "B (128 MHz, CDClL3): 8 = -3.7 (t, 'Jen = 99.5 Hz,
-BH,NH,BH;), -21.8 (q, 'Jsu= 91.9 Hz, -BH,NH,BH;). IR (Nujol / cm™): 3301 (w, vNH), 2364 (w,

vBH), 2297 (w, vBH), 2243 (w, vBH). Mp (°C) 138 — 139 (melts).

Thermolysis of DMAP<H,BNH,*BH; (3). 10 mg of 3 was dissolved in 0.5 mL of THF and sealed
in a J. Young NMR tube under an atmosphere of nitrogen. The sample was heated at 100 °C for 24
hours. The in-situ "B NMR analysis showed the presence of the known DMAP-BH; adduct and
borazine (doublet at 30.6 ppm, 'Jsy = 141.1 Hz) in a 3:1 ratio by integration of peaks, with trace
starting material. Volatiles were removed in-vacuo and the white residue (5 mg) was identified as
DMAP-BH; by NMR.

NMR Data for DMAP+*BH; [25]: '"H NMR (400 MHz, CDCl;): & = 8.05 (d, 2H, *Jun = 7.6 Hz,
ArH), 6.49 (d, 2H, *Jun = 7.6 Hz, ArH), 3.08 (s, 6H, -N(CH),). "'B (128 MHz, CDCl;):  =-13.9 (q,

IJBH = 927 HZ, -BH3).

Dehydrogenation of DMAP*H,BNH,*BH; (3): i) To a solution of 3 (34.2 mg, 0.207 mmol) in 5
mL of THF was added 1.0 mg of [Rh(COD)CI], (0.002 mmol, cat. 1 mol%). The solution was
initially clear yellow, and turned black-green after 2 hours. An aliquot of the solution was then

analyzed by "B NMR at the initiation of reaction and after 60 hrs, showing only the presence of 3
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and no other soluble products. The mother liqour was decanted and dried in vacuo to recover 71%
of starting material.

i1) 20.7 mg (0.125 mmol) of 3 and 6.2 mg of NiBr,>DME (0.02 mmol, 16 mol% cat., DME =
dimethoxyethane) were dissolved in 6 mL of THF to yield a golden brown solution that quickly
turned black. The mixture was stirred for 48 hours to yield a clear colourless solution with black
precipitate. "B NMR analysis of this clear solution showed that 50% of the starting material
remained, with the major product DMAP-BH; (40%) and borazine (10%).

ii1) 19.8 mg (0.120 mmol) of 3 and 8.1 mg of CuBrsDMS (0.04 mmol, 32 mol% cat., DMS =
dimethylsulfide) were dissolved in 6 mL of THF to yield a light yellow solution that quickly turned
black after 10 minutes. The mixture was stirred for 48 hours to yield a clear colourless solution with
black metallic precipitate. "'B NMR of this clear solution showed no signs of starting material, with
the major products DMAP-BH; (65%) and borazine (30%), and one unidentified product (5%, br s,
5.5 ppm).

iv) 21.5 mg (0.130 mmol) of 3 and 6.0 mg of CuBr (0.04 mmol, 32 mol% cat.) were dissolved in 6
mL of THF to yield a pale yellow solution that turned black after 2 hrs. The mixture was stirred for
48 hours to yield a clear colourless solution with black metallic precipitate. "B NMR of this clear
solution showed no signs of starting material, with the major products DMAP-BH; (65%) and

borazine (30%), and one unidentified product (5%, br s, 5.5 ppm).

Synthesis of dimethylaminodiborane, (CH;),NB,Hs (4): Me,NH*BHj; (0.1620 g, 2.74 mmol) was
dissolved in 6 mL of 5:1 hexanes:THF and combined with 1.0 mg of [Rh(COD)Cl],. Immediately
the solution turned clear yellow, and within 2 hours the solution was dark black-green. The mixture
was stirred for 16 hours at room temperature and filtered through a plug of silica to remove
colloidal rhodium [23c]; the presence of [Me,NBH,], was confirmed by "B NMR, showing a triplet

at 4.75 ppm ('Jgu = 112.8 Hz) . One equivalent of 1.0 M (2.7 mL, 2.70 mmol.) H;B*THF solution
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was added, and the clear colourless mixture was heated at 60 °C for 8 hours to quantitatively yield 4

by "B NMR (128 MHz, THF): § =-17.5 (br t, "Jsu = 146.9 Hz).

Synthesis of DMAP*H,BN(CHj3),°BH; (5): A solution of p-dimethylaminopyridine (0.3359 g, 2.75
mmol) in 5 mL of 5:1 hexanes: THF was combined with a 15 mL solution of N(CHj3).B,Hs prepared
in-situ (from 2.74 mmol of Me,NH<*BH;). The clear colourless solution turned to a pale yellow
slurry and the reaction was stirred for 8 hours at room temperature. The volatiles were removed
under vacuum, and the solid material was washed with 4 mL portions of hexanes, diethyl ether, and
benzene. Volatiles were removed under vaccuum to give 5 as a pale yellow solid (0.332 g, 63%).
Crystals of 5 suitable for X-ray crystallography (colourless prisms) were grown by cooling a
concentrated hexane/THF solution to -35 °C.

'H NMR (500 MHz, C¢Ds): 8 = 8.17 (d, 2H, *Jun = 6.0 Hz, ArH), 5.55 (d, 2H, *Jun = 6.0 Hz, ArH),
2.61 (s, 6H, -BH,N(CH;),BH;), 2.55 (s, 2H, assignment made by selective '"H{"'B} decoupling in
CDCl;, -BH,NH,BH3), 1.86 (s, 6H, -N(CH3)2), 1.32 (t, 3H, assignment made by selective '"H{"'B}
decoupling in CDCls, *Juu = 4.4 Hz, -BH.NH,BH;). “C{'H} (125 MHz, CsDg): 8 = 155.2 (ArC),
148.8 (ArC), 105.2 (ArC), 50.6 (-BH,N(CH3),BH3), 38.2 (-N(CHs),). ''B (128 MHz, C¢Dy): & = 2.5
(t, "Jen= 101.5 Hz, -BH,NH,BH;), -10.8 (q, 'Jsu = 94.5 Hz, -BH,NH,BH;). IR (Nujol / cm™): 2394
(w, vBH), 2354 (w, vBH), 2330 (w, vBH), 2281 (w, vBH). Anal. Calcd. for CoH»B,N3: C, 56.04; H,

10.97; N, 21.78. Found: C, 55.98; H, 10.94; N, 21.43. Mp (°C): 131 — 131.5 (melts).

Attempted Thermolysis of DMAP*H;BN(CHj3),*BH; (5): 10 mg of 5 dissolved in 1 mL of THF
was sealed in a J. Young NMR tube under an atmosphere of nitrogen and heated to 100 °C for 24
hours. "B NMR analysis of the reaction mixture showed only the presence of starting material with

no decomposition.
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Reaction of 5 with B(C¢Fs);: Compound 5 (11.8 mg, 0.061 mmol) and B(C¢Fs); (31.4 mg, 0.061
mmol) were combined in 4 mL of toluene to yield a yellow solution. After 2 hours, the volatiles
were removed under vacuum to yield 39.1 mg of a pale yellow solid. NMR spectroscopy was
performed on the putative product [DMAP<HBNMe,*BH; ][H(BC¢Fs);]. '"H NMR (400 MHz,
CsDg): & = 7.58 (d, 2H, °*Jun = 7.6 Hz, ArH), 5.79 (d, 2H, *Jun = 7.6 Hz, ArH), 2.09 (s, 6H,
-N(CHs),). "B NMR (400 MHz, C¢Ds): § = -14.7 ppm (q, 'Jsu = 142 Hz), -16.9 ppm (d, 'Jsu = 166

Hz), -24.8 ppm (d, 'Js.: = 88 Hz).

Synthesis of IPrCH,*H,BN(CH3),*BH; (6): A solution of IPrCH, (0.988 g, 2.45 mmol) in 3 mL of
hexanes was added to a solution of N(CH3),B,Hs (prepared from 0.1453 g (2.46 mmol) Me,N<*BH;
as described previously). The clear solution turned to a pale yellow slurry, and the reaction was
stirred at room temperature for 4 hours. The mother liquor was decanted and the precipitate was
washed with hexanes (2 x 4 mL). The product was dried under vaccuum to give 6 as a pale yellow
powder (0.988 g, 85%). Crystals of 6 suitable for X-ray crystallography (yellow prisms) were
grown by cooling a saturated hexanes/dichloroethane solution to -35 °C.

'H NMR (500 MHz, CDCl3): & = 7.52 (t, 4H, *Juu = 7.1 Hz, ArH), 7.33 (d, 2H, *Jun = 7.1 Hz, ArH),
6.98 (s, 2H, -N-CH), 2.58 (septet, 2H, *Juu = 7.0 Hz, -CH(CH3),), 1.96 (br t, 2H, *Jux = 6.0 Hz,
IPrCH,), 1.97 (s, 2H, assignment made by selective '"H{"'B} decoupling, -BH,NH,BH3), 1.82 (s,
6H, -BH,N(CH;),BH;), 1.39 (d, 12H, *Jun = 7.0 Hz, -CH(CH,),), 1.16 (d, 12H, *Juu = 7.0 Hz,
-CH(CH:),), 1.05 (s, 3H, assignment made by selective 'H{''B} decoupling, -BH,NH,BH;).
BC{'H} (125 MHz, CDCl;): 6 = 162.3 (Ar(), 145.7 (ArC), 131.2 (ArC), 131.0 (ArC), 124.6 (-N-
CH), 121.2 (-N-CCH,), 51.61 (-N(CHs)), 29.0 (-CH(CHs),) , 25.8 (-CH(CHs),), 22.6 (IPrCH,). "B
(128 MHz, CDCl3): -7.7 (br t, 'Jss = 89.5 Hz, -BH,NH,BH;), -13.1 (br q, 'Jss = 80.1 Hz,

_BH,NH,BH:). IR (Nujol / cm™): 2335 (w, VBH), 2295 (w, vBH). Mp (°C) 158 - 159 (melts).
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Thermolysis of IPrCH,*H,BN(CHj3),°BH; (6): A solution of 6 (10 mg) in 0.5 mL of C¢Ds was
sealed in a J. Young NMR tube under an atmosphere of nitrogen, and heated to 65 °C for 24 hours.
"B and 'H NMR spectroscopy showed no signs of decomposition. The sample was then heated at
100 °C for 24 hours. The reaction mixture was analyzed by ''B and "H NMR. The only identifiable
product by in situ "B NMR spectroscopy was the dimer [Me,NBH,], (triplet at 4.75, 'Jsu = 113 Hz),
with trace starting material (9% by integration). The in situ "H NMR spectrum showed seven

different carbene environments, including free carbene (7% by integration).

Synthesis of IPreH,BN(CH3;),*BH; (7): A solution of N(CH;),B,Hs was prepared as described
above (from 0.82 mmol N(CHj;),HBH3, and 0.81 mmol BH;*THF). To this clear colourless solution
(approx. 10 mL), was added 6 mL of a hexanes solution of IPr (308 mg, 0.81 mmol). The golden
brown mixture was initially opaque, but became clear after 12 hours. The volatiles were removed in
vacuo, yielding crude 7 as a light brown powder (321 mg, 85%). The product was further purified
by recrystallization from a saturated solution of 1:1 THF:hexane (96.0 mg, 25%). Crystals obtained
by this method (light yellow prisms) were suitable for X-ray crystallography.

'H NMR (400 MHz, C¢Dg): & = 7.19 (t, 4H, *Jun = 8.0 Hz, ArH), 7.10 (d, 2H, *Juu = 7.9 Hz, ArH),
6.54 (s, 2H, -N-CH), 2.98 (septet, 2H, *Juu = 6.8 Hz, -CH(CH;),), 2.20 (s, 2H, assignment made by
selective 'H{''B} decoupling, -BH,NH,BH;), 2.09 (s, 6H, -BH.N(CH;),BH;), 2.00 (s, 3H,
assignment made by selective 'H{''B} decoupling, -BH,NH,BH;), 1.44 (d, 12H, *Jux = 6.7 Hz,
-CH(CHs),), 0.99 (d, 12H, *Juu = 6.7 Hz, -CH(CH:),). "C{'H} (125 MHz, CsDs): & = 161.9 (N-C-
N), 146.2 (ArC), 135.4 (ArC), 130.6 (ArC), 124.3 (-N-CH), 123.2 (ArC), 54.6 (-BH,N(CHs),BH,),
29.1 (-CH(CH,),), 26.2 (-CH(CHjs),), 22.4 (-CH(CHs),). "B{'H} (128 MHz, CsDs): 8 = -10.0 (br s,
-BH,N(CHj;);BH3), -11.3 (br s, -BH,N(CH3),BH;). IR (Nujol / cm™): 3168 (w, VNH), 3134 (w, vNH),
3104 (w, vNH), 2438 (w, vBH), 2334 (w, vBH), 2269 (w, vBH), 2237 (w, vBH). Anal. Calcd. for

CyoH4BoN;: C, 75.83; H, 10.31; N, 9.15. Found: C, 75.97; H, 10.77; N, 8.28. Mp (°C): 179 — 180
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(melts).

Synthesis of t-butylaminodiborane, (fBu)HNB,H;s (8): /BuNH,*BH; (174.1 mg, 2.00 mmol) was
taken up as a slurry in 10 mL of hexanes, and 1.0 M BH;*THF (2.00 mL, 2.00 mmol) was added to
the stirring mixture. The resulting cloudy solution was stirred for 3 days at room temperature to
yield a colourless solution. The solution volume was concentrated by half under vacuum and
filtered. The presence of NrBuHB,H;s can be determined by diluting a small aliquot with C¢D¢ for
"B NMR analysis. ("'B NMR 128 MHz, C¢Ds): 8 = -26.4 ppm (t of d, 'Jsu = 30 Hz (B-H bridging)

and 127 Hz (B-H terminal)).

Synthesis of DMAP<H,BN(tBu)H*BH; (9): A solution of p-dimethylaminopyridine (0.329 g, 2.00
mmol) was added to a solution of fBuNHB,Hs (made from 2.00 mmol /BuH,N*BHj3) in 10 mL of
5:1 hexanes:THF. The resulting mixture clouded to give a white slurry after 8 hours. The mother
liqour was then decanted, and the white solid was washed with 4 mL portions of 5:1 hexanes:THF.
The product was dried under vaccuum, giving 9 as a white powder (0.321 g, 73%). Crystals of 9
suitable for X-ray crystallography (colourless prisms) were obtained by cooling a saturated THF /
hexanes solution to -35 °C.

'H NMR (400 MHz, CDCl;): 8 = 8.07 (d, 2H, *Juu = 7.6 Hz, ArH), 6.53 (d, 2H, *Jiu = 7.6 Hz, ArH),
3.10 (s, 6H, -N(CHs),), 1.82 (br s, 2H, assignment made by selective "H{''B} decoupling in CDCl;,
-BH,NH,BHj3), 1.80 (br s, 1H, -NH(Bu)), 1.79 (br s, 3H, assignment made by selective 'H{"'B}
decoupling in CDCl;, -BH,NH,BH;), 1.31 (s, 9H, -NC(CH);). “C{'H} (125 MHz, CDCl;): § =
155.6 (ArC), 147.8 (ArC), 106.3 (ArC), 54.6 (-NC(CHs),), 39.4 (-N(CHs),), 28.3 (-NC(CHs),). "B
(128 MHz, CeDs): & = -3.4 (t, Jsu = 90 Hz, -BH,NH/BuBH;), -21.7 (q, Jsu = 90 Hz,
-BH,NH/BuBH;). IR (Nujol / cm™): 3211 (w, vNH), 3131 (w, vNH), 3078 (w, VNH), 2388 (w, vVBH),

2357 (w, vBH), 2281 (w, vBH), 2255 (w, vBH). Anal. Calcd. for C,;H,sB,Ns: C, 59.79; H, 11.40; N,
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19.02. Found: C, 60.59; H, 14.73; N, 10.47. Mp (°C): 132 - 133 (melts).

Reaction of 3 with IPr to form 13: IPr (110.0 mg, 0.23 mmol) and 3 (18.9 mg, 0.15 mmol) were
taken up in 5 mL of benzene, and stirred at room temperature to yield a clear golden solution after 8
hours. The volatiles were removed in vacuo to yield a pale yellow solid, and the solid was washed
with 10 mL of hexanes, and then 5 mL of a 1:1 hexanes:benzene solvent mixture. The remaining
solid was dried under vacuum to yield 13 as a white solid (10.4 mg, 21%).

'H NMR (500 MHz, CDCLs): 8 = 7.17 (t, 4H, *Jun = 7 Hz, ArH), 7.08 (d, 2H, *Jiu = 7 Hz, ArH),
6.42 (s, 2H, ArH), 2.90 (septet, 2H, *Juny = 6.8 Hz, -CH(CH;),), 2.25 (s, 2H, assignment made by
selective 'H{''B} decoupling, -BH,NH,BH;), 2.11 (s, 3H, assignment made by selective 'H{"'B}
decoupling, -BH,NH,BH), 1.85 (s, 2H, -BH,NH,BH3), 1.43 (d, 12H, *Juy = 6.8 Hz, -CH(CH,),),
0.98 (d, 12H, *Juu = 6.7 Hz, -CH(CH,),). "C{'H} (125 MHz, C¢Ds): 8 = 146.1 (ArC), 133.7 (ArC),
130.8 (ArC), 128.3 (ArC), 124.5 (-N-CH), 122.7 (ArC), 28.8 (-CH(CHs),), 25.8 (-CH(CHjs),), 22.9
(-CH(CHs),). "B{'H} (128 MHz, CDCl;): & = -18.2 (br s), -19.4 (br s). IR (Nujol / cm™): 3211,

3150 (w, VNH), 2444, 2170, 2201, 2197 (w, vBH). Mp (°C): 144 - 145 (melts).
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3.5 Crystallographic Tables for Chapter 3

Table 3.5.1. Crystallographic Data for Compounds 3, 5 and 6.

3 5 6
empirical formula C;H,7B:N; CoH, B,N; C31Hs1B2CIN;
fw 164.86 192.91 522.82

cryst. dimens. (mm)

0.23 x 0.13 x 0.06

0.38 x0.36 x 0.31

0.61 x 0.36 x 0.27

cryst. syst. monoclinic orthorhombic monoclinic
space group P2y/n P212124 P21/n

unit cell

a(A) 11.2392 (2) 8.4065 (6) 10.2412 (5)
b (A) 7.4511 (1) 10.0395 (8) 12.9371 (7)
c(A) 12.1976 (2) 14.3963 (11) 24.8848 (13)
o (%)

B () 101.0881 (9) 99.8480 (10)
v (®)

vV (A%) 1002.41 (3) 1215.01 (16) 3248.4 (3)

Z 4 4 4

Pealed (g cm™3) 1.092 1.055 1.069

u (mm 1) 0.496 0.062 0.140

T (K) 173(1) 173(1) 173(1)

20max (°) 140.02 55.04 50.50

total data 1822 10623 22840
unique data (Rin) 1822 (0.0000) 2782 (0.0354) 5886 (0.0286)
observed data a [ > 2o(])] 1637 2418 4738
params. 140 150 376

R, [I>2a6(D)]* 0.0336 0.0359 0.0570

wR, [all data]* 0.0956 0.0886 0.1725
difference map Ap (e A?) 0.156/-0.146 0.165/ —0.120 0.386 /-0.627

"R, = X|[F,| - |Fe|| / Z|Fo|; WR, = [Ew(F.2- F2)?/ Z w(F, )]
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Table 3.5.2. Crystallographic Data for Compounds 7 and 9.

7 9
empirical formula C;,Hs4BoN; CiiH3sBaoN3
fw 502.40 220.96
cryst. dimens. (mm) 0.23 x0.23 x0.15 0.33 x 0.15 x 0.04
cryst. syst. monoclinic monoclinic
space group P2y/n P21/c
unit cell
a(A) 12.7575 (2) 8.0183 (2)
b(A) 19.0656 (3) 18.0715 (4)
c(A) 13.1625 (2) 9.9072 (2)
a (%)
B () 93.3871 (9) 91.7241 (13)
v (©)
V (A%) 3195.91 (9) 1434.93 (6)
Z 4 4
Pealed (g cm™) 1.044 1.023
u (mm1) 0.440 0.448
T (K) 173(1) 173(1)
20max (°) 141.44 141.86
total data 20925 9552
unique data (Rin) 5834 (0.0184) 2706 (0.0393)
observed data a [ > 20(])] 5320 2149
params. 346 171
R, [I>26(D]* 0.0555 0.0533
wR; [all data]® 0.1623 0.1564
difference map Ap (e A?) 0.424 /-0.436 0.397/-0.216

"R, = X|[F,| - |[Fe|| / Z|F|; WR, = [EW(F.>- F2)?/ Z w(F,})]'"?
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3.6 Theoretical Studies

Calculations of geometry optimization, frequency and energy were performed using Gaussian 09,
Revision BO1 software [35], using DFT methods and the B3LYP functional with default spin
parameters. The ccpVDZ-pp basis set was used for all atoms [36]. Optimizations were done with
tight convergence criteria, and no restrictions or constraints were placed on any of the calculated
structures. The IPrCH, donors were simplified by replacing the 2,6-diisopropylphenyl groups with
methyl substituents in order to expedite the calculations. The INT=ULTRAFINE keyword was used
to generate the grid for electron density. Default parameters were used for all other options.
Molecular orbitals and natural bonding orbital (NBO) analyses were done with the built in MO and
NBO suites of Gaussian 09 and GaussView3. Theoretical IR frequencieswere obtained using the

spectrum generator in Gaussian.

IR Spectroscopy

Table 3.6.1 Summary of -calculated and observed IR stretching frequencies for 2,
ImMGQCHz'HzBNHz'BHl 3, 5, 6 and ImM62CH2°H2BNMez'BH3.

vB-H calc. (cm™) vB-Hexp. (cm™)  vN-H calc. (cm™) vN-H exp. (cm™)

2 2370, w 2351, w 3452, w 3340, w
2425, w 2304, w 3508, w
2450, w 2219, w
3 2384, w 2364, w 3461, w 3301, w
2415, w 2297, w 3514, w
2243, w
5 2386, w 2394, w - -
2418, w 2354, w
2425, w 2330, w
2441, w 2281, w
6 2370, w 2335, w - -
2434, w 2295, w
2464, w
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Results from Theoretical Work
ImM62CH2°H2BNH2'BH3
The following compound was used as a model for IPrCH,*H,BNH,*BH; (2), with the 2,6-

diisopropylphenyl groups replaced by methyl substituents.

Me HH
d Qxé\ . /;'BHS
o .. N
@ : »
[,3>_11C\ ATH
\ HH
Me

Table 3.6.2 Calculated bond lengths and angles for the model complex, ImMe,CH,*H,BNH,*BH3,
with selected Wiberg bond indices included

d. calc (A) 0 calc. Wiberg
Bond Index
H,Cp— B 1.706 - 0.71
B-N 1.564 - 0.70
N — Bierminat 1.638 - 0.60
C-B-N - 109.5 -
B-N-B - 118.3 -
C-B—-N-B torsion - 180.0 -

NBO Output/Analysis using the cc-pVDZ basis set

IMe,CH,-BH; fragment

6. (1.87623) BD (1) C 4 - B 28

( 72.83%) 0.8534* C 4 s( 30.06%)p 2.33( 69.93%)d 0.00( 0.01%)
( 27.17%) 0.5213* B 28 s( 21.22%)p 3.71( 78.62%)d 0.01( 0.16%)

H,B-NH; fragment

1. (1.97276) BD ( 1) H 1 -B 28

( 54.43%) 0.7378* H 1 s( 99.95%)p 0.00( 0.05%)
( 45.57%) 0.6750* B 28 s( 28.38%)p 2.52( 71.58%)d 0.00( 0.04%)

24. (1.98645) BD ( 1) N 21 - H 22

( 70.15%) 0.8375* N 21 s( 15.90%)p 5.28( 84.04%)d 0.00( 0.05%)
( 29.85%) 0.5464* H 22 s( 99.80%)p 0.00( 0.20%)

27. (1.98291) BD (1) N 21 - B 28

( 78.52%) 0.8861* N 21 s( 35.97%)p 1.78( 64.01%)d 0.00( 0.02%)
( 21.48%) 0.4635* B 28 s( 22.07%)p 3.52( 77.61%)d 0.01( 0.32%)
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Terminal NH,-BH; fragment

26. (1.97830) BD (1) N 21 - B 24

( 81.66%) 0.9036* N 21 s( 32.13%)p 2.11( 67.87%)d 0.00( 0.00%)
( 18.34%) 0.4283* B 24 s( 17.48%)p 4.70( 82.16%)d 0.02( 0.37%)

28. (1.98934) BD (1) B 24 - H 25

( 45.95%) 0.6779* B 24 s( 27.88%)p 2.59( 72.08%)d 0.00( 0.04%)
( 54.05%) 0.7352* H 25 s( 99.95%)p 0.00( 0.05%)

)

LUMO HOMO-2
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> ° ¥ ﬁ
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ﬂq) 9
rﬁ’
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HOMO-20

Figure 3.6.1: Relevant MO diagrams for the model compound ImMe,CH,*H,BNH,*BHj;

MO Description
LUMO -0.114 au.  ImMe,CH, n* / H,C-BH, 6-bonding
HOMO -0.307 a.u.  ImMe,CH, n / H,C: donation into an empty p-orbital on BH»

HOMO-2 -0.342 au.  C-H, B-H, N-H, Bieimina-H o-bonding

HOMO-3 -0.389 au.  pem2 - pnz 6-bonding interaction / Biemina-H c-bonding

HOMO-4 -0.394 au.  H,B-NH, n symmetry overlap / Bimina-H 6-bonding

HOMO-5 -0.399 a.u.  ImMe,CH, = interaction with pgu2 / puon-pens 6-bonding
HOMO-6 -0.404 au. ImMe,CH, © system / weak H,N-BH; o-bonding

HOMO-7 -0.446 au.  peu-pnmz o-bonding / paua-pens o-bonding

HOMO-9 -0.460 a.u.  extended o interaction between H,C: and p-orbital on N
HOMO-17  -0.536 a.u.  Tummecno-Parz interaction / pen-pane 6-bonding

HOMO-18  -0.568 a.u.  ppm-pnmz-peus T-symmetry bonding interaction

HOMO-20 -0.594 a.u.  BH, and BH; A, bonding combination mixing with p-orbital on N
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DMAP-H,BNH,*BH; (3)

Table 3.6.3 Comparison of experimental and calculated bond lengths and angles for 3, with selected
Wiberg bond indices included

d.exp (A) d. calc (A) 0 exp. 0 calc. Wiberg
Bond Index
Nowar— B 1.5728(15)  1.594 - ] 0.60
B-N 1.5720(17) 1.576 - - 0.69
N - Buemina 1.5939(16)  1.628 - - 0.63
Novar— B —N - . 110.4409)  109.2 ;
B-N-B i i 118.6809) 1218 i
Nowar BN-B - i 65.71(13) 493 ]

torsion

NBO Output/Analysis using the cc-pVDZ basis set

H,B-NH; fragment

15. (1.97451) BD (1) B 10 - H 11

( 46.42%) 0.6813* B 10 s( 29.50%)p 2.39( 70.46%)d 0.00( 0.04%)
( 53.58%) 0.7320%* H 11 s( 99.94%)p 0.00( 0.06%)

18. (1.96843) BD (1) B 10 - N 21
( 18.58%) 0.4311* B 10 s( 19.63%)p 4.07( 79.86%)d 0.03( 0.50%)
( 81.42%) 0.9023* N 21 s( 35.63%)p 1.81( 64.37%)d 0.00( 0.00%)
19. (1.98771) BD (1) N 13 - H 14

( 70.43%) 0.8392* N 13 s( 16.21%)p 5.17( 83.74%)d 0.00( 0.05%)
( 29.57%) 0.5438* H 14 s( 99.79%)p 0.00( 0.21%)

Terminal NH,-BH; fragment

21. (1.98572) BD ( 1) N 13 - B 16

( 80.78%) 0.8988* N 13 s( 33.71%)p 1.97( 66.28%)d 0.00( 0.00%)
( 19.22%) 0.4384* B 16 s( 17.87%)p 4.58( 81.77%)d 0.02( 0.36%)

o

22. (1.98637) BD (1) B 16 - H 17
( 45.72%) 0.6762* B 16 s( 27.33%)p 2.66( 72.62%)d 0.00( 0.04%)
( 54.28%) 0.7367* H 17 s( 99.95%)p 0.00( 0.05%)
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Figure 3.6.2: Relevant MO diagrams for DMAP+<H,BNH,*BH; (3)

MO Description

LUMO -0.160 a.u.
HOMO -0.296 a.u.
HOMO-2 -0.386 a.u.
HOMO-3 -0.393 a.u.
HOMO-4 -0.397 a.u.
HOMO-5 -0.399 a.u.
HOMO-6 -0.430 a..u.
HOMO-7 -0.442 a.u.
HOMO-19 -0.568 a.u.
HOMO-20 -0.587 a.u.

DMAP &, Me,N-Ar t*

DMAP

DMAP LP donation into p-orbital on BH, / N-H and B-H o&-bonding
Pem2-paiz 6-bonding / Biemina-H 0-bonding

TIDMAP mixing with P2 / Pxm2-PBH3 G-bonding

B-H, N-H, Bimina-H 0-bonding

Tomap MiXing with perz and pmz / pamz-Pens o-bonding

slipped momap -perz interaction / pepo-prnz and pamz-pens 6-bonding
PeH2-Prm2-PeH3 T-symmetry bonding interaction

BH, and BH; A; bonding combination mixing with p-orbital on N
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DMAP-H,BNMe,*BH; (5)

H BH
%‘\ P 3
A~ N
Za'E M
lN MeMe
~ NS

Table 3.6.4 Comparison of experimental and calculated bond lengths and angles for 5, with selected

Wiberg bond indices included

d.exp (A) d. calc (A) 0 exp. 0 calc. Wiberg
Bond Index
Npmar— B 1.5722(19) 1.595 - - 0.60
B-N 1.5801(18) 1.592 - - 0.62
N - Bterminal 16020(1 9) 1635 = = 058
Npmar— B —N - - 111.32(11) 111.2 -
B-N-B - - 114.53(11) 114.7 -
Npmar—B—-N-B - 60.99(15) 52.4 -
torsion
NBO Output/Analysis using the cc-pVDZ basis set
DMAP-H,B fragment
18. (1.96750) BD ( 1) B 10 - N 19
( 18.53%) 0.4305* B 10 s( 19.61%)p 4.08( 80.02%)d 0.02( 0.37%)
( 81.47%) 0.9026* N 19 s( 36.82%)p 1.72( 63.17%)d 0.00( 0.00%)
H,B-NMe, fragment
15. (1.97521) BD ( 1) B 10 - H 11
( 46.92%) 0.6850* B 10 s( 29.82%)p 2.35( 70.09%)d 0.00( 0.09%)
( 53.08%) 0.7285* H 11 s( 99.96%)p 0.00( 0.04%)
(1.96013) BD ( 1) B 10 - N 13
( 20.08%) 0.4481* B 10 s( 22.07%)p 3.51( 77.57%)d 0.02( 0.35%)
( 79.92%) 0.8940* N 13 s( 27.73%)p 2.61( 72.27%)d 0.00( 0.01%)
Terminal NMe,-BH; fragment
19. (1.95995) BD ( 1) N 13 - B 14
( 81.75%) 0.9042* N 13 s( 27.83%)p 2.59( 72.17%)d 0.00( 0.01%)
( 18.25%) 0.4272* B 14 s( 17.74%)p 4.61( 81.82%)d 0.03( 0.45%)
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HOMO HOMO-2 HOMO-3

HOMO-5

HOMO-6 HOMO-15

HOMO-16 HOMO-23

Figure 3.6.3: Relevant MO diagrams for DMAP+*H,BNMe,*BH; (5)

MO Descriptions

LUMO -0.160 a.u.
HOMO -0.296 a.u.
HOMO-2 -0.353 a.u.
HOMO-3 -0.386 a.u.
HOMO-5 -0.398 a.u.
HOMO-6 -0.401 a.u.
HOMO-7 -0.413 a.u.
HOMO-15 -0.479 a.u.
HOMO-16  -0.504 a.u.
HOMO-23 -0.558 a.u.

DMAP &, Me,N-Ar *

DMAP &

B-H o-bonding / per-prmez and pamez-peus 6-bonding

BH, and BH; B-H c-bonding w/ weak pn, mixing.

pauz and peus B-H 6-bonding / pn-pens 6-bonding

TIDMAP l’l’liXiIlg Wlth PBH2 / PNMe2-PBH3 c-bonding / (C-H)NMez G-bonding
DMAP LP donation into pgu2/ (C-H)nwmex 0-bonding

slipped mtomap -per2 interaction / (C-H)nuex o-bonding

nomap Mixed with A; combination of BH, / pawme-pens 6-bonding
DMAP-BH, c-ineraction / pxme2-psns 6-bonding
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ImM62CH2°H2BNMez'BH3
The following compound was used as a model for IPrCH,*H,BNMe,*BH; (6), with the 2,6-
diisopropylphenyl groups replaced by methyl substituents.

Me HH

Table 3.6.5 Comparison of experimental and calculated bond lengths and angles for 6 and
the model complex, ImMe,CH,*H,BNMe,*BHj3, with selected Wiberg bond indices included

d. exp (A) d. calc (A) 0 exp. 0 calc. Wiberg
Bond Index
H,.Cp,— B 1.660(3) 1.709 - - 0.72
B-N 1.659(9) 1.587 i i 0.63
N — Bremminal 1.595(12) 1.652 - - 0.55
C-B-N i i 107.9(4) 12,5 i
B-N-B i i 116.3(7) 109.0 i
C-B-N-B torsion - - 51.3(6) 180.0 -

NBO Output/Analysis using the cc-pVDZ basis set

IMe,CH,-BH,; fragment

6. (1.87806) BD (1) ¢ 4 - B 26

( 72.45%) 0.8512* C 4 s( 30.62%)p 2.27( 69.37%)d 0.00( 0.01%)
( 27.55%) 0.5249* B 26 s( 21.31%)p 3.69( 78.54%)d 0.01( 0.15%)

H,B-NMe, fragment

1. (1.97428) BD (1) H 1 - B 26

( 53.86%) 0.7339* H 1 s( 99.95%)p 0.00( 0.05%)
( 46.14%) 0.6793* B 26 s( 28.39%)p 2.52( 71.57%)d 0.00( 0.04%)

25. (1.95814) BD ( 1) N 21 - B 26
( 79.94%) 0.8941* N 21 s( 29.81%)p 2.35( 70.17%)d 0.00( 0.01%)
( 20.06%) 0.4479* B 26 s( 21.87%)p 3.56( 77.75%)d 0.02( 0.38%)

Terminal NMe,-BH; fragment

30. (1.98636) BD (1) B 22 - H 25

( 45.81%) 0.6768* B 22 s( 26.61%)p 2.76( 73.35%)d 0.00( 0.05%)
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( 54.19%) 0.7361* H 25 s( 99.95%)p 0.00( 0.05%)

24. (1.94645) BD (1) N 21 - B 22
( 82.69%) 0.9093* N 21 s( 25.96%)p 2.85( 74.04%)d 0.00( 0.00%)
( 17.31%) 0.4161* B 22 s( 17.26%)p 4.77( 82.31%)d 0.03( 0.43%)

HOMO-4 HOMO-5 HOMO-6 HOMO-7
HOMO-9 HOMO-19 HOMO-22 HOMO-25

Figure 3.6.4:Relevant MO diagrams for the model compound ImMe,CH,*H,BNH,*BH;

MO Descriptions

LUMO -0.114 a.u.
HOMO -0.307 a.u.
HOMO-2 -0.391 a.u.
HOMO-3 -0.393 a.u.
HOMO-4 -0.401 a.u.
HOMO-5 -0.402 a.u.
HOMO-6 -0.409 a.u.
HOMO-7 -0.443 a.u.
HOMO-9 -0.458 a.u.
HOMO-19  -0.520 a.u.
HOMO-22  -0.545 a.u.
HOMO-25 -0.614 a.u.

ImMe,CH, n* / weak CH,-BH, 6-bonding

ImM62CH2 Tt/ PcH2-PBH2 G-bOl’ldil’lg

C-H, B-H, Bterminal-H c-bonding / Cyme: non-bonding

LP on CH; donating into psn> / penz and pens mixed W/ pame

LP on CH; donating into pguz / pera2-Pame2 T / Pame-Pars o-bonding
BH, and BH; B-H o-bonding / px-pcus 6-bonding

mixed pcua-pPer2-Pame-Pers bonding interaction

P2 and PBH3 mixed w/ Pnve2 / P~-Pcus G-bonding

ImMe,CH, 7 interaction with pgp, mixed W/ pamez and peus
Extended interaction between pcnz and pavez / BH3 o-bonding
PaH2-PNMe-PaH3 T-symmetry bonding interaction

BH, and BH; A, bonding combination mixing with p-orbital on N
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Chapter 4

Summary and future work
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4.1 Summary and future work for Chapter 2: Platinum-containing polymers for use in
polymer-based photovoltaic applications

Chapter 2 describes the synthesis of phosphine-bound Pt-containing complexes with directly
bound thienyl residues. The 5-position of the aromatic thienyl groups were brominated to allow for
cross-coupling (and polymerization) of aryl-bromide groups to transpire, via C-C bond formation.
Specifically, the synthesis of the complex (Bu;P),Pt(SC,H,Br), was accomplished by
transmetallation of (COD)PtCl, with 2-bromo-5-trimethylstannylthiophene, followed by
displacement of the labile COD ligand with Bus;P. Polymerization attempts using Yamamoto
coupling were the most successful, yielding polymeric materials with molecular weights (My,)
between 3000 and 38 000 g/mol. Due to the high solubility of the materials generated, it was
difficult to separate residual monomers or low molecular weight oligomers from the polymeric
materials. The total Pt content of the materials remains unknown, and the optical absorption profiles
showed band edge absorptions around 400 - 500 nm, which falls short of the standards set by other
polymer-based photovoltaics that use less costly P3HT polymer variants. Alternatively, the utility of
these polymers as light emitting diode materials is a potential avenue of chemical exploration.

It was discovered during the initial polymerization attempts that (Bu;P),Pt(SCsH.Br),
displayed solvent and temperature dependant cis-frans isomerism. Thus, when using different
solvent and temperature combinations, the isomeric form of the polymerizable monomer is difficult
to predict, potentially resulting in isomerically impure materials. To control the geometry of the Pt-
centre, the chelating phosphines dppe and dppp were used in place of Bu;P, forming isomerically
pure cis-(dppe)Pt(SC4sH,Br), and cis-(dppp)Pt(SCsH,Br),. Attempts to induce primative, model
coupling reactions with the terminal aryl-Br residues proved unsuccessful, implying that the cis-
form of these complexes are not susceptible to standard cross-coupling reactions. Additionally,
phosphine exchange and undesirable reaction between the Pt complex and the employed Pd(PPhs),
catalyst imply that these complexes are not conducive to polymerization under standard

Sonogashira, Stille, Kumada and Yamamoto type coupling chemistry.
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The implications of this work have led us to believe that an isomerically pure trans-Pt
complex may be desirable to achieve polymerization of (R;P),Pt(SCsH,), type monomers (R =
bulky solubilizing substituent). Initial attempts at synthesizing such complexes has begun by
replacing PBus phosphines with PAr's (Ar' = 3,5 - diisopropylphenyl), leading to complexes that
rest solely in the frans geometry. Future work will involve obtaining pure samples of this
compound, followed by attempts to polymerize with the previously successful Yamamoto
homocoupling of the monomer unit.

One avenue of cross-coupling that was not attempted on this system was Suzuki coupling.
The reason for this is simply due to the lack of the required precursor, 2-pinacolatoboro-5-
trimethylstannylthiophene, to form the complexes of the form (R;P),(SC.H,B[pin]). ([pin] =
O(Me,)CC(Me,)O; R = Bu or Ar) (Scheme 4.1). It would be of value to explore the potential for
cross-coupling with this functionality, as Pd-catalysts would not react with the Pt-complexes, but
rather with the co-monomer (in this case, 2,5-dibromothiophene or 2,5-dibromo-3-hexylthiophene
(although catalyst deactivation via ligand scrambling remains as a possibility). To combat the
potential phosphine scrambling, a bulky phosphine (PAr';) can be used to induce trans-geometry at
the Pt centre, as well to generate a new 2-coordinate Pd® catalyst [(PAr';),Pd®]. The cross-coupling
of this new sterically encumbered Pt-complex, (PAr';),Pt(SC,H,B[pin]), using [(PAr';),Pd”] as a

catalyst would eliminate any possible complications from phosphine exchange.
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Scheme 4.1: Synthetic route towards a pinacol-borane functionalized Pt-thienyl complex, for use in
Suzuki type cross-coupling reactions. [(pin) = O(Me,)CC(Me,)O; R = Bu or Ar]
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4.2 Summary and future work for Chapter 3: Isolation of inorganic ethene (H,BNH:): en
route to boron nitride

Chapter 3 describes the synthesis of donor-acceptor adducts of the parent inorganic ethene,
H,BNH,, with the general form LB*H,BNH,*LA (LB = Lewis base, LA = Lewis acid). The goal of
the work was to generate a molecular precursor containing an isolated H,BNH unit that could be
dehydrogenated to yield isolated molecular boron nitride (B=N:). The successful isolation of of an
adduct of H.BNH, was achieved via ring-opening of aminodiborane, NH,B,Hs, with the Lewis
bases, [PrCH, and DMAP, to yield the adducts IPrCH,*H,BNH,*BH; and DMAP<H,BNH,*BH;,
respectively. It was shown that the IPrCH, adduct would decompose in THF solution, and
demonstrated limited or no solubility in other solvents, making it difficult to characterize by X-ray
crystallography, or to carry out controlled chemical reactions. However, the DMAP adduct was
indefinitely stable in both the solution and solid state.

The adduct, DMAP-H.BNH,*BH;, was dehydrogenated with catalytic amounts of
Me,S*CuBr and (DME)*NiBr, to yield the Lewis base-acid adduct, DMAP*BH;, and borazine
[(HBNH);]. The presence of borazine indicated that the central H,BNH, unit was indeed releasing
one equivalent of H, to yield the parent iminoborane (HBNH) which was subsequently extruded and
underwent trimerization to give (HBNH)s. In an attempt to prevent the extrusion and trimerization
of the iminoborane unit (HBNR), a ters-butyl group was installed at the nitrogen centre to yield the
sterically encumbered adduct DMAP<H,BNH(7Bu)*BH;. This complex was subsequently
dehydrogenated to yield a mixture of products, including DMAP<BH;, (HBN/Bu);, and
[H,BNH(zBu)];; thus it was noted that increasing the steric bulk at nitrogen did not prevent the
formation of oligomeric iminoboranes. These data when taken with the fact that the parent
borazines had been difficult to produce in large quantities and in good yields, indicate that these
donor-acceptor adducts may be a convenient one-pot source of borazine for further exploratory

chemistry.
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It was suspected that the teriminal H,N-BHj; unit could also participate in dehydrogenation
chemistry, leading to undesirable side-reactions. In order to prevent this, displacement of the
terminal BH; unit with a Lewis acid that is not susceptible to hydrogen loss was necessary. In order
to verify if the terminal BH; unit could be displaced with other Lewis acids, we reacted
IPrCH,H,BNH,*BH; with B(C¢Fs);, however the only observed product was the
methylimidazolium salt, [IPrCH; J[HB(C¢Fs);7], demonstrating simultaneous H/H" loss from the
parent molecule. The N-methylated analogues, IPrCH,*H,BNMe,*BH;, DMAP+H,BNMe,*BH;, as
well as IPreH.BNMe,*BH; were synthesized to prevent this from occurring, however the clean
displacement of BH; by B(CgF5); has thus far been unsuccessful.

Future work of this project will involve determining methods of directly preparing B-N
donor-acceptor adducts with B(CeFs); and other strong Lewis acids such as metal carbonyls
(W(CO)s, Cr(CO)s). For example, the synthesis of donor-acceptor adducts of H,BNH, with B(C¢F5);
as the Lewis acid are currently underway in the Rivard group, via the route shown in Scheme 4.2.
Long-term future goals involve initiating the controlled solution phase release of BN (amorphous or
hexagonal) at low temperature and pressure, for potential use in novel substrate coatings or as a

low-cost feed stock for cubic BN.

LB- BHQX + LiNHz'B(CeF5)3 LB- BHQNHz' B(CSF5)3

- LiX
LB = Me,S, PCys, DMAP, etc.
X = Cl, Br, |

IP
LB- BHzNHz‘ B(CGF5)3 —r> IPr- BHQNHz‘ B(CGF5)3

-LB
IPr- B(C6F5)3
IPr-BN- B(C6F5)3 — +

"2 (BN),

Scheme 4.2: Proposed direct synthetic route for obtaining donor-acceptor adducts of H,BNH, with
B(CeFs); as the terminal Lewis acid.
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