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Abstract
Polymers are ubiquitous. From the infamous plastic water bottle, typically made of
polyethylene terephthalate, to chitin, a polysaccharide, polymeric materials are produced
on massive scales in both industry and the biosphere. Most known polymers consist of
long chains containing C—C, C-O, or C—N bonds. However, inclusion of elements other
than carbon, oxygen, or nitrogen, can introduce valuable properties into the resulting bulk
material. For example, the first boot to make contact with the moon had a sole comprised
of silicone rubber, a material that can remain rubbery at even lunar temperatures. The
ability of this material to remain pliable at such low temperatures is largely due to the
inorganic Si—O bonds in its main-chain, which allow for greater conformational flexibility
compared to polymers comprised primarily of C—C bonds.

The work described in this thesis focuses on a different class of inorganic
polymers, polyaminoboranes and polyphosphinoboranes. These polymers feature main-
chains of alternating nitrogen and boron or phosphorus and boron atoms.

e Chapter 1 provides a general introduction to inorganic polymers as well as a more
detailed survey of polyaminoboranes and polyphosphinoboranes.

e Chapter 2 explores the synthesis of polyphosphinoboranes via the generation of
transient phosphinoboranes (PhRP-BH>; R = H, Ph, Et) through the deprotonation of
PhRPH+BH>(NTf2). These transient phosphinoboranes then undergo an addition
polymerization.

e Chapter 3 describes the solution generation, observation, and subsequent reactivity
of primary aminoboranes (RNH=BH>; R = {Bu, Me, CPh3), a class of species that has

only otherwise been isolated on solid argon matrices or observed as a complex



mixture of products by "B NMR spectroscopy. These aminoboranes were generated
via the deprotonation of RNH2*BH2(NTf.) and observed at —78 °C as the sole ''B
containing species, allowing for subsequent reactivity studies.

Chapter 4 explores the role of catalysts in the catalytic dehydropolymerization of
phosphine-borane adducts, where it is discovered that high molar mass, low
dispersity polymers can be accessed using commercially available salts such as
LiOTf or by adding catalytic amounts of BH3*SMe2. Further, a new potential
mechanism for phosphine-borane dehydropolymerization is discussed.

Chapter 5 ties together the themes of phosphinoboranes and aminoboranes,
revealing that sterically unencumbered aminoboranes can accept hydrogen from
phosphine-borane adducts, producing amine-borane adducts and
phosphinoboranes. These transient phosphinoboranes then undergo subsequent
reactivity to form dehydrocoupled products.

Chapter 6 summarizes the findings of the research, discusses future research

directions, and provides an overall outlook.
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Chapter 1

Introduction

1.1 Research Objectives

Within this thesis, the generation and reactivity of transient aminoboranes and
phosphinoboranes is explored. The main target of this research is to learn more about
the details of phosphine-borane dehydropolymerization via discovery of new routes to
access polyphosphinoboranes. Further, | explore the generation and reactivity of transient
primary aminoboranes.

This first chapter serves as a general introduction to the relevant known chemistry of
transient aminoboranes and phosphinoboranes and their polymers. However, as this is
not a comprehensive review of the field, each subsequent chapter begins with an

introduction that is more specific to the research that is discussed within that chapter.
1.2 Formation of Main Group Element Bonds

Connecting molecular building blocks to access valuable products accounts for a large
proportion of chemical research. From macromolecular polymers to small molecules,
these products rely on transformations such as olefin polymerization,’? olefin
metathesis,>® and cross coupling (Figure 1.1).67 Accordingly, key discoverers and
researchers of each aforementioned reaction were awarded with a Nobel Prize in 1963,
2005, and 2010, respectively. However, these reactions largely focus on the formation of
C—C bonds. The formation of C—E bonds, where E represents an element from the p-
block, is also well studied. One example is the hydroelementation reaction (Figure 1.1)

where there is the delivery of an E—H bond across an unsaturated C—C bond. The most



common examples are hydroboration, hydrosilation, and hydrophosphination reactions.®-
10 Research within this field of chemistry is still active with a recent example being the
delivery of a Bi—H bond, or hydrobismuthation, that was reported in a collaborative project
by the Power and Heikke groups."” Compared to C—C or C-E bond forming reactions,
the formation of E—E and E—E' bonds are studied significantly less. Often, this is due to
the greater challenges associated with forming bonds between heavier elements that

have inherently weaker bonds."?

Cross Coupling: Olefin Polymerization:
M] (M]
n
Ox v - 900 C2C) n
Olefin Metathesis: Hydroelementation:
M]
@ ne® M- @@ @ @ g
- HQC// 2 : :

Figure 1.1: Simplified representations of cross coupling, olefin metathesis, olefin

polymerization, and hydroelementation reactions.

1.2.1 Synthesis of E-E and E-E' bonds

Historically, the formation of main-group element-element bonds has relied on salt
elimination and reductive coupling reactions. For example, the reaction of silyl chlorides
with sodium metal can result in Si—Si bond formation with loss of sodium chloride, known
as Wurtz coupling (Figure 1.2).'3 However, these reaction conditions are rather harsh,

have a limited substrate scope, and often result in undesired by-products.



Wurtz Coupling: Heterodehydrocoupling:

N B+ Catalyst
B —N:CI % (EHE) iaH:S E-FE

Dehydrocoupling:
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Figure 1.2: Simplified representations of E-E and E—E' coupling reactions.

E’-H

Alternatively, synthesis of E-E and E—E' bonds can be achieved via dehydrocoupling
reactions where two molecules containing an element-hydrogen bond are reacted to
result in bond formation paired with hydrogen loss (Figure 1.2).'* The earliest example
of catalytic dehydrocoupling of main-group substrates was reported by Sneddon et al.
where two polyhedral boron clusters containing B—H bonds were reacted with catalytic
platinum (II) bromide to result in B-B coupling.'® Since then, dehydrocoupling has been
a commonly employed strategy to access E—E bonds, often under mild conditions when
compared to Wurtz coupling.'>'416 Further, the development of catalysts based on main-
group element centres has been of recent interest.'”-2
1.2.2 Synthesis of Polymers with E-E and E-E' bonds

Polymers contain long chains of repeating monomer units that are generally linked by
covalent bonds. Materials comprised of polymers have found a plethora of uses from
simple containers to conductive plastics resulting in over 300 million tonnes of polymers
being produced globally per year. 222 However, most linkages in polymers are C-C
bonds. The synthesis of polymers with a backbone comprised of E-E or E-E' bonds,

otherwise known as main-group or inorganic polymers, are generally much less explored.



The main reason for this is the preparation of suitable precursors or polymerization
methodologies often presents considerable challenges.?* However, the inclusion of
inorganic elements into the main-chain of polymers is of interest as unique properties can
be introduced into the bulk material (conductivity, inherent flame-retardancy, pre-
ceramics, hydrogen storage capability) while maintaining the attractive properties of other
polymers as a result of chain-entanglement.’>25-32 Success in the synthesis of inorganic
polymers has been found with catalytic dehydrocoupling reactions, polycondensations, or

ring-opening polymerization (ROP) of main group heterocycles (Figure 1.3).

Addition Polymerization Polycondensation
R R R
®8) e 9
Ring-Opening Polymerization Dehydropolymerization
R RJ, R
@) e
R R~ R

Figure 1.3: Simplified representations of E-E and E—E' coupling reactions.

Polysiloxanes, [RR'SiO],, and polyphosphazenes, [RR'P=N],, represent two of the
earliest examples of inorganic polymers (Figure 1.4). Polysiloxanes are well-developed,
chemically inert, and have found numerous applications as thermally stable elastomers,
sealants, biocompatible implants, and as adhesives.3334 Alternatively, polyphosphazenes
are another inorganic polymer that feature a main chain of repeating phosphorus and
nitrogen atoms connected by alternating double and single bonds.353¢ These polymers
have attracted interest as biocompatible materials for drug-delivery micelles and

hydrogels. Further, our group has recently reported on the synthesis of a new class of



inorganic polymers featuring alternating P—O bonds, polyphosphonates [RPO2],, through

the ROP of cyclic phosphonates (Figure 1.4).%7

R R R R O R
si’ -4 “p!
0 >N ~0
n n n

Polysiloxane Polyphosphazene Polyphosphonate

BB #

Polysilane Polygermane Polystannane
Figure 1.4: Examples of main-group polymers.

Polymers comprised of a main chain with repeating group 14 atoms other than carbon
have also been explored. Namely, polysilanes, [R2Si]n, polygermanes [R2Ge],, and
polystannanes [R2Sn], (Figure 1.4).38-40 Polysilanes were the first to be discovered from
this group of main group polymers, where they were found to be semi-conductive as a
result of delocalization of core-electrons along the main chain. In pursuit of more
conductive polymers, research was then directed to polygermanes and polystannanes.
However, inclusion of the heavier tin atoms into a polymer main chain presented
significant challenges in producing stable polymers. One way to overcome these issues
was recently reported by Foucher et al where they discovered that the inclusion of ether
functional groups within the substituents that can bind to the Sn atoms of the main chain
could reduce the polymers’ susceptibility to nucleophilic attack and subsequent
depolymerization.*’

The work within this thesis focuses on another class of main-group polymers,

polyaminoboranes, which feature alternating N and B atoms, and polyphosphinoboranes,



which feature alternating P and B atoms (Figure 1.5). These polymers are of interest as
they are isoelectronic to polyolefins, but due to their polarized monomer unit have
markedly different properties than their olefinic analogues.'?>4?> The synthesis and

properties of these polymers will be discussed in detail in the following sections.

R H R H R R
o C\ \/\
N\ <—O—> ,C\ <—O—> B\
HOH_ H HJ H H

Polyaminoborane Polyolefin Polyphosphinoborane
Figure 1.5: Structure of polyaminoboranes and polyphosphinoboranes and their isolobal

analogy to polyolefins.

1.3 Polyaminoboranes

Polyaminoboranes are polymers that have alternating N and B atoms connected by
single bonds. The first report of a polyaminoborane came from studies using NH3z*BH3 as
hydrogen storage materials, but more recently, soluble polyaminoboranes have been
explored as precursors to boron nitride ceramics and piezoelectric materials.*345
Generally, polyaminoboranes are accessed via the dehydropolymerization of amine-
borane adducts.*®
1.3.1. Synthesis and Structure of Amine-Borane Adducts and Aminoboranes

Amine-borane adducts are molecules that contain a dative bond between a Lewis
basic amine and a Lewis acidic borane. The first report of an amine-borane adduct came
from Gay-Lussac and Thenard in 1809 where they had discovered NH3*BF3.#” More than

a century later, the parent amine-borane, NH3*BH3, was reported by Shore and Parry in



1955.48 Since then, many amine-borane adducts have been synthesized and reported
with substituents at either the nitrogen or boron centres, or both.

Several synthetic strategies have been described for amine-borane adducts. The
most common route to access amine-borane adducts is through a direct reaction between
the amine and a ligand-stabilized borane. For example, the reaction between RR'R"N
(R,R', and R" = alkyl, aryl, H) and BHs*L where L is a Lewis basic donor such as
tetrahydrofuran (THF) or dimethylsulfide (SMe2) will result in the displacement of the
weaker Lewis base and formation of an amine-borane adduct (Scheme 1.1). However,
these reactions have disadvantages as the former requires large volumes of solvent
considering solutions of BHz*THF are only available in low concentrations and the second
reagent, BHz*SMe, is malodourous due to the SMe- Lewis base donor.#?

Amine-boranes and their unsaturated analogues are polarized due to the different
Pauling electronegativity values each atom have (xn = 3.04; xg = 2.04).#° This polarization
extends to the behavior of any N-H and B—H bonds present in the amine-borane adduct,
where any hydrogen atoms bound to the amine moiety will be polarized positively and
behave as a Brognsted acid while any hydrogen atoms bound to boron will be polarized
negatively and be of hydridic nature.>® The dehydrogenation of amine-borane adducts
results in the formation of an aminoborane, RR'N=BH>, a class of compounds with a
formal double bond (Scheme 1.1). Accordingly, both the boron and nitrogen centres have
planar geometries, and large nitrogen substituents are required to yield stable
aminoboranes as they will otherwise readily undergo catenation, hydrogen transfer, or

other reactions.5’



As alluded to above, the dehydrogenation of ammonia-borane (H3N+*BH3) has been of
much interest to the research community as it has a high gravimetric hydrogen content
(19.6%) making it a molecule of interest for hydrogen storage.5?-55 However, regenerating
ammonia borane from its dehydrogenation products has proven to be a significant
challenge.** The work in this thesis focusses on transient primary aminoboranes
(RNH=BHy>), as they are precursor to polyaminoboranes. Thus, the generation of transient

aminoboranes and polyaminoboranes will be the focus of the next sections.

R H H
BHgeL ] R'=H -
RRR'N R-N:~BE-H NN
-L f ) —-Ha
R H '
RI

R, R, R = Alkyl, Aryl, H
L = THF, SMe,

Scheme 1.1: Synthesis of amine-borane adducts and aminoboranes.

1.3.2 Properties and Applications of Polyaminoboranes

Polyaminoboranes are significantly different than polyolefins. For example, poly(N-
methylaminoborane) is soluble in a range of solvents (e.g., tetrahydrofuran (THF),
dichloromethane (DCM), and chloroform) whereas polypropylene, the analogous polymer
with main chain comprised of carbon atoms, is insoluble in these solvents, and is only
soluble in hot xylenes. This difference in solubilities is partially attributed to the inherent
polarity of the main chain of polyaminoboranes. Further, thermal decomposition of these
polymers occurs at different temperatures. Poly(N-methylaminoborane) decomposes at
160 °C where polypropylene decomposes at 400 °C.28 This could be due to the formally
dative N—B bonds within the polyaminoborane main chain that are weaker than the

covalent C-C bonds within polypropylene, and thus release B—N fragments at lower



temperatures. Moreover, the presence of alternating protic and hydridic hydrogen atoms
in polyaminoboranes may allow for the release of H2 from the polymer and allow for the
formation of products such as borazine [MeN-BH]3.%¢

Polyaminoboranes have been sought as materials for several uses. One such use
is as pre-ceramic polymers for hexagonal boron-nitride (h-BN), the B—N analogue of
graphite.>=%° In h-BN, the individual layers are bonded by weak van der Waals
interactions. Accordingly, the layers are able to slide over each other giving h-BN lubricant
properties. Further, h-BN has been sought for its useful properties such as thermal
stability and conductivity, poor wettability, chemical inertness, and non-toxicity.446°
Moreover, a review on the application of h-BN in photonic devices has been recently
published.®! Accordingly, this material is of high interest to the scientific community.
Preceramic polymers are attractive for the generation of ceramics as they often can be
moulded into a desired shape prior to heating to yield the final ceramic material.?®

Polyaminoboranes have also been sought as hydrogen storage materials as they
are capable of releasing an equivalent of hydrogen.>* However, considering they have
lost one equivalent of hydrogen in the dehydropolymerization process, they are less
attractive for hydrogen storage than their parent amine-borane adducts. More recently,
polyaminoboranes have been shown to undergo catalytic depolymerization in the
presence of strong bases.®? Polyaminoboranes have also been explored computationally
as piezoelectric materials. They were found to have up to double the spontaneous
polarizability compared to polyvinylidene fluoride, [H2CCF2], and thus would likely have

enhanced piezoelectric responses.*> Further, polyaminoboranes have been sought as



precursors for aluminum borate nanowires®® or as delivery agents for boron neutron
capture therapy.®4
1.3.3 Synthesis of Polyaminoboranes

Accessing well-defined polyaminoboranes from their precursor amine-borane
adducts involves two fundamental transformations: dehydrogenation and polymerization
(Scheme 1.2).%5 The control over the dehydrogenation of amine-borane adducts is of
particular importance as over dehydrogenation can lead to ill-defined cross-linked
materials.?® However, once generated, transient aminoboranes without significant steric

encumbrance of the nitrogen centre can undergo addition polymerization.®®

oy i
H H
H H
Dehydrogenation ‘ ’ Polymerization
— H2

Scheme 1.2: General scheme for the dehydropolymerlzatlon of amine-borane adducts.

Attempted thermal dehydropolymerization of ammonia borane (H3N<BH3) or
cyclotriborazane (HoN-BHy) yields insoluble materials that are not well characterized.®¢:6
Thermal dehydrogenation of primary and secondary amine-borane adducts yields cyclic
oligomers, or, if the N-substituents are sufficiently sterically encumbering, stable

aminoborane monomers.55.68-70
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1.3.3.1 Metal Catalyzed Dehydropolymerization of Amine-Borane Adducts

Catalytic ambient condition dehydrocoupling of amine-borane adducts was first
reported in 2001 using a rhodium precatalyst, [Rh(COD)(u-Ch]. (COD = 1,5-
cyclooctadiene) (Scheme 1.3).”" Dehydrocoupling of N,N-dimethylamine-borane adduct
(Me2NH<BH3) resulted in the quantitative formation of the cyclic dimethylaminoborane
(DMAB) dimer, (Me2N—-BHz2).. However, this precatalyst was shown to result in exhaustive
dehydrogenation of N-methylamine borane adduct (MeNH2¢BH3), resulting in the
formation of N-methyl borazine (MeN—BH)s. Further, dehydrocoupling of ammonia borane
(NH3*BH3) results in the formation of borazine and other insoluble materials that are
presumably a mix of oligomeric and polymeric materials. Mechanistic studies on the
dehydrocoupling of amine borane adducts using [Rh(COD)(p-Cl)]2 have concluded that

the active species is of a heterogeneous nature.’?

Me
! H H  Me
Hg-Nog-H [Rhjcat. | 1H  [Rhjcat. H-p_N-Me
I | ‘N’ \H | I
/N -N. —H2 R —H2 Me/N—B\\H
Me” B" Me Me Me H
H R=H R =Me

Scheme 1.3: Dehydrogenation of amine-borane adducts using a rhodium catalyst.

Dehydrocoupling of amine-borane adducts has since been a field of interest and a
variety of transition metal catalysts for this transformation have been reported based on
titanium,”># manganese,”® iron,”®-"° cobalt,8-82 nickel, -8 rhodium,8-°1 ruthenium,%2-%4
rhenium,® and iridium.%8-%” Beyond transition metal catalysts, several metal-free amine-

borane dehydrocoupling catalysts have also been explored.%8-102
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Homogenous dehydropolymerization of ammonia-borane was first realized in
2006, where Goldberg et. al. used IrH2(POCOP) (POCOP = n3-1,3-(OPtBu2)2CsHs) to
access a product assigned to be a cyclic pentameric product, (H2N-BH)s.%6 This same
catalyst, IrH(POCOP), was later shown in 2008 to be proficient in the
dehydropolymerization of MeNH2*BH3, accessing high molar mass material (Mw = 160
000, © = 2.9) (Scheme 1.4).57:103 The ability of the iridium catalyst to access poly(N-
methylaminoborane) and not undergo exhaustive dehydrogenation to N-methyl borazine
has been attributed to the sterically encumbering P-substituents of the POCOP ligand,
slowing down the second dehydrogenation step and allowing for formation of polymer.
Since this seminal discovery, many homogenous (pre)catalysts have been reported for
titanium, %4195 jron,16-108 cobalt,’®®  zirconium,"® ruthenium,® rhodium,"'-"'* and

iridium''5 centres.

(1ir] cat. = )
U Bu
H R H 0=
H. ,é:H [Ir] cat. ‘N'\ H
pH 20 °C B Ir<H
Me —H, H H], |
BU/ \tBU

Scheme 1.4: Iridium catalyzed dehydropolymerization of MeNH2:BHa.

1.3.3.2 Metal-Free Synthesis of Polyaminoboranes
Metal-free synthesis of polyaminoboranes was first reported in 1970, where
subjugation of borazine vapour to a radio frequency discharge followed by immediate

quenching in liquid nitrogen (-196 °C) lead to the formation of [H.N-BH2].%¢ They reported

12



that HoN=BH> was formed and would spontaneously polymerize between -196 °C and
-155 °C. However, only the infrared spectrum of the resulting material was reported.

Later, in 2014, the generation of aminoborane monomers in situ through
elimination reactions was explored (Scheme 1.5).''® Here, initial reaction of amine-
borane adducts (MeRNH*BH3; R = H, Me) with an acid (HCI, HOTf, [He(OEt2)2][B(Arf)a];
OTf = triflate; Arf = 1,3-bis-trifluoromethylphenyl) would result in liberation of hydrogen
gas and formation of a new B functionalized amine-borane adduct (MeRNH<*BH2X (R =
H, Me; X = CI, OTf) or [MeRNH+*BH2(OEt)][B(Arf)s] (R = H, Me). Subsequent
deprotonation results in an elimination reaction producing aminoborane (MeRN=BH:) and
the corresponding conjugate acid. Monitoring these reactions by "B NMR spectroscopy
confirmed that aminoboranes were accessed, but the products would quickly undergo
cyclooligomerization to yield [Me2N-BH:]2 or, in the case of MeNH=BH:, addition
polymerization to polyaminoborane.

Recent work from Alcaraz et. al. has shown an alternate route to access
polyaminoboranes  through reactions of primary amines (RNH2) with
diisopropylaminoborane (DIAB; iPr,N=BH) (Scheme 1.5).""” Here, DIAB acts as a BH>
transfer agent, where reaction with the primary amine results in the formation of the
transient aminoborane (RNH=BH:) and diisopropylamine (iPrNH). The resulting
aminoborane can undergo head-to-tail catenation to access high molar mass materials.
However, maintaining temperatures at or below —40 °C is essential as otherwise other

reactions become thermodynamically viable, producing other non-polymeric products.
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Scheme 1.5: Overview of metal-free synthesis of polyaminoboranes via the generation

of aminoboranes in situ.

1.3.3.3 Substrate Scope for Amine-Borane Dehydropolymerization

The synthesis of polyaminoboranes from dehydropolymerization of amine-borane
adducts has focussed on primarily N-monosubstituted amine-borane adducts (i.e.,
RNH2+BH3) (Figure 1.6).57.104.105.117.118 Tq date, there are no reported polyaminoboranes
bearing two non-hydrogen N-substituents nor are there polymers bearing both one N-
substituent and one B-substituent. Further, no N-aryl substituted polyaminoboranes have
been reported as their precursor adducts undergo spontaneous dehydrogenation and
further reactivity to yield non-polymeric products.''®

There are limited examples of B-substituted polyaminoboranes [H2N-BHR], (R = Ph,
p-(CF3)CeHa) (Figure 1.6).72° However, the synthesis of these polymers is low yielding as
a significant amount of borazine is formed and poly(B-phenylaminoborane) is thermally
unstable. Attempts to prepare the B-methylated polyaminoborane from HsN*BH>Me have
been unsuccessful where thermal dehydrogenation has resulted in scrambling of B-Me
and B-H bonds to yield mixed Hs3N*BHxMes-x (x = 0, 1, 2, 3) adducts and catalytic

dehydrogenation instead yields borazine (HN-BMe)s and bisamidoborane, MeB(NH2),."?!
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Figure 1.6: Overview of well characterized polyaminoboranes with organic substituents
at nitrogen or boron, with My, values of the first characterized polymer of each type under

each substituent.

1.4 Polyphosphinoboranes

Polyphosphinoboranes are a heavier congener of polyaminoboranes, where the
nitrogen atoms are replaced with phosphorus atoms. Likewise, they are isoelectronic to
polyolefins. These materials were first sought in the 1950’s as they were predicted to have
desirable traits such as high thermal stability.'?? Typically, they are synthesized from the

dehydropolymerization of phosphine-borane adducts (RR'PH*BH3).

15



141 Synthesis and Structure of Phosphine-Borane Adducts and
Phosphinoboranes

Phosphine-boranes adducts are comprised of a Lewis basic phosphine datively
bound to a Lewis acidic borane. The first phosphine-borane adduct, PH3*BCls, was
reported in 1890.'2% The simplest phosphine-borane adduct, PH3*BH3 was first reported
in 1940.'”* However, at the time it was misidentified as diborane diphosphine
(B2He*2(PHs3)). It was not until 1966 where its correct structure was reported.’? Since
then, a large library of phosphine-borane adducts with one, two, and three P-substituents
have been reported.

Phosphine-borane adducts are typically accessed in one of two ways (Scheme
1.6). They can be synthesized through the direct reaction between a phosphine (RR'R"P;
R, R', R" = H, alkyl, aryl) and BHz+L (L = THF, SMez) through a ligand displacement
reaction.'?® Alternatively, phosphine-borane adducts can be accessed through the
reduction of a chlorophosphine (RR'PCI) with two equivalents of LiBH,.127-128

In contrast to amine-boranes which have a strong polarization of the N-B unit
because of a great difference in their respective Pauling electronegativities, phosphine-
borane adducts are less strongly polarized as they have similar Pauling electronegativity
values (Xxp = 2.19, xg = 2.04, x1 = 2.20).*° This results in a reduced favourability in the
dehydrogenation of phosphine-borane adducts into phosphinoboranes when compared
to the dehydrogenation of amine-borane adducts into aminoboranes. Further, this is
reflected in the general conditions required for catalytic dehydrogenation of either adduct
(i.e., 20 °C to 60 °C for amine-borane adducts and 90 to 130 °C for phosphine-borane

adducts).4®

16



Dehydrogenation of phosphine-borane adducts (RR'PH+BH3) results in the
formation of phosphinoboranes (RR'P-BH.) (Scheme 1.6). Unlike aminoboranes,
phosphinoboranes lack a P-B double bond and do not exhibit planar geometries at both
phosphorus and boron centres. This is partly due to the high energy barrier for pyramidal
inversion, which involves a change in phosphorus hybridization from sp? to sp?, and the

greater orbital size mismatch between boron and phosphorus.®

BHgeL R H LiBH,
RRR"P? ——— R'-P:=B-H - RR'PCI
-L R’ H - LiCl
R, RI’ R"= A|ky|’ Aryl’ H R"' = Hl _ H2
L = THF, SMe,
welfsnoH
R’ Y ?
R H

Scheme 1.6: Synthesis and structure of phosphine-borane adducts and

phosphinoboranes.

1.4.2 Properties and Applications of Polyphosphinoboranes

Polyphosphinoboranes are air- and moisture-stable, making them ideal candidates
for materials with real life applications. These materials are generally soft and malleable,
with glass transition temperatures (T) that depend on the P-substituents.?® Further, the
Tg4 of polyphosphinoboranes are generally lower than that of their analogous polyolefins
likely because of longer P-B bonds in polyphosphinoboranes (ca. 1.90 — 2.0 A) than C—
C bonds (1.54 A) in polyolefins.12%130 For example, [PhHP—BH2]n, has a T4 of 38 °C, while

its carbon-based analogue, [PhHC-CH:], has a T4 of 107 °C.
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Application of polyphosphinoboranes has remained in its infancy as they are
relatively unexplored polymers when compared to other classes polymeric materials.
However, thin films of polyphosphinoboranes have demonstrated effectiveness as
negative-tone resists in electron beam lithography and as tunable hydrophobic surfaces,
where the water droplet contact angle can be adjusted by modifying the P-
substituent.??.131.132 Further, polyphosphinoboranes have recently been explored as self-
extinguishing polymers'® and as high-yielding precursors to boron phosphide-
ceramics.'** Polyphosphinoboranes have also been proposed to be candidates for non-
linear optic materials,3® but this has yet to be experimentally explored.

Polyphosphinoboranes can also be cross-linked into solvent swellable gels. These
gels can be accessed through interchain dihydrogen loss which is reported to be
controlled both by the P-substituents and the reaction conditions.’® However, more
recently Manners et. al. have explored the cross-linking of [PhPH+*BH2]» through post-
polymerization hydrophosphination reactions with 1,5-hexadiene.'® This route has
allowed for more control over the degree of cross-linking, and the resulting materials have
shown to exhibit reversibly swellable organogel behaviour.

1.4.3 Synthesis of Polyphosphinoboranes

Polyphosphinoboranes were first targeted in the 1950’s through the thermal
dehydrogenation of P-methylated phosphine borane adducts (MeRPH+BH3; R = H, Me)
at temperatures up to 200 °C in the presence of amines.'3-'3% However, this resulted in
low yields of low molecular weight materials that were poorly soluble and thus not well-
characterized. Later, the thermal dehydrogenation of PhPH2*BH3 at 100 — 150 °C was

reported to yield a benzene soluble material that was assigned to be [PhPH-BH;],."40
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However, the material was determined to be of low molar mass and is poorly

characterized by modern standards.

1.4.3.1 Metal-Catalyzed Dehydropolymerization of Phosphine-Borane Adducts

Catalytic dehydropolymerization of phosphine-borane adducts was not reported
until 1999, where it was discovered that [Rh(COD)(p-Cl)]2 could dehydropolymerize
PhPH2+BH3; to [PhPH-BH:]. in the melt phase (90 °C — 130 °C).'#'142 The material
accessed was the first high molecular weight, definitively characterized
polyphosphinoborane (M, = 31 kDa). However, the polymer displayed a large degree of
chain branching and crosslinking due to the forcing conditions.

Later, Cp(CO).Fe(OTf) was shown to be an effective catalyst.’®" This
polymerization occurs in toluene, rather than in the melt, and at 100 °C, yielding material
of relatively low dispersity and high molecular weight (M, = 40 000, 6 = 1.70). Further, it
was shown that the molecular weight of the resulting polymer could be controlled by the
loading of the iron catalyst and a chain-growth polymerization mechanism for PhPH2*BH3
was proposed.

Other transition metal catalysts have been discovered for the
dehydropolymerization of various phosphine-borane adducts based on iron,'08.143
iridium,'4 and rhodium (Scheme 1.7).745'45 However, these catalysts also generally
operate under similar conditions (224 h, ca. 100 °C). The titanium catalyzed
polymerization of trimethylamine-stabilized phosphinoboranes has also been recently

explored.'46
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Scheme 1.7: Metal-catalyzed dehydropolymerization of phosphine-borane adducts.

1.4.3.2 Metal-Free Synthesis of Polyphosphinoboranes

Metal-free catalytic dehydropolymerization of phosphine-boranes was first
explored in 2003, using tris(pentafluorophenylborane) (BCF) as a catalyst (Scheme
1.8)."47 Here, analysis of the reaction mixture by 3'P NMR spectroscopy revealed that
oligomeric and cyclic structures were accessed, which was confirmed by GPC (M, = 800

— 3900 Da).

H
Ph _H B(Cel5)3 Ph H
H H Toluene, 20 °C B
H 72h H HJ,
— H2

Scheme 1.8: BCF catalyzed dehydropolymerization of phosphine-borane adducts.

The metal-free synthesis of high molar mass polyphosphinoboranes was not
achieved until 2015, through a collaborative effort between the Scheer and Manners
groups.'® The trimethylamine-stabilized phosphinoborane was first reported in 2006.'4°
However to access polymeric materials, a trimethylamine stabilized phosphinoborane
monomer, {BuPH-BH2>(NMes) was synthesized. Subsequently, thermally driven (22 — 40
°C) dissociation of the trimethylamine ligand would yield phosphinoborane monomers in
situ which would undergo head to tail addition polymerization to yield [{BuPH-BH2], (M

= 27 800 — 35 000 Da) (Scheme 1.9).
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Scheme 1.9: Synthesis of polyphosphinoboranes via thermolysis of BuPH-BH2(NMes).

Later, in 2019, cyclic alkyl(amino)carbenes (CAACs) were shown to accept H2 from
phosphine-borane adducts (PhRPH<BH3; R = H, Ph, Et) at 60 °C allowing for the
synthesis of polyphosphinoboranes (Scheme 1.10).'5° Significantly, P-disubstituted
polymeric material is accessed directly from phosphinoborane monomers, a

transformation unrealized by metal-mediated catalytic dehydropolymerization.

H CAAC  [Ph R
P;: B4 60°C, THF, 48 h “m
! —CAAC'H2 Y
H H H,
R = H, Ph, Et

Scheme 1.10: Synthesis of polyphosphinoboranes using CAAC as a dihydrogen

acceptor.

1.4.3.3 Substrate Scope for Phosphine-Borane Dehydropolymerization

The vast majority of polyphosphinoboranes are P-monosubstituted polymers. In most
cases, attempted dehydropolymerization of P-disubstituted phosphine-borane adducts
results in the formation of linear dimers, or other non-polymeric compounds. Using the
transformations mentioned above polymers bearing several different substituents have

been accessed including alkyl, aryl, and ferrocenyl subunits (Figure

1 7) 142,144,151,148,129,143,145,152,153
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Figure 1.7: Polyphosphinoboranes accessed via metal-catalyzed dehydropolymerization
with My, values (kDa) given for the first polymer accessed of each type below each

substituent.

1.4.3.4 P-Disubstituted Polyphosphinoboranes

Accessing P-disubstituted polymers has been possible through two strategies.
These polymers are sought after as the lack of a P-H bond in their resulting materials is
predicted to result in a more robust material that is more suitable for large-scale use. Post-
polymerization functionalization is one way to access these materials (Scheme 1.11).
Here, hydrophosphination reactions between [PhPH-BH:], and olefinic substrates can

result in materials that are either fully P-disubstituted or random copolymers of P-mono-
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and disubstituted monomers."® However, this route results in a chain scission and
generation of materials with lower molar mass, especially at high degrees of insertion.
Alternatively, P-disubstituted polymers can be accessed from the reaction of phosphine-
borane adducts (PhRPH<BH3; R = Ph, Et) with CAAC.'° However, the materials
produced have bimodal mass distributions where the high molar mass fraction of material

is significantly lower than the fraction of low molar mass materials.

R
R
Ph H ph \
MeO OMe o
DMPAP (10 mol%) H

TEMPO (10 mol%) H
THF. 20 ° DMPAP TEMPO

Scheme 1.11: Post-polymerization functionalization of polyphosphinoboranes to access

P-disubstituted materials.

1.5 Mechanistic Insights into Amine- and Phosphine-Borane

Dehydropolymerization

Intimately understanding the mechanism of transformations allows for the hypothesis-
driven design of better catalysts and may allow for access to new materials. Most
experimental mechanistic studies in the dehydropolymerization of amine- and phosphine-
borane adducts have been on transition-metal mediated transformations. Accordingly,
much of the following section will summarize this topic. However, with increasing
examples of transition-metal-free syntheses of polyamino- and phosphinoboranes more

mechanistic work has been done and will be discussed.
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1.5.1 Amine-Borane Dehydropolymerization

Dehydropolymerization of amine-borane adducts RNH2+BH3; R = H, Alkyl, Aryl) is
a challenge as often the formation of oligomeric species and other small molecule
products is thermodynamically favoured. Further, a second dehydrogenation can occur,
yielding borazine or other poorly soluble materials (Scheme 1.12).46¢ As mentioned above,
many catalysts have been discovered for the dehydrogenation and

dehydropolymerization of amine-borane adducts, but few have been studied in detail.

H H H
i R H R 8 R R., .B.. R
B o [N p o HWTNH TN
- - B, -B.,,.B- - .Bs,,.B.
HFIl H2 H H H, N \H H2 H N H
n H /N H )
R H R

Scheme 1.12: Dehydrogenation of amine-borane adducts into polymers and

cyclotriborazane and further dehydrogenation into borazine.

Dehydropolymerization of amine-boranes involves two fundamental
transformations: the initial dehydrogenation of the amine-borane adducts and subsequent
polymerization of the generated monomers.%® Normally, mechanistic evidence is obtained
through monitoring the rate of dehydrogenation by measuring the pressure or volume of
hydrogen gas produced over the course of the reaction. The amount of hydrogen
produced can also give information on how many dehydrogenation events have occurred.
Further, kinetic isotope effects can be determined using deuterated amine-boranes and
supported computationally.’™ For determining the rate of dehydrogenation, N,N-

dimethylamine borane (Me2NH+BH3) is commonly used as its product of dehydrogenation
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is the well characterized and easily identified dimethylaminoborane cyclic dimer, (Me2N—
BH:). (DMAB).

The metal-catalyzed dehydrogenation of amine-borane adducts has been reported
to operate via three different routes. Amine-boranes can either interact with metal centres
through an inner-sphere N-H/B-H interaction (Scheme 1.13, a) or a metal-ligand
cooperative mechanism (Scheme 1.13, b). Alternatively, initial hydride abstraction by a
metal centre can result in formation of a boronium species that can subsequently release
an aminoborane with an equivalent of dihydrogen (Scheme 1.13, c¢). Each case involves
the formation of a o-bond interaction between the metal and the amine-borane.®® The
study of the aminoborane monomers that are formed, especially those that polymerize, is
especially challenging as they readily catenate or undergo other reactivity. There are
examples of aminoboranes interacting with metal centres where the primary coordination
mode is via two bridging B—H hydrides.®”:155-15 However, there has been a recent report
in which incorporation of an aminoborane into a pincer ligand allowed for the study of n?-
N,B coordination mode.'® Further, aminoboranes can be trapped using cyclohexene
through hydroboration reactions to yield RHN=BCy,."%® However, this depends on the

relative rate of hydroboration or coordination vs. catenation.
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Scheme 1.13: Overview of metal-mediated amine-borane dehydrogenation.

After dehydrogenation, polymerization occurs. Typically, polymerizations are
broadly categorized as chain-growth or step growth. Chain growth polymerizations are
generally identified by the presence of high molecular weight materials at low conversions
of monomer or through the presence of higher molecular weight materials when a lower
polymerization catalyst loading is used. Step growth polymerization is typically identified
via the presence of high molecular weight materials at only high rates of conversion.'60

Coordination—insertion mechanisms evocative of single-site olefin polymerization
catalysts benefit from the ability to intimately control the way in which individual
monomers are incorporated into the polymer chain.'®'-163 An analogous coordination,
dehydrogenation, polymerization mechanism has been reported for
dehydropolymerization of amine-borane adducts using
[Rh(Xantphos){H2B(NMe3s)((CH2)tBu)}][BAr 4] (Figure 1.8).% When the reaction is
monitored, this catalyst displays an induction period, indicative that the added catalyst

undergoes an initial transformation into an active species, proposed to be a rhodium-
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amidoborane complex. Next, an equivalent of amine-borane is coordinated to the Rh-
centre and subsequently dehydrogenated yielding MeNH=BH> which can insert into the
growing polyaminoborane chain. For this catalyst, a chain-growth polymerization
mechanism was proposed as high molar mass material would be accessed at low
conversions of MeNH2*BH3 and using high loadings of catalyst would result in lower molar
mass materials being formed. Further, it was shown that hydrogen has a deleterious
effect on polymer molecular weights and was proposed to be a chain transfer agent.
Chain transfer reactions were shown to be disfavoured in a polar coordinating solvent,
THF, as higher molar mass materials were accessed in THF than in the non-coordinating

solvent, fluorobenzene.
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Figure 1.8: Proposed mechanism for the dehydropolymerization of MeNH2*BH3 using a

rhodium catalyst.

The dehydropolymerization of NH3z*BH3 has been proposed to also undergo a
coordination/insertion mechanism using [IrH2(H2)2(PCys)2][BArf4] as the catalyst (Figure
1.9).7%5 However, in addition to dehydrogenation and insertion events, this catalyst was
also proposed to undergo key reversible chain transfer events. These key chain transfer
events were evidenced by the reaction of [Ir(PCys)2(H)2{n?-HsB*NH3}][BArf4] with further
equivalents of NHz*BH3, which would result in the formation of a mixture of Ir-bound
oligomers, [Ir(PCys3)2(H)2{n?-H3B*(H2N-BH2),*NH3}][BArF4] (n = 1 — 3), and free oligomers,

HsB+(NH>—BH2)*NH3. The presence of free oligomers suggests that the Ir-bound
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oligomers are weakly coordinated and can be displaced by free HsN*BH3. Computational
studies into the polymerization mechanism favour an entirely on-metal
dehydropolymerization. This catalyst is capable of dehydrogenating bulkier amine-borane
adducts, MeRNH*BH3 (R = H, Me), but is unable to accommodate their oligomers bound
to the metal centre.%”-''®> Chain transfer reactions have later shown to be effective ways
of controlling polymer molecular weights in the [Rh{k3-(/Pr 2PCH2CH).NH}(n?,n?>-NBD)]ClI

(NBD = norbanadiene) mediated dehydropolymerizations of MeNH2*BH3."
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Figure 1.9: Proposed mechanism for the dehydropolymerization of NH3z*BH3 using

[IrH2(H2)2(PCys)2][BArf4] as the catalyst.
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Alternatively, a mechanism for amine-borane dehydropolymerization in which
separate metal centres are involved in the dehydrogenation and polymerization events
has been reported. Polymerizations that operate via this mechanism show no clear
correlation between molecular weight and catalyst loading. Individual studies by the
Manners and Paul groups suggest that dehydropolymerization of NHz*BH3z using
IrH,POCOP follows this mechanism.'%3.16 Here, an iridium centre first dehydrogenates
an equivalent of NH3*BH3, and a separate iridium centre binds an aminoborane monomer,
initiating the polymerization. The polymerization is proposed to occur from an
[Ir(POCOP)(H)2(n?-H2B-NH2)] complex, with a terminal amine unit that can undergo
successive nucleophilic attack reactions upon aminoboranes formed in situ to access
polyaminoborane chains (Figure 1.10). These addition events were shown to be strongly
exergonic computationally, resulting in a facile oligomerization pathway. Nucleophilic
chain growth has also been proposed for the {Rh(Xantphos)} and [Rh{k3-(iPr
2PCH2CH2)2NH}(n?,n?>-NBD)]CI (NBD = norbanadiene) mediated dehydropolymerizations

of MeNHz+BH;. 113114
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Figure 1.10: Proposed mechanism for the Ir-initiated head-to-tail addition polymerization

of HaN=BH: formed in situ.

The dehydropolymerization of amine-boranes using early transition metals has
been less explored. However, in 2018 the Manners group reported a titanium catalyst
formed from the in situ reaction of Cp*.TiCl. with 2 equivalents of nBuLi for the
dehydropolymerization of MeNH2+BH3.'% This catalyst was hypothesized to have a step-
growth polymerization mechanism as high molar mass polyaminoborane was only
accessed at high conversion of amine-borane. Further, treating low molar mass material
with catalyst would result in the formation of higher molecular weight material and higher
molar mass material was accessed with higher catalyst loadings. Later, Cp*>.TiMe was
reported to be an active catalyst in the dehydropolymerization of amine-boranes
(RNH2¢BH3) where preliminary mechanistic studies evoke a redox neutral mechanism

with a Ti(lll)-H resting state.'®
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1.5.2 Phosphine-Borane Dehydropolymerization

The dehydropolymerization of phosphine-boranes has been studied far less than
their lighter congeners, amine-boranes.*® In contrast to amine-borane
dehydropolymerization that normally occurs under ambient conditions, catalytic
phosphine-borane dehydropolymerization occurs only at elevated temperatures,
complicating the observation of reactive intermediates as they readily undergo further
reactivity.

The first catalyst reported for phosphine-borane dehydropolymerization,
[Rh(COD)(u-Cl)2]2, has been shown to likely operate via a homogenous step-growth
mechanism.”>134167 The homogenous nature of the catalyst was evidenced through
mechanistic studies on the dehydrocoupling of PhoPH+BH3. Here, it was shown that
addition of excess mercury or substoichiometric PhsP had no effect on the activity of the
catalyst. The addition of mercury to heterogenous catalysts often poisons the catalyst by
adsorbing or forming an amalgam on the catalyst surface. Further, if the catalyst was
heterogeneous in nature, the addition of substoichiometric phosphine would poison the
catalyst as only a fraction of the metal centres are present on the surface of the particles.
Moreover, no effect was observed in the rate of dehydrocoupling after filtering the reaction
mixture through a 0.5 pm filter and no induction period or black precipitate was observed.
The step-growth nature of the dehydropolymerization was determined from the
observation that high molar mass polymeric material would only be accessed at high
conversions of PhPH2*BHs;. However, these reactions are performed at elevated
temperatures in the melt phase impeding the observation of reaction intermediates and

further mechanistic studies.
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The first detailed study of a phosphine-borane dehydrocoupling catalyst was
performed by the Weller group in 2012.'%® Here, they explored the ability of
[Rh(COD)2][BArf4] to dehydrocouple tBu,PH*BH3; to tBu,PH-BH>—tBu,P-BH3; under melt
conditions. Dissolution of the reaction mixture in 1,2-F2CsH4 and analysis by ESI-MS
revealed the formation of [Rh(tBu2PH)2(n8-F2CeHa4)]* and [Rh(tBuzPH)2(n?-HsB«tBu-P—
BH2+fBuz)]*. It was proposed that [Rh(tBuzPH)2(n®-F2CesH4)]* was accessed through the
substitution of the COD ligands of [Rh(COD)][BArf4] with tBu,PH formed in situ.
Subsequently, it was revealed that [Rh(tBuzPH)2(n8-F2CeH4)]* was also a competent
catalyst in the dehydrocoupling of tBu,PHeBH3z and had comparable activity to
[Rh(COD),][BArf4]. Therefore, it was hypothesized that [Rh(tBuzPH)2(n8-F2CsH4)]* was
the active catalyst.

Later, the Weller group explored the dehydrocoupling of phosphine-borane
adducts using a Rh catalyst bearing a chelating diphosphine ligand, [Rh(dppp)(n®-
CeHsF)][BArT4] (dppp = Ph2P(CH2)sPPhy) (Figure 1.11).7° Reaction of this complex with
two equivalents of PhaPH+BHs gave displacement of CeHsF, and formation of
[Rh(dppp)(0,k?-PPh2BH3)(k'-H3B+*PPh2H)][BArf.]. The phosphidoborane is a result of an
initial P—H activation event resulting in a P-Rh(lll) bond, and the unit is further tethered
via a B—H agostic interaction. The unreacted phosphine-borane is bound via a B-H o-
bond to the metal centre. However, confirmation of these binding modes could not be
obtained as this complex will readily undergo a dehydrocoupling event to give
[Rh(dppp)(0,n'-PPh2sBH2—Ph2ePBH3)][BArf4]. The electronic nature of the organic
phosphorus substituents were shown to have an effect on the rate of this P-B

dehydrocoupling event, where a higher rate is observed for phosphine-borane adducts
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with electron withdrawing groups and a slower one is observed for electron donating
groups.'”? [Rh(dppp)(nt-CsHsF)][BArf4] was also shown to be an effective catalyst for the

dehydropolymerization of CyPH2:BH3 where analogous intermediates to Ph2PH+*BHs3

were observed.
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Figure 1.11: Proposed mechanism for the dehydrocoupling of PhoPH*BH3 or CyPH2*BH3
using [Rh(dppp)(n8-CsHsF)][BArF4].
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In 2016, the Weller group turned their attention to
[RhCp*Me(PMe3)(CH2CL2)][BArfs] as a phosphine-borane dehydrocoupling catalyst
(Figure 1.12).7%5 The authors targeted this catalyst as it should be able to readily access
a vacant coordination site via dissociation of CH2Cl> which may allow for the monitoring
of P/B—H activation events. Similar to analogous amine-borane chemistry, the authors
used P-disubstituted phosphine-borane adducts to model the E-H (E = P, B) activation
events, and complementary computational studies suggested that B—H activation occurs
first followed by P—H activation to yield the active catalyst, [RhCp*(Cp)(PhPH-BH>)].
Following the formation of this phosphidoborane complex, a step growth
dehydropolymerization of phosphineborane units is proposed to occur via reversible chain
transfer. This is proposed as PhPH2*BH3 is rapidly consumed and a significant portion of

linear dimer, PhPH2:BH>—PhPH+BH3, is observed early in the reaction.

35



S

[Rh] =

_Rh*
M63
[Rh]-y H [Rh] [Rh]~ [Rh]
(RAl-CI PheHyBH, 1 - M DY (i) s\ o\
Me Me H-5.__Ph ——» 4y-B. ph—| H L H|— H L_H
— CH,CI ' >H —CH s B H-B™
Cl PAP) H 4 ¥ H H Ph H Ph
(i) B—H activation, (ii) P—H activation
[Rh] [Rh]- H [Rh]-
H/ \ H Ph H2'BH3 'l{ H':l\B H‘BI\ /HH B R — Ili HIj\B H
H_\B/ \ H’ ~ \/ \— H, ~ \/
H Ph PH H Ph ' PH H

Ph H2'BH3 Ph HQ'BHZ—Ph H'BH3
Figure 1.12: Dehydrocoupling of PhPH2*BH3 using [Rh(CI.CH2)(PMe3)Cp*][BArF4] via

generation of the active species (top) and subsequent reversible chain transfer (bottom).

The use of more abundant metals in the dehydropolymerization of phosphine-
boranes is also of interest. In 2015, our group explored the ability of CpFe(CO)20Tf to
catalyze the dehydropolymerization of PhPH2:BH3.'3" This catalyst operates in the
solution phase and was determined to be homogenous through a PMes poisoning
experiment. Further, previously synthesized iron nanoparticles were shown to be
incapable of catalyzing the dehydropolymerization of PhPH2°BH3. CpFe(CO).OTf has
been proposed to operate via a chain growth coordination/insertion mechanism. It is
suggested to undergo a chain growth mechanism as at low conversion of PhPH2¢BH3,
high molar mass [PhPH-BH:], is observed. Further, polymer molar mass was found to

have an inverse relationship with catalyst loading, where at low [Fe] loadings, higher
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molar mass material was obtained and lower molar mass material was obtained at high
[Fe] loadings. The stoichiometric reaction between CpFe(CO).OTf and PhPH2*BH3 would
result in P—H activation and yield the phosphidoborane complex, CpFe(CO)2(PPhHBH3).
Further, this phosphidoborane complex was shown to be equally active in the
dehydropolymerization of PhPH2+BH3. Photolysis of CpFe(CO)(PPhHBH3) would result
in the loss of an equivalent of CO and formation of a B—H agostic interaction yielding
CpFe(CO)(k*>-PPhHBH3). However no comment on its ability to catalyze the
dehydropolymerization of PhPH2*BH3 was made. Reaction of CpFe(CO)2(PPhHBH3) with
a further equivalent of PhH2*BHj3 resulted in the formation of an iron-bound P-B dimeric
species, CpFe(CO)x(k'-PPhH+sBH,—PhPH+BH3), as suggested by ESI-MS. Based on their
findings, the authors proposed the following chain growth polymerization mechanism
(Figure 1.13). First, an iron phosphide borane species formed in situ coordinates another
equivalent of phosphine-borane adduct, and subsequently activates the B—H bond of the
P—-B adduct and inserts the phosphine-borane into the growing polymer chain. This
polymer is tethered via a terminal B—H o-complex. Subsequent P-H activation results in
a species in which a new iron phosphide bond from the recently inserted P-B unit is
formed. Next, Hz elimination and coordination of another equivalent of PhPH2+BH3 allows

for the turnover of the catalytic cycle for further chain propagation.
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1.5.3 Transition-Metal-Free Synthesis of Polyaminoboranes and
Polyphosphinoboranes

The synthesis of polyaminoboranes and polyphosphinoboranes without metal-
catalyzed dehydrocoupling targets the generation of reactive aminoboranes or
phosphinoboranes in situ. These reactive species can self-initiate and undergo head-to-

tail addition polymerization (Figure 1.14).

Self-Initation Addition Polymerization

m R R /—\ nHmB=ERR  RR | R R
H._E

H,B=ERR' H,B=ERR' —~ H\B,\E\B,E‘—R H,B=ERR'

I\R 7\ ~
H HH H [HH |HH

E=Nor
Figure 1.14: Self-initiated polymerization of transient aminoboranes and

phosphinoboranes.

In 2018, the Alcaraz group reported the metal-free-synthesis of polyaminoboranes
through the reaction of primary aminoboranes RNH. with iPro.N=BH..""” Here, DIAB acts
as a “BH2” transfer unit, producing the more reactive aminoborane, RNH=BH,, and
iPraNH. If the reaction is performed at —40 °C, the reactive aminoborane then undergoes
uncontrolled polymerization to access high molar mass materials. However, if the reaction
is performed under ambient conditions, many other reactions occur to give small molecule
products. The authors later reported a more detailed study in which they explained that
the polymerization is kinetically controlled, where at higher temperatures the formation of

cyclotriborazane is the thermodynamically favoured process.’””' The other products
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observed are a result of bimolecular N-H proton and B—H hydride transfer reactions
through 6-membered transition states.

In 2006, Gaumont et. al. explored B(CsFs)s (BCF) as a catalyst for phosphine-
borane dehydropolymerization where only oligomeric material was obtained (M, ca. 3000
Da).'#" Later in 2015, in a collaboration the Scheer and Manners groups, the synthesis of
trimethylamine stabilized phosphinoboranes, RPH-BH2(NMes), as polymer precursors
was reported.'#® Here, thermolysis of the B—N bond would result in the release of transient
phosphinoboranes in situ that could undergo head-to-tail addition polymerization to yield
polymeric materials.

Metal-free dehydropolymerization of phosphine-borane adducts has allowed
access to materials that are so far inaccessible via metal-based catalysis. In 2019, the
Manners group reported on the ability to use CAACs to accept H2 from phosphine-borane
adducts.'° Here, initial deprotonation of PhoPH<BH3; with CAAC results in the formation
of the [PhPH(BH3)][CAAC-H] ion pair. Under ambient conditions, the phosphorus centre
can undergo a nucleophilic attack of iminium carbon of [CAAC-H]* resulting in the
formation of PhPH(CAAC-H)+BHs. However, at 60 °C, it is possible for the [CAAC-H]*
ion to accept a hydride from the BH3 unit, resulting in the formation of CAAC+H> and
PhHP-BH.. It is then proposed that as the phosphinoborane is ambipolar, it can self-
initiate and begin polymerization. However, linear oligomers can undergo cyclization
reactions, as observed for PhRPH*BH3 (R = Ph, Et). However, if the rate of oligomer
cyclization is less than the rate of continued linear growth, high molar mass polymeric
materials can be obtained, as observed for PhPH2¢BH3. The authors also proposed a

second mechanism, in which trace Lewis acids or bases can initiate a polymerization,
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allowing for chain growth from either boron or phosphorus termini (Figure 1.15). This
chain-capping would prevent cyclization of linear oligomers and allow for the formation of
only linear polymers, allowing for the formation of [PhRP-BH2]» (R = Ph, Et). They
supported this hypothesis with ESI-MS data, where oligomers capped with CAAC were
observed. Later, in a separate report by Pomogaeva and Timoshkin exploring
phosphinoborane tetramers and decamers, [PH>—BH2]4 10, they found that capping a
phosphinoborane oligomer with either a strong Lewis base (i.e. CAAC) or both a weak

Lewis acid and base could disfavour cyclization reactions.'"2
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Figure 1.15: Proposed chain-growth mechanism for the head-to-tail addition

polymerization of phosphinoborane monomers made in situ.
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1.6 Thesis Summary and Acknowledgement of Collaborators

This thesis describes four research projects related to the generation and reactivity of

transient aminoboranes and phosphinoboranes as polymer precursors. The following five

chapters are:

Chapter 2. Transition-Metal-Free Dehydropolymerization of Phosphine-Borane
Adducts at Ambient Temperature

Chapter 3. Generation and Reactivity of Transient Primary Aminoboranes
Chapter 4. Chain-Stabilization Yields High Molecular ~ Weight
Polyphosphinoboranes and Molecular Weight Control in the Thermal
Dehydropolymerization of PhPH2*BHj3

Chapter 5. Ambient Condition Dehydrocoupling of Phosphine-Borane Adducts
using Aminoboranes as Hydrogen Acceptors

Chapter 6. Conclusions and Future Work

In line with Prof. lan Manners’ research group policy, this thesis is comprised of self-

contained chapters, each intended for publication. Most research projects involved

collaboration, with contributions outlined below, as well as expanded upon at the

beginning of each chapter.

Chapter 2. This chapter was reproduced from Chem. Eur. J. 2022, 29 (2), €202202897.

Dr Subrata Kundu performed exploratory reactions to access polyphosphinoboranes. Dr.

Etienne A. LaPierre had input on experimental design and assisted with solving single

crystal X-ray diffraction data. Dr. Patrick O. Brian acquired single crystal X-ray diffraction

data.
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Chapter 3. This chapter contains as of yet unpublished work. Dr. Owen J. Metters
performed exploratory reactions in trapping reactive aminoboranes formed in situ. Dr.

Patrick O. Brian acquired single crystal X-ray diffraction data.

Chapter 4. This chapter contains as of yet unpublished work. Jade E. T. Watson assisted
with the synthesis of polyphosphinoboranes. Charles Kileen and Dr. J. Scott McIndoe

assisted with acquisition and analysis of mass spectrometry data.

Chapter 5. This chapter contains as of yet unpublished work. This chapter had no

significant collaborations.

In addition to the work included in this thesis, | was also involved in research projects
related to polyphosphinoboranes that resulted in two other publications (Angew. Chem.
Int. Ed. 2022, 61 (22), e202202176 and Angew. Chem. Int. Ed. 2023, 62 (3),
€202216106). However, as this thesis is a single author document, only the projects in
which | was responsible for the majority of experiment design, data acquisition, data

interpretation, and communication are presented.
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Chapter 2

Transition Metal-Free Dehydropolymerization of

Phosphine-Boranes at Ambient Temperature

This chapter has been adapted from:

Matthew A. Wiebe, Subrata Kundu, Etienne LaPierre, Brian O. Patrick, and lan Manners.

Chem. Eur. J. 2023, 29 (2), e202202897

Contributions: M. A. W., S. K. and I. M. conceived the project. S. K. performed exploratory
reactions to access P-disubstituted polymeric materials. E. L. contributed to useful
conversations regarding the project and in the solving of single crystal data. B. O. P.
obtained single crystal X-ray data. M. A. W. performed all other synthesis and
characterization. M. A. W. interpreted the data and wrote the manuscript which was

subsequently edited with I. M. and the other authors.
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2.1 Abstract

Stoichiometric reaction of phosphine-borane adducts RR'PH+*BH3 (R = Ph, R'=H,
Ph, Et, and R = R' = tBu) with the strong acid, HNTf, (Tf = SO2CF3) leads to H: elimination
and the formation of the triflimido derivatives, RR'PH*BH2(NTf2). Subsequent
deprotonation using bases such as diisopropylethylamine or the carbene IPr (IPr = N,N*-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) results in the formation P-mono- or P-
disubstituted polyphosphinoboranes, [RR'P-BH2].. End-group analysis by electrospray
ionization reveals the presence of IPr or iPr2EtN end groups, implicating their involvement
in both deprotonation and polymerization. Evidence for the intermediacy of transient

phosphinoborane monomers, RR'PBH2, was provided by trapping reactions.
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2.2 Introduction

Main group polymers featuring boron or phosphorus atoms in the main chain have
attracted interest with respect to their valuable physical and chemical properties and for
applications in optoelectronics, sensing, catalysis, and biomedicine.' 2 High molar mass
polyphosphinoboranes, [RR’P-BH:],, have recently been explored for potential uses as
thermally-stable and flame retardant materials, electron beam resists, and as precursors
to boron phosphide ceramics or hydrogels.’>-'® A wide range of transition metal catalysts
for the dehydropolymerization of phosphine-borane adducts has been explored;?%-%"
however, all require temperatures at or above 100 °C and fail to polymerize (P-
disubstituted)phosphine-boranes (Scheme 2.1). In addition, the polymer produced is
generally discoloured due to the presence of catalyst-derived impurities. Recently,
transition metal-free routes have been developed which offer potential with respect to
overcoming these limitations. For example, in collaboration with Greb we have reported
on the catalytic performance of an aluminate species bearing a calix[4]pyrrolato ligand in
the dehydropolymerization of phosphine-boranes at forcing conditions (105 °C, 24 h), the
first reported transition metal-free catalyst capable of producing high molar mass
polyphosphinoboranes.?® In an early study, tris(pentafluorophenyl)borane was briefly
reported to dehydrocouple phosphine-boranes to access oligomeric material (M < 2000
Da).?° More recently, stoichiometric generation of phosphinoborane monomers, RR'P—
BH2 (R, R" = alkyl, aryl, H), in situ has yielded polyphosphinoboranes (Scheme 2.1). This
was first demonstrated for the thermally-induced (22 — 40 °C) polymerization of a
trimethylamine-stabilized phosphinoborane precursor (tBuHPBH2*NMes), to give the

transient phosphinoborane monomer, [{BuPH-BH2], which undergoes spontaneous head-
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to-tail catenation to high molar mass [fBuPH-BH2], (27,800-35,000 Da).’° Reactive
phosphinoborane monomers can also be generated by dehydrogenation of phosphine-
borane adducts with cyclic alkyl amino carbene (CAAC), yielding polymer and CAAC-H>,
allowing access to both P-mono and, in low-yield, P-disubstituted
polyphosphinoboranes.?" Unfortunately, these routes require relatively laborious
synthesis of reagents, and in order to access P-disubstituted polymers using the CAAC-
mediated route, elevated temperature (60 °C). The development of new direct routes to
polyphosphinoboranes that proceed in high yield under mild conditions are therefore of
key importance, especially those that provide direct access to materials with two organic
substituents at phosphorus, [RR'P-BH:],, which are likely to be the most diverse, stable,

and useful for applications.
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Catalytic Routes

(Pre)catalyst H R
R H2'BH3 \B
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Braunschwei
Manners, 1999 Marners, 2015 & Radius, 2016
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Weller, 2016 Webster, 2017
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Stoichiometric Routes

Manners & Scheer 2015

Manners, 2019
RPH-BH,(NMejy) T NMe R CAAC RR'HP+-BH4
H n =Ph, Et, H

Scheme 2.1: Overview of the synthesis of polyphosphinoboranes. Selected catalysts are

shown in the top box, while stoichiometric routes are shown in bottom box. TMS =

trimethylsilyl, Tf = trifluoromethylsulfonyl, CAAC = cyclic(alkyl)amino carbene.

Recently, we reported the synthesis of isoelectronic polyaminoboranes [MeNH-
BH:]» by generation of transient amino-boranes [MeNH=BH>], through deprotonation of
readily accessible acidic amine-boronium complexes with simple amine bases (Scheme
2.2, top).3233 Hypothesizing that analogous reactivity may provide a facile route to
polyphosphinoboranes (Scheme 2.2, bottom) we set out to synthesize analogous

phosphine-boranes with acidic P-H bonds and to explore their potential as polymer
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precursors. Herein, we report a new and convenient ambient temperature protocol for the
synthesis of polyphosphinoboranes via the facile generation of transient

phosphinoborane monomers as intermediates.

Manners, 2014 A-
©®9H  OEt, pTBP
MeNH2°BH3 —— > H-N—B-H

-Hy Me’ "H - [DTBP-H]J[A]
R R
This work: G Pﬁ
“B
HnTe ©PH NTf, Base HH],
PhR H‘BH34> Ph— —B\—H _ Pn = N,
-Hy R H - [Base'H]
R =H, Ph, Et [A]

Scheme 2.2: Overview of the reported polyaminoborane and proposed
polyphosphinoborane synthesis from deprotonation of amine-borane and phosphine-
borane  derivatives. HA = [H(OEt2)2][BArf4] (Arff = tetrakis(3,5-
bis(trifluoromethylOphenyl)borate), DTBP = di(tertbutyl)pyridine, Tf =

trifluoromethylsulfonyl.

2.3 Results and Discussion

The synthesis of phenylphosphine-(triflimido)borane complex (2.2a) from the
respective phosphine-borane adduct (2.1a) was readily accomplished by the treatment of
the latter in toluene at 20 °C over 30 min with bis(trifluoromethane)sulfonimide (HNTf),
where the reaction was made evident by the liberation of H2 gas (Figure 2.1a). Once the
reaction was complete the volatiles were removed in vacuo to yield a colourless oil which
was characterized by multinuclear nuclear magnetic resonance (NMR) spectroscopy and
electrospray ionization mass spectrometry (ESI-MS). "B NMR revealed consumption of

2.1a (3(''B) = -41.1 ppm, quartet of doublets, 'Jsp = 33.6 Hz and 'Jgn = 102 Hz) and
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generation of a new species with a broad signal at —-18.3 ppm, consistent with the
formation of 2.2a. Further characterization by 3'P NMR revealed a new ftriplet at —56.0
ppm ('Jen = 405 Hz) which was also assigned to 2a. Positive-mode ESI-MS revealed
mass peaks corresponding to the M-H cation for 2.2a, corresponding to
[PhPH2BH(NTf2)]*.

The scope of this reaction was then explored with P-disubstituted phosphine-
borane adducts 2.1b-d. Addition of HNTf2 to toluene solutions of 2.1b-d at 20 °C similarly
resulted in the formation of phosphine-(trifimido)borane adducts, 2.2b-d as the sole
products. Broad signals were observed by "B NMR spectroscopy for these species in a
narrow range of —-17.1 to —-18.6 ppm, downfield from those of their respective adducts
(-41.1to -42.2 ppm), while 3'P NMR spectroscopy revealed doublets with chemical shifts
that varied with the P-substituents (2.2b: =9.5 ppm "Jp = 415 Hz, 2.2¢: —5.4 ppm 'Jpn =
400 Hz, and 2.2d: 26.0 ppm, 'Jen = 385 Hz). Furthermore, positive mode ESI-MS gave
mass peaks corresponding to the [M — H]* molecular ions, [RR'PH*BH(NTf,)]*, in each
case.

Compounds 2.2a-2.2c were isolated in very high yields (> 90%) as colorless oils
whereas 2.2d was a crystalline solid at room temperature, which permitted further
characterization by single-crystal X-ray diffraction. Suitable single crystals of 2.2d were
grown from a toluene solution by slow diffusion of n-hexane at —40 °C and analyzed by
single-crystal X-ray diffraction (SC-XRD). Interrogation of the molecular structure
revealed k-N coordination of the bistriflimide anion to the boron atom in the solid state
(Figure 2.1b). P1-B1 and B1-N1 bond lengths are 1.974(2) and 1.616(2) A respectively,

both of which are typical B—Pn (Pn = P, N) single bonds.343% Furthermore, the P1-B1-N1
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bond angle of 114.1(1)°, which is slightly larger than that expected for a tetrahedral boron
atom (109.5°), and reflects steric repulsion between bulky tert-butyl and
trifluoromethylsulfonyl groups. This data supports the presence of a B—Nriimide Single
bond, resulting in a structure similar to the polar-covalent species MeNH2+BH2(Cl) with a
B—ClI single bond and in contrast to the donor-stabilized amine-boronium cation salts

[MeNH2:BH2(OEt2)][BArF4]; ArF = 3,5-bis(trifluoromethyl)phenyl) reported previously.>?

a)
HNTF,
RR'PH<BH 'PHeBH-(N
®  20°C, 15 min, Toluene RRPH-BHy(NTT)
—_ H2
R=Ph, R = H (2.1a) R =Ph, R = H (2.2a)
R=R'=Ph (2.1b) R = R' = Ph (2.2b)
R = Ph, R' = Et (2.1c) R = Ph, R' = Et (2.2c)
R =R' = {Bu (2.1d) R =R’ = {Bu (2.2d)
b)

Figure 2.1: a) Synthesis of phosphine-(trifimido)boranes from phosphine-borane
adducts. b) Molecular structure of tBuoHPBH2(NTf2), 3.2d, with thermal ellipsoids
displayed at the 50% probability level. H-atoms belonging to the tBu groups omitted for
clarity. The colour scheme is as follows: phosphorus (orange), boron (pink), carbon

(grey), nitrogen (blue), oxygen (red), sulfur (yellow), fluorine (lime green).
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Next, the deprotonation of 2.2a-c was explored. In order to generate transient
phosphinoborane monomers, 2.2a was reacted with the sterically hindered amine base,
iPr.EtN, as a 2M toluene solution over 4 h at 20 °C (Scheme 2.3, top)."'B and 3'P NMR
spectroscopic analysis of the reaction mixture showed complete consumption of 2.2a and
new peaks at 5(''B) = -32.9 ppm and 8(3'P) = -48.2 ppm ('Jpr = 350 Hz) in approximately
80% vyield by 3P NMR spectroscopy, consistent with formation of
poly(phenylphosphinoborane), 2.3a, as the major reaction product with formation of
oligomers and free phosphine, PhPH2, as minor species.?>-2%31:35 Furthermore, an
immiscible oil was also isolated from the reaction, presumably the ionic liquid,
[iProEtNH][NTf].3¢ In order to remove this oil and other impurities observed by NMR
spectroscopy, 2.3a was purified by repeated precipitation of the toluene soluble fraction
into /PrOH twice and then once into n-hexane, yielding 2.3a as a white powder. During
this process significant material loss occurred and 2.3a was isolated in 29% vyield.
Analysis by gel permeation chromatography (GPC) showed the presence of polymeric
material with a bimodal mass distribution (M, = 46 470 Da, © = 1.54, M, =2 960 Da, b =
1.51) with a percentage of high molar mass material to low molar mass material (Y%Hmwm)
of 30% based on peak area (Figure 2.3). Considering the high yield obtained for 2.2a, we
then explored the ability to access polyphosphinoborane 2.3a from 2.1a without the
isolation of the phosphine-(trifimido)borane intermediate, 2.2a (Scheme 2.3, bottom).
Preparation of 2.2a in situ from the reaction of HNTf, with a 2 M toluene solution of 2.1a
at 20 °C over 1 h followed by the addition of /iPr2EtN revealed consumption of 2.2a with
formation of 2.3a after 4 h at 20 °C with ''B and *'P NMR spectra matching those from

deprotonation of isolated 2.2a (3(''B): =32.9 ppm, and &(*'P): -48.2 ppm; ca. 80% 2.3a
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by 3P NMR spectroscopy). GPC analysis of material purified by repeated precipitations
revealed polymer with a bimodal mass distribution (isolated yield of 2.3a after
precipitations = 42%, M, = 54 590 Da, b = 1.27; M, = 2 980 Da, D = 2.33; Y%num: 29%).
The high-molar mass fraction is of comparable molecular weight to that of 2.3a produced
by the most commonly used catalyst, Cp(CO).FeOTf.2> However, in contrast to
polyphosphinoboranes produced by transition metal-catalyzed polymerization, which are
generally yellow due to the presence of metal-contaminants, 2.3a made by deprotonation

of 2a is pure-white (Figure 2.4).

PryEtN

PhPH,*BH,(NTf,)
20 °C, 4 h, Toluene
i
2.2a [ProEtNH][NTf,] H Ph
TS \IB\
HNTf,, Toluene, H Hin
i) 20°C,1h
-H, 2.3a
Ph H2‘BH3
i
21a PrzEtN
ii) 20 °C, 4 h, Toluene
— [Pr,EtNH][NTf,]

Scheme 2.3: Generation of polyphosphinoborane, 2.3a, from 2.2a (top) and 2.1a

(bottom).

As the synthesis of P-disubstituted polyphosphinoboranes directly from their
respective phosphine-borane adduct precursors is a challenge, having only been reported
at elevated temperature in low yields using a CAAC-mediated route,®! the deprotonation
of P-disubstituted phosphine-(trifimido)boranes 2.2b and 2.2c was then explored at
ambient temperature. While the deprotonation of a primary phosphine-(triflimido)borane
(2.2a) yielded the desired polyphosphinoborane (2.3a), deprotonation of secondary

phosphine-(triflimido)borane 2.2b using iPr2EtN (toluene, 2M, 4 h) did not result in the
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formation of polymeric material as determined by GPC. Instead, the NMR and ESI-MS
data were consistent with the formation of an inseparable mixture of oligomers tentatively
assigned as [Ph2PH-(BH2—PPh2)x-BHz(iPr2EtN)]* and PhoPH-(BH2—PPh2),-BH2X (2.4X: X
= H or NTf,) (Figure 2.7).

As an alternative base, we explored the addition of the readily accessible N-
heterocyclic carbene IPr (IPr = N,N"-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) to 2 M
toluene solutions of 2.2b or 2.2c at 20 °C. This resulted in the formation of
polyphosphinoboranes 2.3b and 2.3c within 4 h (Scheme 2.4) as determined by NMR
spectroscopy and GPC. Filtering the reaction mixtures, followed by repeated
precipitations of the toluene soluble fractions into cold /PrOH yields white powders in ca.
30% isolated yield. Investigating the "B NMR spectra of the purified samples revealed
broad signals at —30.4 ppm for 2.3b and —32.8 ppm for 2.3¢ while *'P NMR spectra gave
broad signals at —=15.2 ppm for 2.3b and at —21.5 ppm for 2.3¢, matching assignments for
3a and 3c made via the CAAC-mediated route (Figure 2.9 and Figure 2.12).3! In contrast
to 3b produced by the previously reported CAAC-mediated route, only a small amount of
Ph2,PH-BH>—PPh,—BH3 was formed (Figure 2.9).3' GPC analysis of the products obtained
revealed the formation of polymeric materials with bimodal mass distributions (2.3b: M, =
24 250 Da, = 1.31; M, = 1 500 Da, b = 1.42; %nmm: 67%; 2.3c: M, = 19 100 Da, D =
1.41; M, = 880 Da, D = 1.85; %nmm: 50%) (Figure 2.10 and Figure 2.13). Significantly,
polymers made by the deprotonation of 2.2b and 2.2c¢ using IPr possessed a much higher
percent of high molar mass material (50% — 67%) than those produced by the previously
reported CAAC-mediated dehydropolymerization (12 — 18%).3! Deprotonation of 2.2a as

a 2 M toluene solution using IPr at 20 °C also yielded polymeric material within 4 h in 34%
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yield, evidenced by NMR spectra of purified product matching that for the deprotonation
of 2.2a using /PrEtN and GPC analysis revealing material with a bimodal mass
distribution (M, = 28 210 Da, b = 1.59; M, =2 630 Da, D = 1.36; Y%nmm: 70%). Moreover,
imidazolium trifimide by-product, [IPr—H][NTf2], can be recovered from the reaction and
then readily deprotonated by KO{Bu to regenerate free carbene in 89% isolated yield

(Scheme 2.5).

IPr Ph R
PhRPH+BH,(NTf,) .
20 °C, 4 h, Toluene B
— [NHC—-H][NTf,] H H|n
R =Ph (2.2b) R = Ph (2.3b)
R = Et (2.2c) R = Et (2.3c)

Scheme 2.4: Deprotonation of phosphine-(triflimido)boranes 2.2b and 2.2c to yield

polymeric material (2.3b or 2.3c).

The mechanism for the polymerization of 2.2a — 2.2c probably operates through
formation of a phosphinoborane monomer from the triflimide salt, which then undergoes
head-to-tail catenation to produce polymeric and oligomeric materials. The formation of
two separate fractions may arise from the ability of the growing chain to either undergo
linear growth to form polymeric chains of high molar mass, or cyclization or termination
at lower degrees of polymerization to form oligomeric materials. Head-to-tail catenation
of phosphinoborane monomers has been suggested as a mechanism for the
polymerization observed on mild heating of the trimethylamine adduct {BuHP—-BH2*NMes,
as well as the CAAC-mediated polymerization of phosphine-boranes.**3! Furthermore,
monomeric aminoboranes have been evidenced as intermediates in the formation of
polyaminoboranes.33373 As phosphinoborane monomers without significant kinetic

stabilization from bulky organic substituents are highly reactive, transient species which
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defy isolation, indirect evidence for their formation was targeted using ESI-MS and
trapping reactions.3°

Analysis using ESI-MS of 2.3a, 2.3b, and 2.3c accessed from deprotonation of
2.2a using /Pr2EtN or deprotonation of 2.2a-c using IPr revealed the presence of Lewis
base-capped oligomers with up to 9 repeat R.P—BH> units (Figure 2.15 to Figure 2.18).
This data suggests that as phosphinoborane chain grows, residual unreacted base can
coordinate at the Lewis acidic boron terminus. The ability of Lewis bases to coordinate to
oligomers formed in situ is consistent with recent computational studies by Pomogaeva,
Timoshkin, and Scheer on phosphinoborane linear oligomers, [PH>—BH-]7, where it was
shown that the lowest unoccupied molecular orbital is localized at the boron terminus.4°
A further report on the stability of Lewis acid- and Lewis base adducts of analogous
phosphinoborane decamers, [PH>—BH2]1o, showed that tethering of N-heterocyclic
carbenes (NHCs) to boron favours the formation of linear over cyclic species.! In
contrast, the work also indicated that coordination of weaker Lewis bases (such as NH3)
at the boron terminus did not result in linear chains that were more stable than cyclic
analogues. This may explain the successful access to P-disubstituted polymers and the
greater percentages of high molar mass material in the isolated products when IPris used
as the base, as residual unreacted IPr can coordinate to the B-termini of growing chains
and thereby prevent cyclization to form cyclic oligomers. On the other hand, analogous
coordination of the weaker Lewis base, iPr2EtN, would not favour continued growth of
linear high molar mass polymer.

Further evidence for the intermediacy of monomeric phosphinoboranes was

performed by trapping an example with two kinetically stabilizing tert-butyl phosphorus
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substituents. This was achieved by dropwise addition of a toluene solution of
tBu.PH*BH2(NTf2) (2.2d), to a toluene solution of two equivalents of IPr at 20 °C over 30
min (Figure 2.2, a), which afforded tBu2P-BH>(IPr), 2.5, in near-quantitative yield (96%),
together with [IPr—H][NTf2] as by-product. Adduct 2.5 was characterized by multinuclear
NMR spectroscopy, ESI-MS, and SC-XRD. 3'P and "B NMR spectra of 2.5 showed that
the phosphorus and boron centers possessed chemical shifts of 5(*'P) = 4.96 ppm and
5(""B) = -29.8 ppm, which are comparable to those of the CAACMe analog, tBuP-
BH2(CAACMe), (3(3'P) = 13.2 ppm and &(''B) = —-24.6 ppm).3' These differences could
possibly be due to the differences in o-donating and 1-accepting properties between IPr
and CAACMe 42 The structure of 5 was confirmed by SC-XRD (Figure 2.2, b). The P-B
and B—C(carbene) bond lengths (1.980(1) and 1.599(2) A, respectively), are similar to the
those reported for other phosphinoborane-NHC and -CAAC adducts reported
recently.343 Stoichiometric reaction of 2.2d with IPr does not yield isolable free

phosphinoborane, but instead results in unreacted 2.2d and 2.5 as the major products.
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3) =\

N_ N
IPr Dipp~ YH‘Dipp
tBU,PH-BH,(NTf,) .
2 27720 20 °C, 30 min, Toluene  BU~p-Byy
— INHC-H][NT,] -
2.2d 2.5

Figure 2.2: a) Trapping of phosphinoborane monomer, tBu2P-BH>, generated in situ with
an additional equivalent of IPr as 2.5. b) ORTEP diagram of tBu.PBH:(IPr), 2.5, with the
non-BH2 hydrogen atoms and a molecule of toluene omitted for clarity and ellipsoids at
the 50% probability level. The colour scheme is as follows: phosphorus (orange), boron

(pink), carbon (grey), nitrogen (blue).
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2.4 Conclusion

In summary, we report a convenient synthesis of polyphosphinoboranes, [PhRP—
BH:]n (2.3a: R = H; 2.3b: R = Ph; 2.3c: R = Et), using commercially available reagents
and readily accessed phosphine-borane adducts that operates under ambient conditions
and produces material that is not contaminated with metal-derived impurities.
Significantly, P-disubstituted materials accessed by deprotonation of phosphine-
(triflimido)boranes 2.2b and 2.2c with IPr exhibited a much greater percentage of high
molar mass material than P-disubstituted polymers made from the reported CAAC-
mediated route.®' The IPr can be readily regenerated by treatment of the hydrogenated
by-product with KOfBu. The polymerization is proposed to occur by head-to-tail
catenation of phosphinoborane monomers, RR'P-BH2, which was supported by the
trapping of reactive phosphinoboranes generated in situ as an IPr adduct (2.5).
Exploration of the chemistry of hitherto elusive reactive phosphinoborane monomers
generated using this method as well as scale-up and studies of polymer properties will be

the focus of future studies.

2.5 Experimental Section

General Considerations
Storage and manipulation of all compounds were performed under an inert atmosphere
either in a dinitrogen-filled MBraun 200B glovebox equipped with a cold-well and

regulated to 20 °C with a Polyscience 6000 portable chiller or using a dinitrogen Schlenk
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line using standard techniques. Hexanes and toluene were dried and purified using an
MBraun Grubbs/Dow solvent purification system* and stored over activated 4A
molecular sieves. CeDe was dried over sodium/benzophenone ketyl, de-gassed and
vacuum distilled prior to use. N-heterocyclic carbenes*® and phosphine-borane adducts
(2.1a-2.1c¢),?546-48 were synthesized according to literature procedures, while 2.1d was
purchased from Sigma-Aldrich and used as received. Diisopropylethylamine was dried
over CaHx then vacuum distilled before use. All other reagents were purchased from
Sigma-Aldrich and used as received. "H and "*C NMR spectrometry chemical shifts were
referenced to residual proteo-solvent resonances and naturally abundant '*C resonances
for all deuterated solvents. All heteronuclear NMR spectra were referenced externally to
IUPAC standards. Chemical shift assignments are based on NMR experiments performed
on Bruker Avance NEO 500 MHz or AV IlIl 300 MHz spectrometers. Gel-permeation
chromatography was performed on a Malvern Rl max Gel Permeation Chromatograph,
equipped with an automatic sampler, a pump, an injector, and inline degasser. The
columns (styrene/divinyl benzene gel, 1xT5000 and 1xT3000) were maintained at 35 °C.
Sample elution was detected by means of a differential refractometer. THF (VWR),
containing 0.1 wt% [n-BusN]Br, was used as the eluent at a flow rate of 1 mL min™.
Samples were dissolved in THF (2 mg/mL) and filtered through a 0.2 um PTFE syringe
filter before analysis. Calibration was conducted using commercially available
monodisperse polystyrene standards (Aldrich, 1,200 - 4,200,000 Da). Mass spectra were
obtained using a 3D ion trap Thermo LCQ Classic mass spectrometer from ions produced

from electrospray ionization. Samples for mass spectrometry were prepared by dissolving
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approximately 1 mg of solid in a minimal amount of dichloromethane which was then

diluted to 1 mL using acetonitrile.

General procedure for the preparation of phosphine-(triflimido)boranes (2.2a-d)

A 2 M solution of the corresponding phosphine-borane adduct (2.1a-d, 1.0 mmol) was
prepared in toluene (500 pL) in a 20 mL vial charged with a stirring bar. To the rapidly
stirred solution was carefully added 1.0 mmol of solid bis(trifluoromethanesulfonyl)amine
resulting in the immediate evolution of a gas. The solution was allowed to stir for 30 min
further followed by removal of volatiles in vacuo which yielded a colourless oil apart from
2.2d, which is a white crystalline solid, in very high yields. Products were used without

further purification.

PhPH2:BHz(NTf2) (2.2a):
Prepared from phenylphosphine-borane adduct, 2.1a. Yield: 386 mg, 96%.

'"H NMR (CeDs, 500 MHz, 298 K) &: 6.91 (m, 3 H, Ph-H), 6.82 (m, 2 H, Ph-H), 4.54 (d m,

2 H, PhPHz, 2Jup = 405 Hz), 3.18 (br d, BH2(NTf2)) ppm.

"B NMR (CeDs, 160 MHz, 298 K) &: —18.2 ppm (br).

13C{"H} NMR (C¢Ds, 126 MHz, 298 K) &: 133.6 (d, Ph-Ceta, 3Jcp = 8.8 Hz), 132.6 (d, Ph-

Cpara, “Jop = 3.7 Hz), 129.4 (d, Ph-Cortho, 2Jcp = 11.3 Hz), 120.0 (g, CFs, "Jor = 327 Hz),
114.8 (d, Ph-Cipso, 1JCP =64.2 HZ) ppm.

19F{"H} NMR (CeDe, 471 MHz, 298 K) &: —=72.4 ppm (s).

3P NMR (CgDs, 202 MHz, 298 K) d: —56.0 ppm (t, 'Jpx = 405 Hz).
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ESI-MS (+ve mode): Calculated for CsHsBFsNO4PS2*, [M — H]: 401.96 m/z, found: 401.96

m/z.

Ph2PH*BH:(NTf2) (2.2b):
Prepared from Diphenylphosphine-borane adduct, 2.1b. Yield: 454 mg, 95 %.

'"H NMR (CeDs, 500 MHz, 298 K) &: 7.27 (dd, 4 H, Ph-Hortho, 3JnH = 10.0 Hz, 3Jwp = 12.5

Hz), 7.09 (t, 2 H, Ph-Hpara, *Ju = 10.0 Hz), 7.00 (t, 4 H, Ph-Hueta, Jiri = 10.0 Hz), 6.14 (d
m, 1 H, PhzHP, "Jup = 415 Hz), 3.48 (br, 2 H, BH2(NTf2)) ppm.

"B NMR (CsDs, 160 MHz, 298 K) &: —17.1 ppm (br).

13C{"H} NMR (C¢Ds, 126 MHz, 298 K) &: 133.4 (d, Ph-Cpmeta, 3Jcp = 8.8 Hz), 132.7 (d, Ph-

Cpara, *Jop = 2.5 Hz), 129.6 (d, Ph-Cortho, 2Jcp = 11.3 Hz), 120.9 (d, Ph-Cipso, 'Jcp = 61.6),
120.0 (q, CF3, "Jcr = 326 Hz) ppm.

19F{"H} NMR (Ce¢De, 471 MHz, 298 K) &: —=71.8 ppm (s).

3P NMR (CeDs, 202 MHz, 298 K) d: —9.5 ppm (d, 'JrH = 415 Hz).

ESI-MS (+ve mode): Calculated for C14H12BFsNO4PS2* [M — H]: 477.99 m/z, found:

477.99 m/z.

PhEtPH<BH:(NTf2) (2.2c):
Prepared from Phenylethylphosphine-borane adduct, 2.1c. Yield: 415 mg, 96%.

'"H NMR (CeDs, 500 MHz, 298 K) &: 7.01 (m, 3 H, Ph-H), 6.91 (t, 2 H, Ph-H, 3Jyx = 10.0

Hz), 4.85 (d m, 1 H, PhEtPH, "Jup = 400 Hz), 3.08 (br, 2 H, BH2(NTf2)), 2.60 (d m, 2 H,

P(CH2CHs3), 2Jup = 60.0 Hz), 0.44 (d t, 3 H, P(CH2CHa), 3Jup = 15.0 Hz, 3Ju+ = 10.0 Hz)

ppm.
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"B NMR (CeDs, 160 MHz, 298 K) &: —17.4 ppm (br s).

13C{"H} NMR (C¢Ds, 126 MHz, 298 K) &: 133.0 (d, Ph-Cmeta, 3Jcp = 8.8 Hz), 132.4 (d, Ph-

Cpara, *Jcp = 2.52 Hz), 129.4 (d, Ph-Cortho, 2Jcp = =10.1 Hz), 119.7 (d, Ph-Cipso, 'Jcp =
60.4), 119.0 (g, CFs, 'Jcr = 323 Hz), 13.4 (d, P(CH2CHs), 'Jep = 36.5 Hz), 8.2 (d,
P(CH2CHs3), 2Jcp = 6.3 Hz) ppm.

19F{"H} NMR (CeDe, 471 MHz, 298 K) &: —=71.9 ppm (s).

3P NMR (CeDs, 202 MHz, 298 K) d: —5.4 ppm (d, "Jrx = 400 Hz).

ESI-MS (+ve mode): Calculated for C14H12BFsNO4PS2* [M — H]: 429.99 m/z, found: 430.0

m/z.

tBu2PH+BH2(NTf) (2.2d):

Prepared from Di-tert-butylphosphine-borane adduct, 2.1d. Yield: 419 mg, 96%.

'"H NMR (CeDs, 500 MHz, 298 K) &: 4.09 (dt, 1 H, tBuzPH, 'Jup = 385 Hz, 2Jnp = 5.0 Hz),

2.97 (br d, 2H, BHz), 0.87 (d, 18 H, CHs, 3Jup = 15.0 Hz) ppm.

"B NMR (CsDs, 160 MHz, 298 K) d: —18.8 ppm (br).

13C{"H} NMR (CesDs, 126 MHz, 298 K) &: 120.2 (q, CF3, "Jcr = 325 Hz), 31.6 (d, C(CHs3)s,

1Jcp = 28.9 Hz), 28.3 (s, C(CHa)s)

9F{"H} NMR (CeDe, 471 MHz, 298 K) &: 70.9 ppm (s).

3P NMR (CeDs, 202 MHz, 298 K) d: 26.0 ppm (br d, "Jpr = 385 Hz)

ESI-MS (+ve mode): Calculated for C1oH20BFsNO4PS2* [M — H]: 438.06 m/z, found:

438.04 m/z.

91



Synthesis of Polyphosphinoborane 2.3a from 2.2a

A 2 M solution of 2.2a (403 mg, 1.0 mmol) was prepared in toluene (500 pL) in a 20 mL
vial equipped with a stirbar. To the rapidly stirring colourless solution, iPr2EtN (174 L,
1.0 mmol) was added, resulting in the formation of an immiscible oil evident by a murky
solution. The reaction was then allowed to stir for 4 additional hours, removed from the
glovebox, then filtered through a 0.45 ym PTFE syringe filter in open air. Subsequently,
the filtrate was concentrated, and the polymer was precipitated from toluene into rapidly
stirring /PrOH that was cooled to —20 °C, followed by decanting the supernatant. The
precipitation was then performed twice more by redissolving the polymer in a minimal
amount of toluene (c.a. 1 mL) and adding the solution dropwise to rapidly stirring cooled
(-5 °C) hexanes. Volatiles were then removed from the precipitate in vacuo overnight to
yield a white solid (36 mg, 29%). The low yield is attributed to loss of material from the
repeated precipitations that are necessary to remove [IPr2EtNH][NTf2]. GPC analysis of
this material revealed a bimodal mass distribution (M, =46 470, D = 1.54, M, = 2 960, D

= 1.51, %nmm = 30%) with NMR spectra matching previously reported data.???®

“One-pot” synthesis of 2.3a from 2.1a

A 2 M solution of 2.1a (124 mg, 1.0 mmol) was prepared in toluene (500 pL) in a 20 mL
vial charged with a stirbar. To this solution, HNTf> (281 mg, 1.0 mmol) was added,
resulting in the evolution of a gas. To ensure completion of the initial reaction, the mixture
was stirred for 30 min longer. Afterwards, iProEtN (174 pL, 1.0 mmol) was added, resulting
in the formation of an immiscible oil. The reaction mixture was then left to stir for 4 h after

which a work-up identical to that described for the reaction of 2.2a with /Pr2EtN above.
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From this, a white powder with *'P and "B and 'H NMR spectra matching that from the
reaction of isolated 2a with /Pr2EtN was obtained in an isolated yield of 51 mg or 42%.
GPC analysis of the material revealed polymeric material with a bimodal mass

distribution.
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Figure 2.3: GPC trace (RI) of purified 2.3a obtained from deprotonation of 2.2a using
IPraEtN. The sharp peak at ca. 19 mL may arise from a preponderance of a specific

oligomer.
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Figure 2.4: Photographs of polyphosphinoborane 2.3a made by deprotonation of 2.1a
(left) and polyphosphinoborane 2.3a made by Cp(CO)FeOTf-catalyzed
dehydropolymerization of 2.1a (1 mol%, toluene, 100 °C, 24 h)'" and discoloured by

residual iron species (right). Photographs taken by Matthew A. Wiebe.
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Figure 2.5: "H NMR (300 MHz, CDCls, 298 K) of 2.3a purified by precipitation into /PrOH

and hexanes then dried under high vacuum for 16 h. T Silicone grease impurity. ¥

Hexanes impurity. # Toluene impurity.
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Figure 2.6: Left: 3'P (top) and 3'"P{'H} (bottom) NMR spectra (202 MHZ, CDCls, 298 K)

of purified 2.3a. Right: "B (top) and ""B{'H} (bottom) NMR spectra (160 MHZ, CDCls, 298

K) of 2.3a.

Deprotonation of 2.2b using iPrz2EtN to yield 2.4X

To a rapidly stirred 2 M toluene solution at 20 °C of 2.2b in a 4-dram vial was added
IPraEtN (174 pL, 1.0 mmol), resulting in the production of an immiscible liquid. NMR
analysis of the reaction mixture after 1 h had revealed the consumption of 2.2b to give a
mixture of products as observed in Figure 2.7, consistent with the formation of linear
dimers of type PhoPHBH2PPh2BH2(X), 2.4X. This assignment is supported by analysis of
the reaction product by ESI-MS which revealed a mass peak at 398.13 m/z, which
corresponds to [PhoPH-BH>-PPh—BH2]*. Another peak at 526.07 m/z was observed,
which corresponds to [PhoPH-BH2—PPh—-BH2(/Pr2EtN)]*. Attempts to purify a single

species from this mixture by crystallization from toluene and hexanes were unsuccessful.
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Figure 2.7: Left: 3'P (top) and *'P{'H} (bottom) NMR spectra (202 MHZ, C¢Ds, 298 K) of
the product of reaction between 2.2b and /Pr2EtN. Right: ''B (top) and "'"B{'H} (bottom)
NMR spectra (160 MHZ, CgDse, 298 K) of the product of reaction between 2.2b and
iPr2EtN. Peaks for PhoPH— and —Ph2P- for PhoPH-BH2>—PPh2—BH2X are highlighted in
blue (ca. —=7 ppm) and red (ca. —25 ppm) respectively in the 3'P NMR spectra. Peaks for
—BH>X and —BH>- and are highlighted in blue (ca.—10 ppm) and red (ca —35 ppm)

respectively.

Deprotonation of 2.2b and 2.2c using IPr to yield Polyphosphinoboranes 2.3b and

2.3c:

A 2 M solution of 2.2b or 2.2¢ (1.0 mmol) was prepared in toluene (500 pL) in a 20 mL
vial charged with a stir bar. To this stirring solution was added N,N-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene (IPr) (388 mg, 1.0 mmol), which was immediately
followed by precipitation of a white solid, presumably the imidazolium triflimide [IPr—
H][NTf2]. The vial was then removed from the glovebox and polymeric material was then
extracted with toluene (ca. 2 mL) and filtered using a 0.45 uym syringe filter in air. The

filtrate was then concentrated under vacuum to ca 0.5 mL. The concentrated solution was
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then added dropwise to cooled /PrOH (—10 °C), resulting in the precipitation of a white
solid. The supernatant was decanted, and the precipitation was repeated twice more
giving white powders in approximately 30% yield (2.3b: 61 mg, 31% yield, 2.3c: 42 mg,
28% vyield). Loss of material and reduced yield are presumably a consequence of
repeated precipitations necessary to purify polymers. NMR and GPC analysis for 2.3b
and 2.3c are given below with NMR assignments matching those from our previous
report.3’

2.3b:

NMR:

"B NMR (CDCls, 160 MHz, 298 K) &: —30.4 ppm (br).

3P NMR (CDCls, 202 MHz, 298 K) &: —15.2 ppm (br).
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Figure 2.8: "H NMR (300 MHz, CDCls, 298 K) of 2.3b purified by precipitation into /PrOH

and hexanes. 1 /PrOH impurity.
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Figure 2.9: Left: *'P NMR (top) (202 MHz, CDCls, 298 K) and *'P{'"H} NMR (bottom) (202

MHz, CDCls3, 298 K) of 2.3b, where t denotes peaks for linear dimer
Ph2PH<BH2PPh2+BHs. Right: ''B NMR (top) (160 MHz, CDCls, 298 K) and ""B{'"H} NMR
(bottom) (160 MHz, CDCls, 298 K) of 2.3b, where peaks for linear dimer

Ph2PH<BH2PPh2*BH3 are obscured by the peaks for 2.3b.
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GPC:

Material was found to polymeric with a bimodal mass distribution with: M, = 24 250 Da,

D =1.31; M, =1500 Da, b =1.42; Y%umm: 67%.
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Figure 2.10 GPC trace of purified 2.3b obtained from the deprotonation of 2.2b using IPr.

2.3c:

NMR:

"B NMR (CDCls, 160 MHz, 298 K) &: —32.8 ppm (br).

3P NMR (CDCls, 202 MHz, 298 K) &: —21.5 ppm (br).
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Figure 2.11: "H NMR (300 MHz, CDCls, 298 K) of 2.3c¢ purified by precipitation into /PrOH

and hexanes. 1 /PrOH impurity.
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Figure 2.12: Left: 3'P NMR (top) (202 MHz, CDCls, 298 K) and *'P{"H} NMR (bottom)
(202 MHz, CDCls, 298 K) of 2.3c, where { denotes peaks for linear dimer
PhEtPH-BH.PPhEt-BHs. Right: "B NMR (top) (160 MHz, CDCls, 298 K) and "'B{'"H} NMR
(bottom) (160 MHz, CDCls, 298 K) of 2.3c, where peaks for linear dimer

PhEtPH<BH2PPhEt*BH3 are obscured by the peaks for 2.3c.

GPC:
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Material was found to polymeric with a bimodal mass distribution with: M, = 19 100 Da,

D =1.41; M,= 880 Da, D = 1.85; Y%nmm: 50%.
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0.00
1450 1550 16,50 1750 1850 1950 20.50 21.50

Retention Volume

Figure 2.13: GPC trace of purified 2.3c obtained by deprotonation of 2.2¢ using IPr. The
sharp peaks within the low molar mass fractions may be due to the preponderance of

oligomers of a specific length.
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“One-pot” Dehydropolymerization of 2.1a using IPr as the base

To a stirring 2 M toluene solution of phosphine-borane adduct, 2.1a (124 mg, 1.0
mmol) in a 20 mL vial was added HNTf> (281 mg, 1.0 mmol), resulting in immediate
formation of a gas. To ensure full conversion of 2.1a to 2.2a, the reaction was stirred for
1 h longer, during which bubbling from gas evolution ceased. Afterwards, solid IPr (388
mg, 1.0 mmol) was added to the rapidly stirring solution, which resulted in the immediate
precipitation of the imidazolium salt, [IPr—H][NTf.]. This solution was left to stir for 4 hours
longer, after which the reaction product, 2.3a, was extracted with toluene (ca. 2 mL) and
filtered through a 0.45 pm syringe filter. The filtrate was then concentrated to
approximately 0.5 mL, and then added dropwise to 40 mL of /PrOH cooled to —10 °C,
resulting in the precipitation of a white solid. The solid was collected then dissolved in a
minimal amount of toluene (ca. 0.5 mL) and precipitated from a cooled solution of /iPrOH
once more. This process was repeated a third time, however from dropwise addition of
the concentrated toluene solution of 2.3a to 40 mL of hexanes cooled to —10 °C. The
resulting white solids were collected, and volatiles were removed under vacuum for a
minimum of 16 h before analysis, resulting in 41 mg of a white powder which corresponds
to a 34% isolated yield. Analysis of this material by NMR spectroscopy resulted in spectra
that matched that for polymer produced by deprotonation of 2.2a using /Pr.EtN. However,
GPC analysis revealed the formation of material with a much higher fraction of high-molar
mass material to low molar mass material (M, = 28 210 Da, b = 1.59; M, = 2 630 Da, D

= 1.36; Y%nmm: 70%) as seen in Figure 2.14.
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Figure 2.14: GPC trace of purified 2.3a obtained by the “one-pot” dehydropolymerization
of 2.1a using IPr as the base. The sharp peak at ca. 19 mL may be due the preponderance

of a discrete oligomer.

Regeneration of free carbene, IPr, from [IPr-H][NTf.]

To a stirring THF solution of [IPr—H][NTf.] (100 mg, 0.15 mmol) in a 20 mL vial was
added BuOK (17 mg, 0.15 mmol) at 20 °C. The resulting solution was then left to stir for
30 min at 20 °C, after which volatiles were removed in vacuo. The product of the reaction,
IPr, was extracted with toluene and filtered through a 0.45 pm syringe filter. Subsequent
removal of volatiles gave a white solid in 89% yield (49 mg, 0.13 mmol). Analysis of the

product by '"H NMR revealed the free carbene, IPr, as the sole the product.®
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Scheme 2.5: Deprotonation of Imidazolium salt, [IPr—H][NTf.] using KO{Bu as the base,

regenerating free carbene.
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End Group Analysis of 2.3a, 2.3b, and 2.3c:

End group analysis was determined using ESI-MS.

2.3a from deprotonation of 2.2a with iPr2EtN:

634.38

n=4

769.48

557 792 61

453 756.39
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Relative Abundance
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Figure 2.15: ESI(+)-MS spectrum (DCM/MeCN) of 2.3a obtained using /Pr2EtN as the
base. The peaks highlighted in blue are those of linear [PhHP-BH:], chains (n = 2 to 7)
with /Pr2EtN end groups. Highlighted in red and yellow are linear chains with unknown

end groups with a m/z of 147 and 160, respectively.
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2.3a from deprotonation of 2.2a with IPr:
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Figure 2.16: ESI(+)-MS spectrum (DCM/MeCN) of 2.3a obtained using IPr as the base.

The peaks highlighted in blue are those of linear [PhHP-BH:], chains (n = 2 to 9) with IPr
end groups. Highlighted in red are linear chains with PhPH> end groups (n = 5 to 11).

2.3b from deprotonation of 2.2b with IPr:
1004 Tes67 n=2

90—2

60é n= 3

] 983.89
50

Relative Abundance

40
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Figure 2.17: ESI(+)-MS spectra (DCM/MeCN) of 2.3b obtained using IPr to deprotonate
2.3b. Peaks corresponding to oligomer with |Pr terminal groups highlighted in blue (n = 2

to 7).
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2.3c from deprotonation of 2.2c with IPr:
n=4
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Figure 2.18: ESI(+)-MS spectra (DCM/MeCN) of 2.3c obtained using IPr to deprotonate
2.3c. Peaks corresponding to oligomeric chains terminated with IPr groups (blue, n = 3 to

9) and PhEtPH groups (red, n = 5 to 11) and unknown end groups (yellow) are highlighted.

107



Deprotonation of 2.2d with excess IPr to yield 2.5

tBuPBHx(IPr), 2.5:

Separate solutions of 2.2d (439 mg, 1.0 mmol) and IPr (776 mg, 2.0 mmol) were prepared
in toluene in 4-dram vials, with the vial containing the IPr solution being charged with a
stirbar. Then, to the rapidly stirring carbene solution, the solution of 2.2d was added
dropwise resulting in an immediate precipitation of [IPr—H][NTf2]. The reaction is left to stir
for 30 minutes longer, after which it is filtered using a 0.45 ym syringe filter and volatiles
are removed in vacuo which yielded the carbene-phosphinoborane adduct as an off-white
crystalline solid (623 mg, 96% yield). Single crystals of Bu2PBH(IPr) were grown by slow
diffusion of hexanes into a toluene solution of 2.2d at —40 °C with the ORTEP diagram

shown in Figure 2.2

'H NMR (CeDs, 500 MHz, 298 K) &: 7.23 (t, 2 H, Dipp-Hpara, 3JnH = 7.6 Hz, Dipp = 2,6-

diisopropylphenyl), 7.12 (d, 4 H, Dipp-Hmeta, 3Jun = 7.7 Hz), 6.44 (s, 2 H, NCHCHN), 2.86
(sept, 4 H, CH(CHy), 3Jun = 7.3 Hz), 1.50 (d, 12 H, CH(CHa)2, 3Jun = 7.3 Hz), 1.19 (d, 18
H, C(CHa)s, 3Jup = 9.9 Hz) ppm. Note, BH: resonance not observed, however coupling to

two hydrogen atoms is clearly observed in 1B spectrum.

"B NMR (CsDs, 160 MHz, 298 K) &: —=29.7 ppm (t, '+ = 84.9 Hz)

13C{'H} NMR (CeDs, 126 MHz, 298 K) &: 146.1 (s, Dipp-Cortho), 134.9 (s, Dipp-Cipso), 130.3

ppM (S, Dipp-Cmeta), 124.2 (s, Dipp-Cpara), 122.6 (s, NCH2CH:N), 31.9 (d; C(CHa)s, 2Jcp
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=13.9 Hz), 30.2 (d, C(CHs3)s, 'Jcp = 23.9 Hz), 29.2 ppm (s, CH(CHj3)2), 26.2 (s, CH(CHs)2),
22.54 (s, CH(CHa)2), 22.52 (s, CH(CH3)2) ppm. Note, carbene carbon of IPr is not

observed, likely due to coupling to nearby ''B and 3'P nuclei.

3P NMR (CeDs, 202 MHz, 298 K) &: 4.89 ppm (br).

ESI-MS (+ve mode): Calculated for C3sHssBN2P* [M — H]: 546.43 m/z, found: 546.48 m/z.
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X-Ray Diffraction Data

X-ray data for 2.2d and 2.5 were carried out on a Bruker Apex Il diffractometer using MoKa
radiation (A = 0.71073) A at 100 K. The data collections were performed using a CCD area
detector from a single crystal mounted on a glass fibre. Intensities were integrated*® and
absorption corrections based on equivalent reflections using SADABS®® were applied. The
structures were solved by the dual-space algorithm SHELXT®! and refined against all /2 in
ShelXL%? using Olex2.%2 All the non-hydrogen atoms were refined anisotropically. Hydrogen
atoms bound to P1 and B1 in 2.2d and B1 in 2.5 were located directly from the electron
density map, while all other hydrogen atoms were calculated geometrically and refined
using a riding model. Hydrogen atom positions were calculated geometrically and refined
using the riding model. Most hydrogen atom positions were calculated geometrically and

refined using the riding model, but some hydrogen atoms were refined freely.
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Table 2.1: Selected crystallographic data for 2.2d and 2.5.

Identification 2.2d 25

chemical formula C10H21BFsNO4PS; CssHs6BN2P, C7Hs
crystal colour Colourless Colourless

Fw; F(000) 439.18; 904 638.73; 1400

T (K) 100(2) 100(2)
wavelength (A) 0.71073 0.71073

space group P212124 P24/n

a(A) 9.9439(3) 19.5015(6)

b (A) 12.3958(3) 10.1767(3)

c(A) 15.4671(4) 21.5050(7)

0. (deg) 90 90

B (deg) 90 111.190(2)

v (deg) 90 90

V4 4 4

V(A3 1906.52(9) 3979.3(2)

Qcalca (g-cm™®) 1.530 1.066

M (mm™) 0.434 0.098

0 range (deg); completeness| 2.105 - 30.537; 1.000 1.210 - 30.645; 0.999
collected reflections; R, 22733; 0.0237 75893; 0.0325
unique reflections; Rint 22733; 0.0252 75893; 0.0436
R1%; wR2° [ > 20(l)] 0.0234; 0.0560 0.0467; 0.1162
R1; wR2 [all data] 0.0258; 0.0571 0.0669; 0.1283
GOF 1.034 1.020

largest diff peak and hole 0.278 and -0.226 0.693 and -0.321

? R1=X(|[Fol-[Fcll)/ZIFo|
b wR2={X[w(Fo2—F2)?]/X[w(Fo?)*]}"
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Chapter 3

Synthesis and Reactivity of Transient Primary

Aminoboranes
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synthesis and characterization. M. A. W. interpreted the data and wrote the first draft

manuscript which was subsequently edited with |. M., E. M. L., and the other authors.
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3.1 Abstract

The transient nature of primary aminoboranes, RNH-BH>, has precluded their
detailed study. These difficult-to-handle species are often accessed as intermediates via
thermally, catalytically, or chemically induced dehydrogenation of their amine-borane
adduct precursors, or by a substitution reaction between diisopropylaminoborane, iProN—
BH., and the requisite primary amine, RNH2. Transient aminoboranes can also be
accessed via HX elimination from corresponding amine-borane adducts, (RR'NH*BH:X;
X = halide or pseudohalide, R and R' = alkyl substituent or H). Primary aminoboranes
have only been observed as part of a mixture of products in solution by NMR
spectroscopy, or in solid Ar matrices by IR spectroscopy at 14 K. Herein we describe the
synthesis of primary aminoboranes in situ by deprotonation of RNH2¢BH2(NTf2) (R = {Bu,
Me, and CPh3) and their observation by low temperature NMR spectroscopy. We then
trap transient aminoboranes using an N-heterocyclic carbene to unequivocally prove that
they are accessed in situ. Subsequently, we exemplify the ability to stoichiometrically
deliver aminoborane to a metal substrate, rather than relying on on-metal
dehydrogenation, by accessing a ruthenium complex of BuNH=BH>. Lastly, we explore
the reactivity of tBuNH=BH: in detail, first showing its reactivity with itself as it warms to
ambient temperature to participate in versatile chemistry producing several products with

N-B linkages.
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3.2 Introduction

Polyaminoboranes are isoelectronic to polyolefins, featuring a main chain with
alternating quaternary nitrogen and boron atoms.'® However, in contrast to polyolefins,
polyaminoboranes have a polarized repeat monomer unit, resulting in remarkably
different properties in both the bulk materials and the polymer precursors. Particularly,
polyaminoboranes have been sought as piezoelectric materials,” processable precursors
to BN ceramics,® recyclable polymers,® and as polymers of fundamental interest as a
relatively new class of inorganic materials. However, in contrast to polyolefin precursor
olefins (RCH=CHz>), whose reactivity is well known, there is no existing method to perform
analogous studies on the reactivity of transient aminoboranes (RNH=BH>), as they are
known to readily catenate and undergo other reactions without significant kinetic
hindrance.'0-12

Generating reactive aminoboranes (RNH=BH2) normally involves thermal or
catalytic dehydrogenation of their precursor amine-borane adducts (Scheme 3.1).3
However, alternative strategies for the generation of aminoboranes that readily catenate
in situ have been of recent interest. For example, Alcaraz et al. have reported on the
generation of aminoboranes through the reaction of diisopropylaminoborane (iPr.N=BH>)
with primary amines (RNH.), generating diisopropylamine as a side-product.’®'
Alternatively, initial reaction of amine-borane adducts, RR'NH+*BH3, with an acid results in
a net hydrogen loss and formation of a functionalized amine-borane adduct that can be
deprotonated to generate reactive aminoboranes in solution.'>'® However, these studies
have focussed on accessing amine-borane dehydrogenation products (i.e. polymers,

cyclic oligomers) or on acid-induced dehydrogenation of ammonia-borane for hydrogen
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storage applications. Notably, in 2014, we were able to observe MeNH=BH; in situ by ''B
NMR spectroscopy at —10 °C, although only as a small fraction of the products in
solution.’ To date, the only studies that have explicitly targeted the characterization of
transient aminoboranes have been by Carpenter and Ault where thermally generated
MeNH=BH> was trapped in solid argon matrices (=260 °C) and characterized by IR
spectroscopy.'’

There are some studies on the reactivity of a primary aminoborane featuring the
more sterically encumbering tert-butyl substituent, tBuNH=BH.. Weller et al. have
reported an iridium complex bearing {BuNH=BH2 coordinated via two hydridic hydrogen
atoms bridging the boron and iridium centres accessed from the on-metal
dehydrogenation of tBuNH2*BH3.'® Further, reaction of this complex with an excess of
acetonitrile resulted in the slow release of tBuNH=BH2 which generates the corresponding
borazine and amine-borane adduct evidenced by "B NMR spectroscopy. Other
complexes of tBuNH=BH: have been accessed on ruthenium,' osmium,?® and rhodium
centres.?’ The reactivity of tBuNH=BH; has also been studied via the thermal,
stoichiometric, and catalytic dehydrocoupling of BuNH2*BH3. Thermal dehydrogenation
of neat tBuNH2*BH3 at temperatures up to 200 °C resulted in the initial evolution of an
equivalent of H> and formation of cyclotriborazane which then releases a second
equivalent of H. to yield borazine.?? Other routes to stoichiometrically and catalytically
dehydrogenate tBuNH2°BHj3 results in the formation additional reaction products including
diamidoborane, borylamine-borane, and in the case of Ca-mediated dehydrocoupling,
cyclic aminoborane dimer.23-3° However, as all reports rely on the generation of

tBuNH=BH2 by using an active catalytic species, or at elevated temperatures, no reactivity
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studies on primary aminoboranes in the absence of other reactive species have been
performed.

In this report, we study the generation of transient aminoboranes from their
corresponding amine-(trifimido)borane adducts, (RNH2:BH2>(NTf.)) and observe the
exclusive formation of aminoboranes in situ at —=78 °C by "B NMR spectroscopy
(RNH=BH2, R = tBu, Me, CPh3). To ensure we are actually accessing transient
aminoboranes in situ we trapped the aminoborane using an N-heterocyclic carbene
(NHC) to access an aminoborane-NHC adduct. Next, we explore the ability to
stoichiometrically deliver {BuNH=BH> to a metal centre accessing and obtaining a
molecular structure of a ruthenium complex bearing a primary aminoborane as a ligand.
We then explore the reactivity of BuNH=BH: in detail, showcasing its ability to participate

in many different modes of reactivity in reactions with itself.
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Scheme 3.1: Synthesis of transient primary aminoboranes, RNH=BH>, and the different

types of products observed from the generation of aminoboranes in situ.

3.3 Results and Discussion

3.3.1 Synthesis of Amine-(triflimido)boranes

Aminoborane precursors, amine-(trifimido)boranes (3.2a-c) were prepared by the
addition of triflimidic acid (HNTf2) to DCM solutions of amine-borane adducts (3.1a—¢) at
20 °C (Figure 3.1 a). The generation of 3.1a_c was inferred by the observation of Hz gas
evolution, which ceased within an hour. Subsequent removal of volatiles in vacuo yielded
white powders, apart from CPhsNH2:BH2(NTf.), which was yellowish, presumably due to
small amounts of trityl radical impurities.3'32 Analysis of these products by "B NMR

spectroscopy revealed consumption of their precursor amine-borane adducts to produce
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new signals downfield, with chemical shift values in the range of -7.7 to =9.7 ppm, which
indicated that the reaction had proceeded. These values are similar to the ''B NMR
chemical shift values reported for amine-(chloro)boranes and amine-(triflate)boranes
(3(""B) = -0.4 to —6.8 ppm).'®> Moreover, electrospray ionization mass spectrometry (ESI-
MS) molecular ion peaks corresponding to [M—H]" cations were observed, which further
supports the generation of these amine-(trifimido)boranes.

Single crystals of the reaction product between BuNH2:BH3s and HNTf. were
grown from the slow diffusion of hexane into a saturated DCM solution of 3.1¢ at =40 °C.
Analysis of the colourless crystals by X-ray diffraction (XRD) revealed a molecular
structure corresponding to tBuNH2*BH2(NTf,), 3.1 (Figure 3.1 b). The N1-B1 bond
(1.597(1) A) is shorter than the N2-B1 bond (1.611(1) A), however both bonds are within
the range of a N-B single bond. Further, the N1-B1-N2 bond angle is 106.9°, indicative
of a tetrahedral coordination environment around boron. These parameters are similar to
those in phosphine-(triflimide)boranes, where the triflimide substituent is bound to boron
centre via the nitrogen atom (i.e., k-N). Moreover, this structure is similar to the closely

related adducts, MeRNH+BH2>(X) (X = CI, OTf; R = H, Me), where there is coordination of
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the chloride or triflate moiety to the boron centre.'® Together, the data unequivocally

supports the formation of this series of new amine-(triflimido)borane adducts.

a)
HNTF,
RNH,*BH, RNH,*BH,(NTf,)
31,, DCM.20°C.1h 32,
— H2
R = tBu (a), Me (b), CPh; (c)
b)

Figure 3.1: a) Synthesis of trifimidoboranes, 3.2, via the reaction between amine-
borane adducts, 3.1a—, and HNTf,, and b) the molecular structure of {BuNH2:BH2(NTf2)
(3.2a) obtained from single crystal XRD. Thermal ellipsoids are shown at the 50%
probability level, and B- and N-bound hydrogen atoms are arbitrarily assigned based on
the obtained structure. Further, only one component of a disordered CF3 fragment is
shown. Colour scheme is as follows; carbon (grey), nitrogen (blue), boron (pink), sulfur

(yellow), oxygen (red), fluorine (lime green).
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3.3.2 Generation and Observation of Transient Aminoboranes

With the requisite amine-(trifimido)borane adducts accessed, generation and
observation of their corresponding transient aminoboranes was then targeted. Generation
of the aminoborane was achieved through the addition of /Pr2EtN to a frozen Et20 solution
of 3.1a—cin a J-Young NMR tube in the glovebox (Figure 3.2 a). Afterwards the tube was
sealed, removed from the glovebox, and submerged in a dry ice and acetone cooling bath
(=78 °C). The cooling bath with the J-Young NMR tube containing the reaction mixture
was then taken to the NMR spectrometer, in which the probe had been previously cooled
to —78 °C, for analysis. The resulting "B NMR spectra revealed the presence of the free
aminoboranes as the only boron containing species in solution, 3.3a—, evident by signals
at 34.2 ("Jsn = 126 Hz), 37.4 ("Jgn = 120 Hz), and 34.0 (br, width at %% height: 475 Hz)
ppm for 3.3a, 3.3b, and 3.3¢ respectively (Figure 3.2 b). Notably, MeNH=BH has only
been observed as a mixture of products in solution by NMR spectroscopy,'® or in an argon
matrix (—260 °C)."” The "B chemical shifts of these species fall within a range expected
for aminoboranes, between 37.4 and 34.0 ppm. Apart from 3.2¢, which shows a broad
singlet, all aminoboranes are observed to be triplets with coupling constants near 120 Hz.
With the ability to cleanly generate primary aminoboranes, we then aimed to explore the

ability to trap and transform 3.3..
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Figure 3.2: a) Deprotonation of adducts 3.2a—c using /iPr2EtN to produce free transient

aminoboranes, RNH=BH: (3.3.-c), in situ at =78 °C and b) the "B NMR spectra of the

free aminoboranes, 3.3a-c, taken at —78 °C in Et,O at 160 MHz.

3.3.3 Trapping Aminoboranes as NHC Adducts

N-heterocyclic carbene (NHC) adducts of aminoboranes have been accessed in a
variety of ways.®3334 Here, in order to unequivocally prove that we are accessing
aminoboranes in situ, we aimed to first generate the aminoborane and subsequently trap
it by adding NHC to the solution of aminoborane, forming the more thermally stable

aminoborane-NHC adduct. This was achieved by first generating the aminoborane 3.3a
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using the method described above, but then the conjugate acid by-product, [iPraEtN—
H][NTf2], was removed by performing a distillation at —78 °C on the reaction mixture
(Figure 3.3 a). The resulting distillate was kept at or below —78 °C while an aliquot was
taken, and it was verified to be a solution of 3.3a in Et2O by low temperature "B NMR
spectroscopy. Subsequently, an Et2O solution of N,N-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene (IPr) was added dropwise to the cooled stirring solution of 3.3a in Et2O and the
reaction was left to stir for 30 minutes longer. Removing volatiles from the solution yielded
a colourless powder believed to be 3.4a. Single crystals were grown from this powder
from Et20 and hexane in 47% yield. Analysis of crystals of 3.4, by "B NMR spectroscopy
revealed a triplet at —19.7 ppm ('Jsn = 87 ppm), similar to what is observed for the already
reported N-methyl analogue (3(''B) =-17.2 ppm, t, 'Jgn = 90 Hz).23 Further, single-crystal
XRD confirmed that 3.4a had been accessed (Figure 3.3 b). Analysis of the resulting
structure reveals a tetrahedral boron centre, a C1-B1 bond length of 1.632(2) and a N1—
B1 bond length of 1.536(2), both of which are values that are close to those reported for

other IPr adducts of borane and other aminoboranes.®:33.35-37

131



iProEtN

) Et,0,-78 °C, 10 min
—[iProEtN-H][NTf,] Bu IPr

BUNH,* BH,(NTf,) N-B-H
ii) distill at —78 °C H H
3.2, i) IPr,-78°C 3.4
Et,0, 30 min

b)

Figure 3.3: a) Synthesis of the aminoborane NHC-adduct, 3.4 from the aminoborane
precursor, 3.2a and b) the molecular structure of 3.4 obtained from single-crystal XRD.
Thermal ellipsoids shown at the 50% probability level, and B- and N-bound hydrogen
atoms are arbitrarily assigned based on the obtained structure. Colour scheme is follows;

carbon (grey), nitrogen (blue), boron (pink).

3.3.4 Coordination Chemistry of a Transient Aminoborane
Coordination compounds of transient aminoboranes are normally accessed
through the initial formation of the corresponding amine-borane complex, which then

undergoes metal-mediated dehydrogenation to access the aminoborane.'®384% For
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example, Aldrich et al reported the reaction of [(IMes).RhH2CI(Na)][BArf4] (IMes = N,N-
bis(2,4,6-trimethylphenyl)imidazol-2-ylide; Ar® =3,5-bis(trifluoromethyl)phenyl) with 20
equivalents of 3.1,.2" After 6 hours the authors observed the formation of the Rh complex
of the amine-borane adduct, [(IMes)2RhHz((u—H)2HB-NH.tBu)][BArF4], which, if reacted
for a further 42 hours (for a total of 48 h) yields the complex of the aminoborane,
[(IMes)2RhH2((u—H)2.B—NH{Bu)][BArF4]. They were able to isolate both species as single-
crystals and obtain molecular structures from XRD, unambiguously confirming the
structure and binding modes of the amine-borane and aminoborane in each compound.
Other complexes of 3.3a have been accessed, but in these cases there are no reports on
the molecular structures of the complexes.'®2° Generally, the coordination chemistry of
aminoboranes has focussed on late transition metals'®-38-49 such as the readily accessed
ruthenium complex, (PCy3)2(H2)2RuH>.

Thus, using the ability to generate aminoboranes as the sole product in situ we
targeted the formation of (PCys)2(n?-tBuNH=BH2)RuH by reacting 3.3. made in situ
directly with (PCys)2(H2)2RuH2. Accordingly, a toluene solution of (PCys)2(H2)2RuHz in a
J-Young NMR tube was placed in the glovebox cold well that was submerged in liquid
nitrogen. Once frozen, a layer of 3.2, in toluene was deposited on top and cooled before
IPraEtN was added. The reaction was then sealed, removed from the glovebox, and
placed in a dry ice and acetone cooling bath to warm to —78 °C (Figure 3.4 a). Once both
layers were thawed, the tube was briefly removed from the bath, inverted twice to ensure
homogeneity, and placed back in the cooling bath for 30 minutes. Letting the reaction
mixture warm to 20 °C and monitoring by 'H and "B NMR spectroscopy gives two key

indications that the reactions have occurred and complex 3.5 was accessed. Firstly, the
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hydridic region of the '"H NMR spectra reveals two environments, one for the metal
hydrides at —7.02 ppm and one for the bridging hydrides at —12.53 ppm that bind the
aminoborane to the metal centre, similar to those reported for (PCys)2(n?-
NH2=BH:)RuH2.28 Secondly, neither 3.3a nor its decomposition products were observable
by "B NMR spectroscopy, instead a broad peak at 44.3 ppm was observed. These values
are all similar to those reported for the analogous complexes bearing tBuNH=BH:
previously reported.'®1921 Single-crystals of 3.5 suitable for x-ray crystallography were
grown from a concentrated solution in pentane held at —40 °C over several days and XRD
unambiguously determined the structure of 3.5 (Figure 3.5 b). Close examination of the
structure reveals a pseudo-octahedral Ru environment with phosphines coordinated in
the axial positions. The aminoborane ligand is bound via the hydride atoms of boron, with
a Ru-B bond length of 1.978(4) A. The N-B bond is 1.396(5) A and the Ru-B-N bond
angle is nearly linear at 176.6°, values that are similar to other Ru-bound
aminoboranes.'9:38.39.41,41,42,46.48,49 Notably, the P1-Ru1-P2 angle of 3.5 is 154.5°, which
is significantly distorted from the expected angle of 180° for two equivalent ligands bound
in the axial positions of an octahedral complex likely a result of the sterically demanding

ligands.
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— [iProEtN—H][NTf,] Cys
—2H, 35

Figure 3.4: a) Synthesis of a ruthenium complex (3.5) bearing 3.3a as a ligand, and b)

molecular structure of 3.5. Thermal ellipsoids shown at a 50% probability level.

Ruthenium-, boron- and nitrogen-bound hydrogen atoms were assigned directly from the

electron density map, while all others were assigned arbitrarily. Colour scheme is follows;

carbon (grey), nitrogen (blue), boron (pink), ruthenium (burgundy), phosphorus (orange).
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3.3.5 Reactivity of Free Transient Aminoboranes

Reactivity studies on transient primary aminoboranes such as 3.3a performed so
far were done either through solvent induced liberation from metal centres, 8 or by thermal
(T = 200 °C) or catalytic dehydrogenation of amine-borane adducts (RNHz*BH3).22-30
Each of these studies do not allow for reaction monitoring while starting from 3.3a as the
sole species in solution. Therefore, we sought to observe the reactivity of this transient
aminoborane starting from only 3.3a in solution.

Accordingly, a 0.1 M sample of 3.3a in EtoO was prepared as described above in
a J-Young NMR tube and warmed to 20 °C (Scheme 3.2). Monitoring the reaction by ''B
NMR spectroscopy after 2 h reveals consumption of the aminoborane 3.3a begins,
producing tBuNHz:BH3 (3.1a, 11%), [tBuN=BH]3 (3.6a, 21%), tBUNH-BH-NH{Bu (3.7,
15%), and BH>—NH{Bu—-BH2(B,B-p-H) (3.8a, 29%) with a small amount of 3.3a observed
(Figure 3.5). After a total of 24 h "B NMR spectroscopy reveals full consumption of 3.3,
and formation of tBuNH2*BH3 (3.1a, 17%), [tBuN=BH]3 (3.6a, 19%), and BH>—NH{Bu-
BH2(B,B-p-H) (3.8a, 23%) (Figure 3.6). There are also unidentified products that are
observed at ca. —10 ppm (ca. 40%) in the "B NMR spectra obtained. This is in opposition
to what was observed by Weller et. al. where they had observed 3.3a produced from the
chemically induced release from its iridium precursor to slowly convert into approximately
equimolar amounts of 3.6a and 3.1a over 14 h, and fully convert to 3.6a within 36 h.'® It is
also different from what was observed from the Ca' catalyzed dehydrocoupling of
tBuNH2°BH3 where the cyclic dimer borazane, [tBuNH-BH2],, was one of the main
products.?® Further, in the AI(NMez)s mediated catalytic dehydrocoupling of 3.14, the cyclic

trimerization product of 3.3, was observed and isolated.?> Otherwise, there are shared

136



products between the dehydrocoupling studies of primary aminoboranes,?%27:3° put the
distribution and products obtained differ in each case, highlighting the importance of

producing free aminoboranes in situ to better understand their reactivity.

ItBu lﬂ
'}' y N\\B H tBu\N',B\\N/tBu
Bu. .B. _B
u NN u H,B\N B,
H .B.,-B. 9
H., BT Pt B T 33 S 364, 19%
CNTH N=B . Bu fBUNH,+EH o
Bu |l| Et,0, ToIL:ene-da H H zg hC 3.6. 21% 278 20°C BuNH,*BHj
32 ~78°C 3.3, e 3.4, 1% _ 22h o
2, —[iPrEtN-H][NTf,] H (24 h total) 3.1, 17%
H ,Bu
,IIB\ N H ,fBu
BuHN NHBu H.B’ ‘BHZ ‘N\
. T HoB. BH,
3.7, 15% W
3.8, 29% 3.8,, 23%

Scheme 3.2: Product mixture of the reaction of 3.3a with itself as the reaction solution
warmed to ambient temperature. Proportions of products within the reaction mixture were
determined by their relative ''B NMR integration values. After 2 h there is an unidentified
product that represents ca. 24% of the boron content in solution, which increases to ca.

40% after 24 h.

3.3.6 Mechanism of Reactivity

The generation of BuNH2:BH3 (3.1a) suggests that at least some of the free
aminoborane made in situ is acting as a H2 acceptor. The ability of aminoboranes to
accept Hz from amine-borane adducts has been reported in detail by our group.5%:
However, the mechanism in which 3.1aand 3.6a are formed is not immediately clear. We
envision two possibilities (Scheme 3.3), the first (route A) involves a disproportionation
reaction where free aminoborane is acting as both a H2 acceptor and donor, generating
the amine-borane adduct and iminoborane (tBuN=BH, i). It is expected that the

iminoborane can rapidly cyclotrimerize into borazine, 3.6a. The second proposed
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mechanism (route B), involves an initial cyclotrimerization of aminoborane, yielding
cyclotriborazane ([tBuNH-BH]3, ii). Then, subsequent dehydrogenation by three
equivalents of 3.3a would yield 3.6a and 3 equivalents of 3.1a. In the first case, it is
reasonable to assume that any iminoborane formed in situ would readily
cyclotrimerize.??%3 However, in the second case, it is expected the cyclic borazane
([tBuNH-BH:]3) would be more stable, considering the stability of the closely related N-
methyl cyclotriborazane.®* Further, N-tert-butylcyclotriborazane is the intermediate in the
thermal dehydrogenation at 120 °C of 3.1,,%2 and is one of the reaction products in the
catalytic dehydrocoupling of 3.12 at 20 °C over using an Al(lll) catalyst, identified by ''B
NMR spectroscopy as a triplet with a chemical shift of —=5.1 ppm.?® Thus, it would be
expected that the iminoborane intermediate may not be observable by NMR
spectroscopy, but the cyclotriborazane intermediate should be, unless the rate of

dehydrogenation is very high.
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333, Bu H

3 N=B
-33.1, H H
3.3,
H (Bu
H‘ /‘N/\ /H
3 tBu—N=B-H H-B~ B-H
) H—/N\B,N\—tBu
|
Bu .~ H
H “H H
Bu. .B.  _Bu i
‘ N" N 33.3, (|)
T T
| _33'13
Bu
3.6,

Scheme 3.3: Two possible routes to form borazine, 3.6a, from its corresponding

aminoborane, 3.3..

We aimed to observe potential intermediates that could lead to 3.6a by monitoring
the decomposition of 3.3a by "B NMR spectroscopy. Accordingly, a 0.1 M solution of 3.2,
in Et2O was prepared in a J-Young NMR tube cooled to -78 °C and iPr2EtN was added.
Immediately after, the sample was transferred to the NMR spectrometer with the probe
cooled to —30 °C, as this temperature would allow for reactions to occur at a considerable
rate, and ''B spectra were obtained every 5 minutes over the next two hours. Monitoring
this reaction at —30 °C reveals the main product of the reaction is 3.1, but 3.6a, 3.7a, and
3.8a can also be observed. The four products are generated simultaneously at similar
rates (Figure 3.7, in the experimental), resulting in a complex reaction mixture as soon
as the temperature is high enough for the reaction to proceed. However, what is more

informative is what is not observed by "B NMR spectroscopy at this temperature, namely
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peaks consistent with oligomerization of 3a into linear or cyclic products or iminoborane
(Scheme 3.3).

As we could not observe tert-butyl cyclotriborazane (ii) as a reaction product by
"B NMR spectroscopy, we aimed to assess the ability of 3.3, to dehydrogenate N-methyl
cyclotriborazane (Scheme 3.4). Considering the reduced steric crowding of the nitrogen
centres in N-methyl cyclotriborazane compared to N-tert-butyl cyclotriborazane, the
reaction between 3.3a and N-methyl cyclotriborazane should proceed at a significantly
higher rate than the analogous reaction between 3.3a and N-tert-butyl cyclotriborazane
(ii), producing a significant amount of N-methyl borazine. Thus, to a solution of N-
methylborazane and 3.2, in Et2O that was cooled to —78 °C was added /Pr2EtN. The
solution was then left to warm to —35 °C and held at this temperature over 16 h, as 3.3a
is unreactive in hydrogen transfer chemistry at —78 °C. Subsequently, this reaction was
monitored by "B NMR spectroscopy and no significant evidence for a reaction to
generate N-methylborazine was observed (Figure 3.8, in the experimental). This is
similar to what was observed by Weller et. al. in their studies on the reactivity of slowly
liberated 3.3, with methyl cyclotriborazane.*® Thus, based on the fact that methyl
cyclotriborazane is not observed in solution by NMR spectroscopy, and the lack of
reactivity between 3.3a and methyl cyclotriborazane, it is unlikely that borazine, 3.6a, is
formed via a tert-butyl cyclotriborazane intermediate. Therefore, we considered the
alternative route where two equivalents of aminoborane react to transfer one equivalent

of hydrogen to yield iminoborane and amine-borane adduct (Scheme 3.3, route A).
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Scheme 3.4: Reaction of 3.3a generated in situ with N-methylcyclotriborazane.

Braunschweig and coworkers have studied the spontaneous reaction of an
iminoborane, tBuN=BtBu, with amine-borane (HsN+BH3) to produce aminoboranes,*® the
reverse of what is the first step for the proposed mechanism in route A to access 3.1, and
3.6a from 3.3a. They determined that the reaction proceeds through a concerted
mechanism where an initial hydrogen bonding interaction leads to a transition state
(Scheme 3.5) where transfer hydrogenation occurs in a B-to-B' and N-to-N' fashion,®®
similar to what our group reported for reactions between iProN=BH, and Me;NH+BH3.5%:51
Moreover, the reaction between fBuN=BiBu and Hs:N+BHj; is driven by the highly
exothermic nature of cyclooligomerization of the produced aminoborane, HoN=BH,. We
envision a similar pathway is possible for the generation of 3.6aand 3.1a from 3.3, where
an initial hydrogen bonding N-H interaction between two aminoboranes leads to a 6-
membered intermediate, allowing for hydrogen transfer between the two aminoboranes
to produce amine-borane adduct 3.12 and the iminoborane, tBuN=BH. However, in this
case, the reaction would be driven by the highly exothermic cyclization of the iminoborane
intermediate.52°® Computations on this pathway (PBE1PBE/def2SVP) indicate that the
initial hydrogen transfer between two aminoboranes to produce amine-borane and

iminoborane are thermodynamically uphill (AH® = +3.9 kcalsmol™), but confirm that the
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subsequent cyclotrimerization is highly exothermic (AH® = -61 kcalsmol™). Thus, this
overall transformation of 3.3a to 3.6a and 3.1a through route A of Scheme 3.3 should be
possible provided there is an accessible kinetic pathway. Together these data suggest
that 3.62 and 3.1, are formed as a result of the formation of an iminoborane intermediate
(i), a species that appears to be even more transient than 3.3, as it is not observed in this

reaction mixture.

Braunschweig, 2018

B HE:
Bu Bu
tBu—N=B—Bu tBu _ ,[Bu N=B
,/N:B\ H’ ‘H
l-li/H —— H\ H —
o 5 o NE Mo
H |l| H H N=B
L _ H H
(TS1)
Proposed Mechanism:
B RE:
H Bu
B=N H Bu H-B=N—tBu
H’ ‘H ,B:N\ i
33, —— | H H |7 ,H
H Bu B=N_ B.. H
\ 7 H’l H - ~ -
B=N H ‘Bu H '?I\H
H H L _ H
3.3, (TS2) 3.1,

Scheme 3.5: Hydrogen transfer between and an iminoborane and an amine-borane
adduct via transition state, TS1 (top), and proposed mechanism for accessing

iminoboranes from two aminoboranes via TS2 (bottom).

The other products that were observed from the reactivity of 3.3a include the
diamidoborane (3.7a) and borylamine-borane (3.8a) species (Scheme 3.2). Boryl-amine

boranes have been previously synthesized from the reaction of amine-borane adducts
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(RR'NH+BH3; R,R' = Me, H) with excess borane.?%*¢ We predict that the diamidoborane
species is a result of a hydroboration reaction between two aminoborane molecules in
solution to yield a dimeric chain, which then loses an equivalent of BHs (Scheme 3.6 a).
This would provide an equivalent of BH3 to react with aminoborane 3.3a in situ to yield
borylamine-borane (3.8a) (Scheme 3.6 b). The hydroboration chemistry of primary
aminoboranes has been explored, mainly with alkene substrates.'®% Similarly, addition
of 2.5 equivalents of cyclohexene to an ether solution of 3.2, before the addition of iPr2EtN
also results in a '"B NMR peak at 45.1 ppm, consistent with BuNH=BCy: (Figure 3.9).
Further, the insertion of aminoborane (H2N=BH>) into the B—H bond of another equivalent
of aminoborane has been previously studied computationally, where it was found the
enthalpic barrier to insertion was relatively low.>” Thus, based on the ability of 3.3a to
undergo insertion chemistry with cyclohexene and the previous related computational
studies, we believe that the dimeric chain is a plausible intermediate that accounts for the
resulting reaction products. Computations (PBE1PBE/def2SVP) on this reaction reveal
that the formation of the linear dimer intermediate is thermodynamically downhill (AH® =
-10 kcal*mol~'). However, the dissociation of borane from the dimer is uphill (AH° = +30
kcalemol™'). But the subsequent sequestration of BH3 by 3.3, is favourable (AH® = -39

kcal*mol™"), resulting in an overall thermodynamically favourable process.
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Scheme 3.6: a) Proposed mechanism for formation of 3.7, from 3.1a, b) proposed

mechanism for formation of 3.8a from 3.3a, and c) reaction of 3.3a generated in situ with
cyclohexene to access tBuNH=BCy.. For proposed reactions to access 3.7. and 3.8,,
AH° values in kcalsmol™" are given for each reaction calculated at the PBE1PBE/def2SVP

level of theory.

The reaction pathways to 3.1a, 3.6a, 3.7a, and 3.8a from 3.3a are inaccessible at —
78 °C, evidenced by the remarkable stability of 3.3a at this temperature. However,
warming the reaction to temperatures between —30 and 20 °C allow for diverse reactivity
to occur. We have identified the likely pathways to these products, where an initial
hydrogen transfer between two equivalents of 3.3a and subsequent cyclotrimerization of
iminoborane made in situ results in the formation of 3.1a and 3.6a, while 3.7, and 3.8, are

accessed via an initial hydroboration between two equivalents of 3.3a to yield a BN dimer
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intermediate which releases BH3 producing 3.7a, and the free borane is trapped by a third
equivalent of 3.3, to yield 3.8a.
3.3.7 Reactivity of a Transient Primary Aminoborane at 60 °C

The generation of catenated products, either linear or cyclic, is a common outcome
for aminoboranes. Cyclic oligomers of 3.3a have been reported and discussed in this
report, namely the cyclic dimer,?® and the cyclotriborazane,?® (BuNH=BH2)x (x = 2,3).
However, in our studies on the reactivity of 3.3a at or below 20 °C, we had no evidence
of either of these products being formed. While (tBuNH=BH2); was accessed in low
concentrations at 20 °C by the dehydrogenation of 3.1a using Al(NMe:); as a catalyst,
(BBuNH=BH2), was accessed by the Ca'-mediated catalytic dehydrogenation of 3.1, at
60 °C. Thus, we were interested in the chemistry of 3.3, at elevated temperatures and to
determine if cyclic species could be produced at 60 °C at these elevated temperatures in
absence of a catalyst.

To monitor the reactivity of 3.3a at elevated temperature, a THF solution of 3.2,
was prepared in a J-Young NMR tube, and iProEtN was added. This tube was sealed,
and placed in a heating block at 60 °C. After 24 h, the reaction was monitored by ''B NMR
spectrometry (Figure 3.10), revealing the generation of cyclic species, evidenced by a
triplet at -6.1 ppm, consistent with the dimer, (tBuNH-BH)2, observed by Hill et. al.?8
Exploring this reaction computationally (PBE1PBE/def2SVP) reveals that the overall
cyclodimerization is exothermic (AH® = —20 kcalsmol™'). However, this reaction product is
only observed at elevated temperature indicating that there is a high activation barrier
that must be overcome which is likely due to the presence of the sterically bulky tert-butyl

group on nitrogen.
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3.4 Conclusion

Herein we report the first detailed study on the reactivity of a transient primary
aminoborane. By deprotonating amine-(trifimido)boranes (3.2a-c) we have demonstrated
that reactive aminoboranes can be generated and are stable enough at =78 °C to be
observed as the sole product of the reaction by "B NMR spectroscopy. We were able to
trap the transient aminoborane using IPr or a Ru centre. We then explored the reactivity
of the aminoborane, 3.3a, at elevated temperatures, identifying the likely routes to the
main reaction products. Together these reactions show the breadth of transformations a
relatively simple molecule, a primary aminoborane, can undergo, which may inform other
studies on reactions that evoke transient aminoboranes as intermediates. Moreover, this
study further demonstrates the drastic change in reactivity introduction of inorganic
elements into an organic molecule can induce. For example, 3.3a is the isoelectronic,
inorganic B—N analogue of 3,3-dimethyl-1-butene; the former undergoes exhaustive
reactions above —40 °C within hours and the latter is a liquid that can be stored in a
chemical fridge and purchased from a common chemical supplier. Future directions will
focus on leveraging the ability to synthesize reactive aminoboranes and developing
greater control over their reactivity including the polymerization of N-methylaminoborane

as the sole species in situ.
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3.5 Experimental

General Considerations

Unless otherwise noted, storage and manipulation of chemicals were performed under
an inert atmosphere of either N2 or Ar gas using standard Schlenk techniques, or, carried
out in an MBraun 200B glovebox equipped with a cold well partially filled with stainless
steel beads, a freezer set to —40 °C, and a Polyscience chiller set to regulate the internal
temperature to 20 °C. Further, any glassware used was dried overnight in a 200 °C oven.
Hexanes, diethyl ether, toluene, and dichloromethane were dried using an MBraun
Grubbs/Dow solvent purification system® and stored over activated 4 A molecular sieves.
Pentane was degassed and stored over 4 A molecular sieves. Amine borane adducts,
RNH2:BH3 (R = Me, CPhs) were synthesized using standard procedures.>* N,N-bis(2,6-
diisopropylphenyl)imidazol-2-ylide,®® methyl cyclotriborazane (MeNH-BH)3;,% and
(PCys)2(H2)2RUH2®®  were  prepared according to literature  procedures.
Diisopropylethylamine was purchased from Sigma Aldrich then dried over CaH. and
distilled prior to use. Cyclohexene was purchased from Sigma Aldrich, distilled and stored
over sieves prior to use. N,N-dimethylamine-borane adduct was purchased from Sigma
Aldrich and purified by sublimation. BuNH2BH3, 9-BBN, BPhs, and imine X were
purchased from Sigma Aldrich and used as received. HNTf> was purchased from TCI
chemicals and used as received. Solvents for NMR were purchased from Sigma Aldrich
and CDCI3 was dried over CaHy, then distilled prior to use, and toluene-d8 was dried over

sodium/benzophenone ketyl and distilled before use.
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Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker Avance
NEO 500 MHz spectrometer or AV360 with "H NMR spectra being referenced to residual
proteo solvents and "3C spectra being referenced against the '3C signal of the deuterated
solvent used. Otherwise, heteronuclear spectra were referenced using the recommended
IUPAC reference compounds. Electrospray lonization Mass Spectrometry (ESI-MS) was
performed on a 3D ion trap Thermo LCQ Classic mass spectrometer. Samples were

prepared by dissolving a small amount (ca. 0.1 — 1 mg) of sample in 1 mL of acetonitrile.

Synthetic Procedures

Synthesis of Amine-(triflimido)boranes

Amine-(trifimido)borane adducts, RNH2:BH2(NTf2) (R = tBu (3.1a), Me (3.2a), and CPhs
(3.3a)) were all prepared in an identical manner and prepared in the glove box. To a 4-
dram vial charged with a stirring bar was added the requisite amine-borane adduct (1
mmol: 3.1a = 87 mg, 3.1p = 45 mg, 3.1c = 271 mg) and 5 mL of DCM resulting in a 0.2 M
solution of the amine-borane adduct. To this solution was added HNTf2 (1 mmol, 281 mg)
in 3 to 5 separate portions as addition induced vigorous bubbling of H> gas. After all of
the solid HNTf. was added, the reaction was left to stir for an additional 30 minutes at
ambient temperature (20 °C). Afterwards, removal of volatiles in vacuo results in the
formation of crystalline powders in near-quantitative yields (= 95%) and were of sufficient
purity to be used without further purification. All products are colourless, apart from
CPh3NH2*BH2(NTf2), which has some yellow discolouration which presumably originates
from the generation of [CPhs]™* containing species in solution. These solids can be

recrystallized from slow diffusion of hexane into saturated DCM solutions of 3.2a-q.
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tBuNH2BH:(NTf.), 3.2,
Prepared from 3.1a adduct. Yield: 349 mg, 96%.

'"H NMR (CDCls, 500 MHz, 298 K): 3.94 ppm (RNH2°BH3, 2 H, s), 2.63 (RNH2:BH2(NTf>),

2 H, brs), 1.37 ppm (CHs, 9 H, s).

1B NMR (CDCls, 160 MHz, 298 K): 9.7 ppm (br).

13C NMR{'H} (CDCls, 126 MHz, 298 K): 119.8 ppm (SO2(CF3)2, q, 'Jcr = 325 Hz), 55.9

ppm (C(CHa)s, s), 28.8 ppm (C(CHs)s, S).

'F NMR (CDCls, 471 MHz, 298 K): =71.9 ppm (s).

ESI-MS(+): Expected for [M-H]": 366.0 m/z, observed: 366.3 m/z.

MeNH2°BH2(NTf2), 3.2,
Prepared from 3.1p. Yield: 312 mg, 97%.

'H NMR (CDCls, 500 MHz, 298 K): 4.16 ppm (RNH2+BH2(NTf2), 2 H, br s), 2.60 ppm (CHs,

3 H,t, 3JnH = 6.23 Hz), 2.54 (RNH2:BH2(NTf2), 2 H, br s).

"B NMR (CDCls, 160 MHz, 298 K): =7.7 ppm (br).

13C{'H} NMR (CDCls, 126 MHz, 298 K): 119.8 ppm (SO2(CFa)2, q, "Jor = 323 Hz), 30.7

ppm (CHs, s).

'F NMR (CDCIs, 471 MHz, 298 K): =72.1 ppm (s).

ESI-MS(+): Expected for [M-H]": 323.0 m/z, observed: 323.2 m/z.

CPh3NH2:BH2(NTf2), 3.2

Prepared from 3.1c. Yield: 523 mg, 95%.
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'H NMR (CDCls, 500 MHz, 298 K): 7.38 ppm (Ph-H, 9 H, m), 7.26 ppm (Ph-H, 6 H, m),

5.51 ppm (RNH2*BH2(NTf2), 2 H, br s), 2.40 (RNH2*BH2(NTf2), 2 H, br s).

11B NMR (CDCls, 160 MHz, 298 K): -8.85 ppm (br).

13C{'H} NMR (CDCls, 126 MHz, 298 K): 140.1 ppm (Ph-C), 128.6 ppm (Ph-C), 128.5 ppm

(Ph-C), 128.4 (Ph-C), 119.3 ppm (SO2(CF3)2, q, 'Jer = 324 Hz), 72.5 ppm (C(Ph)s).

'F NMR (CDCls, 471 MHz, 298 K): —71.6 ppm (s).

ESI-MS(+): Expected for [M-H]": 551.1 m/z, observed: 551.3 m/z.

Generation and Observation of Transient Aminoboranes by 11B NMR
Spectroscopy

Each aminoborane was prepared in a similar manner, using the appropriate amine-
(triflimido)borane adduct (3.2a-). Firstly, the glove box cold well was cooled by
submerging it in a bath of liquid nitrogen. Then, in the glovebox, the requisite amine-
(triflimido)borane (1 mmol; 3.2a = 37 mg, 3.2p = 32 mg, 3.2c = 55 mg) and 600 pL of Et.O
was added to a J-Young NMR tube. The J-Young NMR tube with the resulting solution
was placed upright in the cooled cold well, allowing for the solution to freeze. Meanwhile,
the NMR probe was cooled to —70 °C, and a dry ice/acetone cold bath was prepared in a
thermos with a handle for sample transport. Once the NMR spectrometer was prepared,
iPr2EtN (0.1 mmol, 17.5 pyL) was added using a micropipette to the frozen Et2O solution
of 3.2a_ in the glovebox cold well. Afterwards, the samples were sealed and removed
from the glovebox and immediately placed in the thermos containing the dry ice/acetone
cold bath. Once the samples were warmed to a temperature closer to —78 °C, made

evident by no longer being frozen, they were inverted and then put back upright in the
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cold bath to ensure sample homogeneity. The samples were then transported to the NMR
spectrometer and inserted into the cooled probe, allowing for the "B NMR spectra of each
transient aminoborane (3.3a-c) to be obtained. Generated aminoboranes should remain

at temperatures below —60 °C, otherwise extensive reactivity occurs.

tBuNH=BH_, 3.3a
Prepared from 3.2a.

"B NMR (Et,0, 160 MHz, 203 K): 34.2 ppm (t, 'JgH = 126 Hz).

MeNH=BH_, 3.3b
Prepared from 3.2b.

"B NMR (Et,0, 160 MHz, 203 K): 37.4 ppm (t, 'Jgx = 120 Hz).

CPh3sNH=BH:_, 3.3c
Prepared from 3.2c.

"B NMR (Et.0, 160 MHz, 203 K): 3.9 ppm (br, width at % height: 475 Hz).

Distillation of 3.3a and subsequent trapping with IPr

In the glove box, 3.2a (1 mmol, 366 mg) and 50 mL of Et.O was added to a 100 mL round-
bottom flask fitted with a Schlenk tap and charged with a stir bar. The flask was then
sealed and transferred to the Schlenk line and put under an inert argon atmosphere.
Then, the flask was submerged in a dry ice/acetone bath atop a stirring plate set to 600

rpm to cool the solution to =78 °C, followed by the addition of /Pr2EtN (1 mmol, 0.17 mL)
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to the rapidly stirring, cooled solution using a 1 mL syringe. After 30 minutes, the reaction
was assumed to be complete, and the round bottom flask was fitted with a short path
column and another 100 mL round-bottom flask fitted with a Schlenk tap and charged
with a stirring bar to act as the receiving flask. The reaction vessel was submerged in
liquid nitrogen, allowing for the solution to freeze, then the distillation apparatus was
evacuated under vacuum for approximately 10 minutes. The distillation apparatus was
then sealed, and the reaction vessel was warmed to —78 °C to allow for the Et2O solution
to thaw. This modified freeze-pump-thaw was repeated two more times where upon the
last thawing step, the reaction vessel was submerged in the dry ice/acetone bath (-78
°C), while the receiving flask was submerged in liquid nitrogen. After about 1.5-2 hours,
the majority of the solution had transferred to the receiving flask and a residue had
remained in the reaction vessel, which is primarily the by-product, [[PraEtNH][NTf.]. The
receiving flask can then be removed from the distillation apparatus, warmed to —78 °C,
and used immediately afterwards as an approximately 0.02 M solution of 3.3a in Et20.
Afterwards, to the flask of approximately 1 mmol of 3.3a in Et2O, 1 mmol of N,N-bis(2,6-
diisopropylphenyl)imidazol-2-ylide (IPr) dissolved in 15 mL of Et>O (388 mg) was added
dropwise. The solution was then subsequently left to stir for 30 minutes. Afterwards,
volatiles were removed and the flask was brought into the glovebox via the antechamber..
Recrystallization of the beige solid from a saturated solution of 3.4 in hexanes held
overnight at —40 °C gave colourless crystals of 3.4 in 47% yield (222 mg). Growing a
second batch of crystals from this supernatant resulted in an addition 198 mg of colourless

crystals, for a total yield of 89%.

152



'"H NMR (Toluene-ds, 500 MHz, 298 K) &: '6 7.19 ppm (Ar-H, t, 3Jun = 7.7 Hz, 2H), 7.06

ppm (Ar-H, d, 3Jun = 7.7 Hz, 4H), 6.33 ppm ((Dipp)N-CH=CH-N(Dipp), s, 2H), 2.73 ppm
(CH(CHea)2, sept, 3Jnn = 6.9 Hz, 5H), 2.46 ppm (tBuNH<BH2(IPr), 1.40 ppm (CH(CHa)2, d,
3Jhn = 6.8 Hz, 12H), 1.07 ppm (CH(CH3)2, d, 3Jun = 6.9 Hz, 12H), 1.00 ppm (C(CH3)s, s,
9H).

"B NMR (Toluene-ds, 160 MHz, 298 K) &: -=19.7 ppm (t, "Jsn = 87.8 Hz).

13C{'H} NMR (Toluene-ds, 126 MHz, 298 K) &: 145.7 ppm (Dipp-Cortho), 135.1 ppm (Dipp-

Cipso),130.1 ppm (Dipp-Cmeta), 123.7 ppm (Dipp-Cpara), 121.8 ppm ((Dipp)N—-CH=CH-
N(Dipp)), 49.3 ppm (C(CH3)3), 32.1 ppm (CH(CHs)2), 29.0 ppm (C(CHs)s3), 24.9
(CH(CHB3)2), 23.3 (CH(CH?3)2). Note, the carbenoid carbon of IPr is not observed, likely
due to coupling to "'B.

ESI-MS(+): Expected for [M+H]*: 474.4 m/z, observed: 474.3 m/z.

Coordination Chemistry of a Transient Aminoborane

In the glovebox, (PCys)2(Hz2)2RuH2 (0.05 mmol, 33.4 mg) was dissolved in 500 pL of
toluene and added into a J-Young NMR tube. This solution was then placed in the
glovebox cold well that was submerged in liquid nitrogen and cooled until a thermometer
placed in it gave temperatures below —100 °C, resulting in the solution to freeze in the
flask. Then solution of BuNH2:BH2(NTf2) (0.05 mmol, 18 mg) in 1 mL of toluene was
added on top of this frozen solution of the ruthenium precursor and also allowed to freeze,
after which /Pr2EtN (0.05 mmol, 9 pyL) was added to the reaction mixture. The J-Young
NMR tube was then sealed, removed from the glovebox, and submerged in a dry ice and

acetone cooling bath (=78 °C). The solution was then left to stir over the next hour as it
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warmed to -78 °C. Afterwards, the solution was warmed to room temperature, brought
back inside the glovebox, and transferred to a 4-dram vial. Volatiles were removed in
vacuo, and then 3.5 was extracted with pentane (3 x 1 mL). The resulting solution was
then placed into the glovebox freezer in a 1-dram vial (-35 °C), where pale yellow crystals
had been grown over several days, removal of the supernatant and subsequent drying in

vacuo gave the complex in modest yield (23 mg, 61% vyield).

'"H NMR (Toluene-ds, 500 MHz, 298 K): 3.02 ppm (s, 1H, NH), 2.26 ppm (br m, 12 H, Cy-

H), 1.90 ppm (br s, 20 H, Cy-H), 1.76 ppm (br s, 9 H, Cy-H), 1.67 ppm (br m, 14 H, Cy-
H), 1.35 ppm (br m, 21 H, Cy-H), 1.21 ppm (s, 9 H, tBu-H), -6.97 ppm (br s, 2 H, BH2),
-12.25 ppm (br s, 2 H, Ru-H2).

"B NMR (Toluene-ds, 160MHz, 298 K): 44.3 ppm (br).

3P NMR (Toluene-ds, 202 MHz, 298 K): =77.19 ppm (s).

Deprotonation of 3.2, at ambient temperature

A solution of 3.2, (0.1 mmol, 37 mg) in 1.5 mL of EtoO was prepared in a J-Young NMR
tube in a glovebox maintained at 20 °C. To this tube was added an equimolar amount of
IPr2EtN (17 pL). The tube was sealed, and the tube was inverted several times to ensure
complete incorporation of the base into the reaction mixture. At 2 h, the reaction had
separated into two phases, one smaller, presumably [iPr.EtN-H][NTf2], and another Eto.O
layer on top. Obtaining a "B NMR spectra of the Et,O layer within the tube revealed that
3.3, was mostly consumed by "B NMR spectroscopy, producing several species

including 3.1a, a diamidoborane ((tBuNH)2BH, 3.7a.), boryl-amineborane (BH>—NH{Bu—

154



BH2(B,B-p-H), 3.8a), borazine ([tBuN-BH]s, 3.6a), and other unidentified species (Figure
3.5After 24 h, 3.3a and 3.7, were consumed, leaving 3.6a, 3.1a, and 3.5a as the main

products of the reaction (Figure 3.6).
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Figure 3.5: "B NMR spectrum taken 2 h after an aliquot of 3.32 had been warmed to
ambient temperature. Unknown ''B-containing species are labelled with a “t”. Inset ''B

NMR spectra showcase the coupling patterns of the various species produced.
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Figure 3.6: "B NMR spectrum taken 16 h after an aliquot of 3.3. in Et2O had been

warmed to ambient temperature. Unknown "'B-containing species are labelled with a “1”.

Monitoring the Reactivity of 3.3, at —30 °C

In the glovebox a solution of 3.2, (37 mg, 0.1 mmol) in a J-Young NMR tube was prepared
in Et2O. Subsequently, the solution was placed in the cold well of the glovebox that was
submerged in liquid nitrogen until it was frozen. Then, iPr2EtN (0.1 mmol, 17 pyL) was
added to the J-Young NMR tube, sealed, and removed from the glovebox and placed
immediately in a dry-ice and acetone bath. Meanwhile, the NMR probe was cooled to —
30 °C. Then, the J-Young NMR tube was brought down to the spectrometer, and before

inserting the sample, the tube was inverted twice to ensure sample homogeneity.
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Afterwards, NMR spectra were recorded regularly over two hours, resulting in the spectra

N
M
M
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Figure 3.7: "B NMR spectra of the reactivity of 3.3a at =30 °C over two hours. Mainly the
depletion of the peak for 3.3a and the formation of the peak for 3.1a is observed. Signal

for B(OiPr)s is marked by a 1.

Reaction of 3.3. with N-methyl Cyclotriborazane

In the glovebox a solution of 3.2a (37 mg, 0.1 mmol) in 4 mL of Et.O was prepared in a
20 mL vial charged with a stirring bar. Meanwhile, the glovebox cold well was submerged
in liquid nitrogen. Once the cold well was below —80 °C, the vial with the reaction mixture
was placed in the well, cooled, and then /Pr.EtN (17 pL) was added to produce 3.3a in

situ. After 30 minutes N,N,N-trimethylcyclotriborazane (0.07 mmol, 8 mg) was added to
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the reaction mixture. The reaction mixture was then transferred to the glovebox freezer
which was set at —35 °C and left to react overnight. Afterwards monitoring the reaction by
"B NMR spectroscopy revealed that N,N,N-trimethylcyclotriborazane did not react with

3.3a. Instead, the decomposition products of 3.3a were observed (Figure 3.8).
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Figure 3.8: "B NMR spectrum of the reaction between 3.3. and N-methyl
cyclotriborazane taken after 16 h at =35 °C. Unknown ''B-containing species are labelled

with a “t”. Inset spectra show coupling patterns of compounds produced.
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Reaction of 3.3a with cyclohexene to generate tBuNH=BCy:

In the glovebox a solution of 3.2a (37 mg, 0.1 mmol) in 4 mL of Et.O was prepared in a
20 mL vial charged with a stirring bar. Meanwhile, the glovebox cold well was submerged
in liquid nitrogen. Once the cold well was below —80 °C, the vial with the reaction mixture
was placed in the well, cooled, and then /Pr.EtN (17 pL) was added to produce 3.3a in
situ. After 30 minutes a small excess of cyclohexene (0.25 mmol, 25 yL) was added to
the reaction mixture. The reaction mixture was then transferred to the glovebox freezer
which was set at —35 °C and left to react overnight. Afterwards monitoring the reaction by
"B NMR spectroscopy revealed a singlet at 46.1 ppm, indicative of BuNH=BCy; being

formed (Figure 3.9).
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Figure 3.9: "B NMR (top) and ""B{"H} NMR (bottom) spectra of the reaction between

3.3a and cyclohexene in situ. Peak proposed to be {BuNH=BCy: is marked by %.

Reactivity of 3.3a at Elevated Temperature

In the glovebox a solution of 3.2, (37 mg, 0.1 mmol) in 1000 yL of THF was prepared in
a J-young NMR tube. Afterwards 0.1 mmol of /Pr2EtN (17 pL) was added, the tube was
sealed and inverted several times to ensure homogeneity. Then the tube was removed
from the glovebox and placed in a heating block set to 60 °C. After 4 days, the reaction
was monitored by "B NMR spectroscopy revealing the formation of cyclic species by a

triplet at —6.1 ppm (Figure 3.10).
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Figure 3.10: Reaction products from heating a sample of 3.3a to 60 °C over 4 days.
Unknown dehydrogenated product observed at ca. 20 pp, marked by a A . Peak for cyclic

aminoborane species at —6.1 ppm, marked by a f.

Computations

All the computations were performed using the Gaussian16.C01 program suite.®! In each
case, the PBEO hybrid functional®? was used with the def2-SVP basis set.?® Computations
were performed using the SCRF solvent model set to Et>O. Stationary points were

confirmed as local minima by the lack of imaginary frequencies.
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X-Ray Diffraction Data

X-ray data for 3.2,, 3.4 and 3.5 were carried out on a Bruker Apex |l diffractometer using
MoKa radiation (A = 0.71073) A at 100 K. The data collections were performed using a CCD
area detector from a single crystal mounted on a glass fibre. Intensities were integrated*®
and absorption corrections based on equivalent reflections using SADABS®® were applied.
The structures were solved by the dual-space algorithm SHELXT?®' and refined against alll
F? in ShelXL%? using Olex2.5® All the non-hydrogen atoms were refined anisotropically.
Hydrogen atoms bound to N1 and B1 in 3.2a and N1, B1, and Ru1 in 3.5 were located
directly from the electron density map, while all other hydrogen atoms were calculated
geometrically and refined using a riding model. Hydrogen atom positions were calculated
geometrically and refined using the riding model. Most hydrogen atom positions were
calculated geometrically and refined using the riding model, but some hydrogen atoms

were refined freely.
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Table 3.1: Selected crystallographic data for 3.2a, 3.4, and 3.5.

R1?; wR2°[I > 20(l)]
R1; wR2 [all data]
GOOF

largest diff peak and hole

0.0248; 0.0635
. 0.0275; 0.0655

1.056
0.57 and -0.36

0.0475; 0.1126
0.0701; 0.1260

1.024
0.28 and -0.26

Identification 3.2a 34 3.5

chemical formula CsH13BFsN204S> Cs31H48BNs3 CsoHsoBNP2Ru
crystal colour Colourless Colourless Pale Yellow
Fw; F(000) 366.11; 372.0 473.53; 1040.0 748.87; 812.0
T (K) 100(2) 100(2) 100(2)
wavelength (A) 0.71073 0.71073 0.71073
space group P-1 P21/n P-1

b (A) 10.4767(17) 19.3257(5) 10.243(2)

o (deg) 68.718(3) 90 96.333(3)

B (deg) 77.003(3) 94.4863(14) 91.127(2)

Y (deg) 70.331(3) 77.003(3) 102.878(2)

V4 2 4 2

V(A3 709.7(2) 2948.01(13) 2049.9(7)
Pcalcd (g-cm™3) 1.713 1.067 1.213

u (mm) 0458 0.061 0.487

6 range (deg); completeness 4.034 to 61.328; 0.988 3.866 to 55.89; 1.000 1.942 to 50.736; 0.999
collected reflections; Ro 42357; 0.0094 40202; 0.0359 7510; 0.0371
unique reflections; Rint 22733; 0.0194 7056; 0.0503 7510; 0.0000

0.0399; 0.0850
0.0542; 0.0897
1.039

0.87 and -0.43

a Ry=X(||Fo|-|F<||)/Z|Fo|
b wRo={Z[W(Fo2—F2)2)/Z[w(F02)2]}"
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Chapter 4

Chain Stabilization Yields High Molar Mass Polymers and
Molecular Weight Control in the Thermal

Dehydropolymerization of P-Phenyl Phosphine-Borane

This chapter has been adapted from the as of yet unpublished work:

Matthew A. Wiebe, J. E. T. Watson, Charles Killeen, J. Scott Mclndoe, Anne Staubitz,

and lan Manners. Manuscript in preparation.

Contributions: M. A. W. and I|. M. conceived the project. J. E. T. W. performed
dehydropolymerizations of PhPH>*BH3 using commercially available salts (Sc(OTf3),
[NBu4J[OTf], LiNTf,, and MgOTf) in 2-MeTHF. C. K. obtained ESI-MS data on polymeric
materials. C. K. and J. S. M. assisted in ESI-MS data interpretation. M. A. W. performed
all other synthesis and characterization. M. A. W. interpreted the data and wrote the first

draft manuscript which was subsequently edited with A. S. and the other authors.
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4.1 Abstract

We report the synthesis of high molar mass polyphosphinoboranes using
commercially available reagents through thermal dehydropolymerization in the presence
of Lewis acids and bases. The dehydropolymerizations described here produce material
of higher molecular weight than the state-of-the-art catalyst, Cp(CO).FeOTf, ([PhPH-
BH:]n (4.2), 5 mol% LiOTf, 2 M in 2-MeTHF, 100 °C, 24 h; M, = 80 kDa, D= 1.64). We
also propose a three-part mechanism for the high temperature thermal
dehydropolymerization of PhPH2*BH3 (4.1), which occurs in three distinctive steps.
Initially the phosphine-borane adduct dissociates yielding borane in situ. This then
catalyzes the dehydrogenation of 4.1. Subsequent addition polymerization occurs as
described previously, but the addition of Lewis acids and Lewis bases allow for reversible
complexation of both termini. Thus, a competition of temporary chain capping and
termination events is generated, ultimately resulting in fewer termination events, leading
to high molar mass material. With this mechanism in mind, we are able to show that added

BH3+SMe: allows for control over the molar mass of the resulting materials.
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4.2 Introduction

Polymers incorporating main-group elements into their main chain are of interest as
inclusion of these elements can lead to desirable properties and useful materials, such
as polysiloxanes which exhibit tunable glass transition temperatures.’® Another class of
polymers that feature a main chain comprised of main group elements are
polyphosphinoboranes which feature alternating phosphorus and boron atoms along their
main-chain."%19-13 Polyphosphinoboranes are of interest for materials that exhibit self-
extinguishing behaviour, materials for soft lithography,'® and precursors to solvogels.'®
Further, poly(P-phenyl)phosphinoborane is of fundamental interest as an inorganic P-B
analogue of polystyrene. These materials were first sought in the 1950’s.'7:'® However,
well characterized polyphosphinoboranes were not accessed until the turn of the 215t
century where the Manners group reported on phosphine-borane adduct
dehydropolymerization using Rh catalysts.'®?° Since this seminal discovery, catalysts
have been explored by our and other groups based on Fe,?"?? Ir,2® and Rh (Scheme
4.1).24-28 More recently, we have worked in collaboration with the Greb group to showcase
the ability of a geometrically constrained aluminate species to act as a
dehydropolymerization catalyst?” and with the Weller group to characterize the first well-

defined block copolymer that is comprised of two distinct polyphosphinoborane blocks.?®

177



(pre)catalyst H R
R H2'BH3 \B
ca. 100 °C, 24 h H H N
R = Alkyl, Aryl -H,
l Rh N N
Fe <1 Cl Ar” “Fe CAr
AN Me3
/ Me
oCod o )

Cl TMS

Greb
Manners, 2015 Weller, 2016  Webster, 2017 & Manners, 2022

Scheme 4.1: Overview of catalytic phosphine-borane dehydropolymerization.

Polyphosphinoboranes can also be accessed through direct generation of
transient phosphinoborane monomers in situ. This was first demonstrated through the
synthesis of BuPH-BH2>(NMe3) adducts that would lose NMes under gentle heating to
generate phosphinoborane monomers in solution.?® Later, we have reported on the
synthesis of P-disubstituted polyphosphinoborane polymers (i.e. [PhRP-BH2],; R = Ph,
Et) through the cyclic(alkyl)amino carbene (cAAC) mediated dehydrogenation of requisite
phosphine-borane adducts® or through the deprotonation of phosphine-(triflimido)borane

adducts (Scheme 4.2).%"

Manners and Scheer, 2019 , Manners, 2019
R R
H c N CAAC
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Scheme 4.2: Metal-free routes to polyphosphinoboranes via the generation of

phosphinoboranes in situ.
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The mechanism of phosphine-borane dehydropolymerization is of interest as
mechanism led design of catalysts can result in greater efficiency in accessing materials
as well as greater control over the polymer microstructure and degree of polymerization.3?
However, despite mechanistic studies performed thus far,?124253334 the norm for
phosphine-borane dehydropolymerization requires the use of a catalyst that normally
takes several steps to synthesize, and forcing reaction conditions (= 16 h, 2 100 °C)."3
Some work has been done computationally, where Pomogaeva and Timoshkin have
explored the chemistry of PB decamers in silico.3® They found that end-group
complexation of phosphine-borane oligomers can prevent back-biting/cyclization of
oligomers (and thus terminating the reactive growing chain). End-group capping by either
just a relatively weak Lewis acid or a relatively weak Lewis base is insufficient to prevent
this cyclization event to occur, but capping at both ends can disfavor back biting. Further,
computational studies have suggested that BH3z can act as a catalyst for the
dehydrogenation of phosphine-boranes.®® Thus, in attempts to better understand the
mechanism of dehydropolymerization using the state-of-the-art CpFe(CO).OTf catalyst,

we explored the ability of LiOTf to catalyze the dehydropolymerization of PhPH2:BH3, 4.1.

4.3 Results and Discussion

First, thermal dehydropolymerization in the absence of additives was explored to
generate a benchmark for the reaction. This was achieved by preparing 250 yL of a 2 M
solution of PhPH2+BH3 (4.1) in toluene in a J Young NMR tube. This tube was then placed

in a heating block set to 100 °C for 24 h. Afterwards, the reaction was analyzed by 3'P{'H}

179



and ""B{"H} NMR spectroscopy revealing broad peaks at —-48.9 ppm and -34.7 ppm,
respectively, indicating that [PhPH-BH2], (4.2) had been accessed. Subsequently, the
polymeric material was isolated via repeated precipitations, first in cold /PrOH, and then
twice more in cold hexanes resulting in a 35% yield of colourless material. Analysis of the
material by gel permeation chromatography (GPC) confirmed that polymer was present,
albeit polydisperse material of low molar mass (M, = 12 680; D= 2.00) (Figure 4.1, left)
was detected.

Repeating the above procedure, however with added 5 mol% LiOTf to the reaction
mixture, resulted in the formation of higher molecular weight 4.2 (M, = 42 200; D= 1.69)
in 62% yield. These mass values nearly match the polymer produced when this reaction
is performed with 5 mol% of CpFe(CO).OTf (M,= 40 000 £= 1.70).2" We were surprised
by these results as our initial mechanistic studies suggested that the iron centre was
involved in the dehydrogenation and chain growth steps in dehydropolymerization.
However, the resulting polymer from LiOTf catalyzed dehydropolymerization is distinct
from polymer made from the [Fe] catalyst in that it has no iron-derived impurities. Instead,
any LiOTf derived impurities are colourless, and do not discolour the resulting material.
Intrigued by this result, we continued to explore the ability of commercially available salts
to dehydropolymerize phosphine borane adducts.

To determine the role of trifluoromethanesulfonate (OTf) moiety within LiOTf we
explored the ability of other OTf and bis(trifluoromethanesulfonyl)imide (NTf2) salts to
catalyze the dehydropolymerization of 4.1. Accordingly, performing the polymerization
described above using Mg(OTf). as an additive worked well as a catalyst for the

dehydropolymerization of 4.1 to 4.2 (M, = 32 020; © = 1.70, 67% yield). However, using
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Sc(OTf)s resulted in polymer that resembled that of thermal dehydropolymerization (M, =
12 370; D= 2.26, 42% yield). Thus, the ability to access high molar mass 4.2 is not general
across all OTf species. We then explored dehydropolymerization using the closely related
salt, LiNTf.. Similar to LiOTf and Mg(OTf)2, the addition of LiNTf, also resulted in the
formation of high, albeit slightly less high, molar mass 2 (M, =29 260; D= 1.73; 58% yield).

We continued to explore the effect of choice of anionic and cationic components
of the additive salts by exploring the effect of using salts with non-coordinating cation in
one case and a non-coordinating anion in the other. Here we found that using either
[BusN]J[OTf] or [Li][B(CeFs5)4]*Et2O resulted in polymer that resembled that of thermal
dehydropolymerizations with no additives ([BusN][OTf]: M,= 13 110; D= 1.68; 30% yield;
[Li][B(CsF5)a]*Et20: M, = 10 980; D= 2.29; 36% yield) similar to what was observed for
Sc(OTf)s. This suggests that being able to access a coordinatively unsaturated anion and
cation is key to accessing high molar mass 4.2 as Sc(OTf)3 is a well-established Lewis
acid.®”

We were curious if it was possible to access high molar mass material in the
thermal dehydropolymerization of 4.1a using a more traditional Lewis acid and Lewis
base adduct, BH3*SMe.. Accordingly, performing the polymerization as described above
with the addition of 5 mol% of BH3*SMe: resulted in the formation of polymeric material
as confirmed by GPC (M, = 27 990; b= 1.70).

As the presence of Lewis acids and bases in situ appeared to assist in the
formation of high molar mass 4.2 we targeted the thermal dehydropolymerization of 4.1
in a coordinating solvent rather than an arene solvent, which is more typical for this

transformation. Further, in the dehydropolymerizations of closely related amine-borane
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adducts, performing reactions in coordinating solvents can result in the formation of
higher molar mass material as chain transfer reactions are disfavoured.®® Accordingly, we
performed the dehydropolymerization of 4.1 in 2-MeTHF as this is a solvent has a higher
boiling point than THF and is derived from sustainable sources.3°

Performing the dehydropolymerization of 4.1 as a 2 M solution in 2-MeTHF without
any other additives also resulted in the formation of 4.2 after 24 h at 100 °C as determined
by 3P and "B NMR spectroscopy. Subsequent isolation was performed in the same
manner as described above resulting in a good yield of 70%. Analysis of the polymeric
material by GPC revealed that it was of very high molar mass (M, = 80,680 Da; D = 1.66).
Notably, this mass is double that from thermal dehydropolymerizations performed under
comparable reaction conditions using a 5 mol% loading of CpFe(CO)OTf in toluene.
Moreover, in our initial study on the dehydropolymerization of PhPH2:BH3; using
CpFe(CO)0Tf we found that performing the dehydropolymerization in 1,4-dioxane
resulted in the formation of higher molar mass material (M, = 67,000; & = 1.35).2" Further,
we assessed the ability of salts to catalyze the formation of high molar mass material and
found similar results to those obtained in toluene, where LiOTf, Mg(OTf)2, LiNTf2, and
BH3*SMe2 would produce high molar mass material and Sc(OTf)s, [BusN][OTf], and

[Li][B(CsFs)4]*Et.O produced material of lower molecular weights (Figure 4.1, right).
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Figure 4.1: Left: Dehydropolymerization of 4.1 in toluene with a bar chart depicting the
M, and M, values obtained from the resulting isolated materials. The value for
Cp(CO).FeOTf is taken from our previous study on its ability to dehydropolymerize 4.1.2!
Right: Dehydropolymerization of 4.1 in 2-MeTHF with a bar chart depicting the M, and My
values obtained from the resulting isolated materials. *Data for Cp(CO)FeOTf is from our
initial study on Cp(CO)2FeOTf, where a dehydropolymerization of 4.1 was performed in

1,4-dioxane.?

The thermal dehydropolymerization of 4.1 without any additives in 2-MeTHF might
appear counterintuitive at first, as the studies in toluene suggest both a Lewis acid and
Lewis base must be present in situ for high molar mass material to be accessed. However,

it may be possible that under the reaction conditions, a small fraction of 4.1 can undergo
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adduct dissociation into phenylphosphine (PhPH2) and borane (BH3). Computational
studies into the bonding of phosphine-borane adducts estimates that the bond
dissociation is unfavourable (AG° = 13.8 kcal*mol™"),%° but only a small amount of catalyst
is needed in solution. Further, if this dissociation were to occur, both Lewis base (2-
MeTHF, PhPH2) and Lewis acid (BH3) would be present in situ and would satisfy the
conditions established for dehydropolymerizations in toluene.

Having identified LiOTf and BH3*SMe. as good catalysts in the
dehydropolymerization of 4.1, we aimed establish a relationship between polymer
molecular weight and conversion of 4.1 (Figure 4.2). Accordingly, separate 2 M solutions
of 4.1 with either 5 mol% of BH3*SMe: or LiOTf in 2-MeTHF were prepared. Each solution
was separated equally between eight J Young NMR tubes which were then sealed and
placed in a heating block set to 100 °C. Afterwards, the J Young NMR tubes were
removed at 15 min, 30 min, 1 h, 2 h, 3, 6 h, 16 h and 24 h. Once cooled to ambient
temperature, the solutions were diluted with CDCls and analyzed by '""B{'H} and 3'P{'H}
NMR spectroscopy (Figure 4.2, top). Performing the dehydropolymerization in 2-MeTHF
with 5 mol% of LiOTf gave results similar to those observed for the dehydropolymerization
with Cp(CO)2FeOTf performed in toluene, where at 6 h there was ca. 35% conversion of
4.1. Further, analysis of each reaction using LiOTf over the 24 hour period revealed that
high molar mass material is obtained within 6 h (Figure 4.2, bottom) at this low
conversion, similar to what was observed for dehydropolymerizations performed with
CpFe(C0O).0Tf.2" However, dehydropolymerizations performed with 5 mol% BH3z*SMezin
2-MeTHF appeared to occur at a significantly higher rate than LIOTf as significant

conversion (> 80%) of 4.1 had occurred within 6 h. Further, analysis of the reaction
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products by GPC revealed that a significant portion of high molar mass material was
obtained as early as within 3 h. Moreover, two clear polymerization phases can be
observed where GPC traces of materials obtained in the dehydropolymerization of 4.1
with 5 mol% of BH3*SMe:. First, GPC traces obtained at or before 6 hours show the
progression into a lower molecular weight material as 4.1 approaches ca. 90% conversion
by NMR spectroscopy with high molar mass material obtained at low conversion (< 25%).
However, GPC traces obtained after 6 h reveal the formation of a higher molar mass

material, indicative of a step growth mechanism.
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Figure 4.2: Conversion of 4.1 to dehydrogenated products over 24 h using either

BH3*SMe> or LIOTf as the catalyst (top) and GPC traces of dehydropolymerizations

performed over 24 h. Conversion values were obtained by the relative integrations of 4.1

to 4.2 in 3'P{"H} or ""B{'H} NMR spectra (bottom).

To explore whether parts of the additives could be observed as end-groups in 4.2,

we conducted end-group analysis using electrospray ionization mass spectrometry (ESI-

MS). This technique was chosen for its ability to identify oligomeric chains with specific

end-groups. Samples of 4.2 were prepared in DCM, and both positive and negative mode
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spectra were recorded. For polymerizations performed with either LIOTf or BHz*SMey,
series of peaks separated by 122 m/z, the mass of the [PhPH-BH2] monomer, were
observed and signals corresponding to oligomers with up to 23 repeat units could be
identified (Figure 4.8, in the experimental). Closer inspection of the positive mode spectra
with peaks in the 1 300 — 1 500 m/z range indicated that polymerizations carried out with
5 mol% of LiOTf predominantly featured decamers and undecamers with H and PhPH:
end-groups (Figure 4.9, in the experimental). In contrast, for polymerizations performed
with 5 mol% of BH3*SMe>, positive mode spectra within the same range reveal signals
corresponding to oligomers with BH2(SMe2) and H end groups, in addition to those with
H and PhPH2 end-groups. In negative mode ESI-MS spectra for polymerizations
performed with either LiIOTf or BH3*SMe2, a series of peaks corresponding to P-
phenylphosphinoborane decamers and undecamers with BHs and H end groups are
consistently observed. Thus, for polymerizations performed in LiOTf, end-groups
incorporating either component of LiOTf could not be observed by ESI-MS. However, as
both components of LiOTf are weakly coordinating, it is possible that these potential end
groups are displaced in the work up, sample preparation, or in the ESI-MS instrument
itself. In contrast, for polymerizations performed with BH3*SMe>, both BH3 and SMe> were
observed as chain caps. The source of BHs end groups could either be from 4.1 or
BH3*SMez, but the presence of the BH2(SMez) chain-ends implicates that BH3*SMe:z has
a role in chain propagation of the growing polymer.

Based on the results from dehydropolymerizations of 4.1 performed in toluene and
2-MeTHF, as well as the studies on the dehydropolymerizations performed over 24 hours,

and the end-group analysis of samples of 4.2, | believe the following mechanism may be
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occurring (Scheme 4.3). First, at elevated temperatures cleavage of phosphine-borane
at elevated temperature yields a small portion of free borane (BH3) in situ (Scheme 4.3
a). Then, free borane acts as the true dehydrogenation catalyst, enabling the formation
of phosphinoborane monomers (M), which undergo subsequent addition polymerization
to produce polymeric material (P) (Scheme 4.3 b). This hypothesis is supported by the
observation that polymerizations performed with added BH3 exhibit significantly higher
rates of conversion (> 80% conversion of 4.1 within 6 h, Figure 4.2) and yield high molar
mass, low dispersity materials more rapidly (within 3 h, Figure 4.2) than polymerizations
performed without. For example, for the polymerization performed with LiOTf (i.e. no
added borane), greater than 80% conversion of 4.1 occurs after 6 h, and a significant
portion of high molar mass, low dispersity material is also only obtained after 6 h.

Thus, the role of the additive is likely in the stabilization of the growing chain (P).
From the polymerizations performed in toluene and 2-MeTHF, it was revealed that
additives that had both Lewis acidic and basic components were required to access high
molar mass materials (Figure 4.1). Further, ESI-MS of polymeric materials obtained using
added BH3*SMe:> revealed the presence of oligomers with end groups corresponding to
both BH3z and SMe> (Figure 4.10, in the experimental). Furthermore, polymerizations
performed in coordinating solvents accessed material of higher molar mass than those
performed in non-coordinating solvents (Figure 4.1). Moreover, performing
polymerizations in the presence of a strong Lewis acid (Sc(OTf)3)*' consistently results in
materials of relatively low molecular weight (Figure 4.1). Therefore, we propose that the
stabilization may be occurring through the reversible coordination of weak Lewis acids

and weak Lewis bases to chain termini (Scheme 4.3 c). This would allow for the
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attenuation of the reactivity of the growing oligomer chain, through accessing a chain-
capped dormant species, LB-P-LA, allowing for reactions that compete with chain
termination including cyclization reactions.3® The dormant species, LB-P-LA, could
release either LB or LA to access P-LA or LB-P. Either dissociation would result in the
formation of an active species which can continue growth via addition polymerization
through reactions with M. Further, either LB-P or P-LA can readily recombine with either
LA or LB to access the dormant species. However, reactions between LB-P and P-LA
would also allow for reformation of the dormant species coupled with an increase in the
chain length. Moreover, the ability to favour the formation of the dormant species either
through choice of Lewis acid and Lewis base, or the loading of the chosen Lewis acid and
Lewis base may allow for greater control over the polymerization of phosphinoboranes

produced in situ.
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Scheme 4.3: Proposed mechanism for the dehydropolymerization of 4.1 at elevated

temperatures.

If the above mechanism were in operation, it may be possible to control the degree
of polymerization as a greater concentration of Lewis Base and Lewis Acid in situ would
potentially favour the dormant species (LB-P-LA) and result in material of lower molecular
weight. Accordingly, 5 different loadings were explored (1 mol%, 2.5 mol%, 5 mol%, 7.5
mol%, and 10 mol%) of either LiOTf or BH3*SMe2 while maintaining a concentration of 2
M of 4.1 in 2-MeTHF (Figure 4.3). The dehydropolymerization reactions were performed
at 100 °C and the reactions occurred over the course of 24 hours. Dehydrocoupling was
determined to have occurred in each case and subsequent isolation of the materials

resulted in moderate to good yields (560% to 74%). Analysis of the polymers produced
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with 1 — 10 mol% of LiOTf added revealed that while low loadings of LIOTf resulted in
material of higher molar mass, no real correlation between LiOTf loading and the obtained
polymer molar mass could be observed at loadings at or greater than 5 mol%. However,
polymerizations performed with added BH3*SMe: revealed a clear relationship between
loading and degree of polymerization across conditions attempted (1 — 10 mol% of
BH3+SMez), obtaining materials over a wide mase range with similar dispersity (83,120 —
57,740 Da; D ca. 1.66). This control over the resulting material further supports the

mechanism proposed in Scheme 4.3.
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Figure 4.3: Effect of additive loading on the dehydropolymerization of 4.1 with a bar chart
showing the M, values obtained for reactions performed using LiOTf on the left and

reactions performed using BH3*SMe: on the right.
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4.4 Conclusion

In summary, we report the synthesis of high molar mass polyphosphinoboranes using
commercially available reagents. We propose that thermal dehydropolymerization occurs
in three major steps: adduct dissociation to give free borane, allowing for the second step
where free borane catalytically dehydrogenates 4.1. The third phase is the polymerization
step where reactive phosphinoboranes in situ catenate to yield linear chains that can then
undergo termination events to yield polymeric materials. However, in the presence of
additives, such as LiOTf or BH3*SMe>, phosphinoboranes and their chains can participate
in Lewis acid base chemistry at either terminus, competing with termination events and
allowing for further chain growth to access polymers. This approach has allowed for the
synthesis of high molar mass 4.2 from the dehydropolymerization of 4.1 in 2-MeTHF,
where the presence of additives can afford control over the resulting materials, with
BH3*SMe:2 having a clear relationship to M, of the resulting material over a wide mass
range (M, = 57,740 — 83,120 Da). Overall this work has implications for the field of
phosphine-borane dehydropolymerization in that high molar mass material can be
accessed using sustainable and readily available reagents. Moreover, this work provides
evidence for an alternative mechanism that may allow for greater control over the addition
polymerization of phosphinoborane monomers produced in situ. Further work is underway
in supporting this mechanism, exploring scope, and ability to synthesize block-

copolymers.
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4.5 Experimental

Unless otherwise noted, storage and manipulation of chemicals were performed under
an inert atmosphere of either N2 or Ar gas using standard Schlenk techniques, or, carried
out in an MBraun 200B glovebox. Further, any glassware used was dried overnight in a
200 °C oven. Toluene was dried using an MBraun Grubbs/Dow solvent purification
system*? and stored over activated 4 A molecular sieves. 2-Methyl tetrahydrofuran was
purchased from Sigma Aldrich and was dried via distillation off sodium metal and
degassed via freeze-pump-thaw cycles. The phosphine-borane adduct, PhPH2+BH3 (4.1),
was prepared using standard literature procedures.’ LiOTf, Mg(OTf)2, Sc(OTf)s, LiNTf,
[BusN]J[OTH], [Li][B(CeFs5)4]*Et2O, BH3*SMe2, and CDCI3 were all purchased from Sigma
Aldrich and used as received. Solvents used in the isolation of polymeric material were

purchased from Sigma Aldrich and used as received.

Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker Avance
NEO 500 MHz spectrometer. '"H NMR spectra were referenced to protons in the solvents
and heteronuclear spectra were referenced using the recommended IUPAC reference

compounds.

Mass spectrometry experiments were performed with a Waters Synapt G2-Si in positive
and negative modes with a capillary voltage of 3.00 kV, a cone voltage of 60 V, and a
source offset voltage of 80 V. All samples were prepared in HPLC grade dichloromethane
(Supelco, EMD Millipore). An optimal response was obtained using a desolvation gas flow

of 100 L h'*, cone gas flow of 100 L h-!, source temperature of 50 °C, and desolvation gas
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temperature of 150 °C. The scan time was set to 2 s with an inter-scan time of 0.1

seconds, over a mass range of m/z 50-3000 Da.

Gel-permeation chromatography (GPC) was performed on a Malvern RI max Gel
Permeation Chromatograph, equipped with an automatic sampler, a pump, an injector,
and inline degasser. The columns (styrene/divinyl benzene gel, 1xT5000 and 1xT3000)
were maintained at 35 °C. Sample elution was detected by means of a differential
refractometer. THF (VWR), containing 0.1 wt% [n-BusN]Br to reduce polymer adsorption'
was used as the eluent at a flow rate of 1 mL min~'. Samples were dissolved in THF (2
mg/mL) and filtered through a 0.2 ym PTFE syringe filter before analysis. Calibration was
conducted using commercially available monodisperse polystyrene standards (Aldrich, 1

200 —4 200 000 Da).

Thermal Dehydrogenation of 1 in Toluene

To a 1 dram vial was added 0.5 mmol (62 mg) of phosphine-orane adduct, 4.1, and
toluene (250 pL). Then, this solution was transferred to a J Young NMR tube. The J Young
NMR tube containing 4.1 was then sealed and removed from the glovebox and placed in
a heating block setto 100 °C. The reaction was heated at this temperature over the course
of 24 h, after which the heating plate was turned off, and the reaction was left to cool.
Once the thermometer indicated the heating block was at or below 30 °C, the tubes were
removed from the heating block and carefully unsealed to allow the built-up pressure to

release. Afterwards, CDCIs was added to the tube in open air, and the reactions were
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assessed by 3P NMR to confirm the reaction was complete and that
polyphosphinoborane, 4.2, was accessed. In order to isolate the polymeric material (4.2),
the resulting solution of 4.2 was added dropwise to a rapidly stirring solution of /PrOH that
was previously chilled to —20 °C, resulting in the precipitation of colourless polymeric
material. The vial containing the precipitate and supernatant was then centrifugated at 4
000 revolutions per minute (RPM) for 1 h, before decanting the supernatant and collecting
the white precipitate. The precipitate was briefly dried in air and redissolved in THF before
the precipitation was repeated in rapidly stirring hexanes that was cooled to —20 °C.
Subsequently the precipitation was centrifugated at 4000 RPM for 5 minutes, then the
precipitate was collected by removal of the supernatant. This precipitate was then dried
in vacuo for 16 h, resulting in a white powder in 35% yield (22 mg). Analysis by 'H, "B,
and 3'P NMR spectra that match what is previously reported. Analysis by GPC resulted

in the trace in Figure 4.4 with tabulated data (M,, D) given in Table 4.1.

Polymerizations Performed in Toluene with Additives

To a 1 dram vial was added Phosphine-Borane adduct (4.1) (0.50 mmol, 62 mg) and
toluene (250 pL). Then, in a J Young NMR tube 5 mol% (0.025 mmol) of the additive was
weighed out and the solution of 4.1 in toluene was transferred to the tube. The J-Young
NMR tube containing 4.1 and the additive was then sealed and removed from the
glovebox and placed in a heating block set to 100 °C. The reaction was heated at this
temperature over the course of 24 h, after which the heating plate was turned off, and the

reaction was left to cool. Once the temperature gauge gave a value below 30 °C, the
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tubes were removed from the heating block and carefully unsealed to allow the built-up
pressure to release. Afterwards, CDCIlz was added to the tube in open air, and the
reactions were assessed by 3'P NMR to confirm the reaction was complete and
polyphosphinoborane (4.2) was accessed. Polymer samples were isolated as described
above in 30—-64% yield. Gel permeation chromatography was used to determine the molar
mass of materials accessed with the resulting traces in Figure 4.4 and tabulated data

given in Table 4.1.

"H NMR (500 MHz, 298 K, CDCl3): 8 = 6.85 — 7.52 ppm (5 H, br m, Ar-H), 4.29 ppm (1
H, br d, '"Uup = 349 Hz, PH), 1.53 ppm (2 H, br, BHz). ""B{'"H} NMR (160 MHz, 298 K,
CDCI3): & = —=34.7 ppm (br); 3'P NMR (200 MHz, 298 K, CDCls): 3 = —48.9 ppm (d, "Jpn

= 349 Hz).
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GPC traces of material obtained
from polymerizations performed in toluene
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Figure 4.4: GPC traces of materials obtained from dehydropolymerizations of 4.1

performed in toluene.

Thermal Dehydropolymerization in 2-MeTHF

To a 1-dram vial was added phosphine-borane adduct, (4.1) (0.50 mmol, 62 mg) and 2-
methyl tetrahydrofuran (250 pL). Then, this solution was transferred to a J Young NMR
tube. The J Young NMR tube was then sealed and removed from the glovebox and placed
in a heating block set to 100 °C. The reaction was heated at this temperature over the
course of 24 h, after which the heating plate was turned off, and the reaction was left to
cool. Once the temperature gauge gave a value below 30 °C, the tubes were removed
from the heating block and carefully unsealed to allow the built-up pressure to release.
Afterwards, CDCI3; was added to the tube in open air, and the reactions were assessed
by 3P NMR to determine the reaction was complete and confirm that
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polyphosphinoborane (4.2) was accessed. Afterwards, the polymer was isolated as
described above in 70% vyield (43 mg). GPC was used to determine the molar mass of
materials accessed with the resulting trace in Figure 4.5 and tabulated data available in

Table 4.1.

Polymerizations Performed in 2-MeTHF with Additives

To a 1 dram vial, 4.1 (0.50 mmol, 62 mg) was added. Then, 5 mol% of the additive and
2-MeTHF was added to this vial. Subsequently, the reaction mixtures were transferred to
J Young NMR tubes. The J Young NMR tubes were then sealed, removed from the
glovebox, and placed in a heating block set to 100 °C. The reaction was then heated at
this temperature for 24 h, after which it was allowed to cool and carefully depressurized.
Subsequently, samples of 4.2 were isolated as described for reactions performed in
toluene in 24 — 71% yield. GPC was used to determine the molar mass of materials

accessed with the resulting trace in Figure 4.6 and tabulated data available in Table 4.1.
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GPC traces of materials obtained from
polymerizations performed in 2-Me-THF
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Figure 4.5: GPC traces of materials obtained from dehydropolymerizations of 1

performed in 2-MeTHF.

Determination of Conversion and Molar Mass of 2 at 0.25to 24 h

To determine the approximate rate of dehydropolymerization of 4.1 to 4.2 in 2-MeTHF
solutions with LiOTf or BH3z*SMe>2 added reactions were set up in J Young NMR tubes
with 4.1 (0.025 mmol, 31 mg), either 5 mol% of LiOTf or BH3*SMe: and total reaction
volumes of 125 pL of 2-MeTHF. The J Young NMR tubes were sealed, removed from the
glove box, and heated for either 0.25, 0.5, 1, 2, 3, 6, 16, or 24 h. Afterwards, the tubes
were removed from heating and cooled to 20 °C, diluted with CDClI3 (750 uL), and
monitored by ""B{'H} and 3'P{"H} NMR spectroscopy yielding the spectra in Figure 4.15
to Figure 4.18 and represented graphically in Figure 4.2. Afterwards, the polymers were

isolated as described above as white powders in 49-72% yields and monitored by GPC
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to determine the molar mass of isolated materials as shown in Figure 4.6 and with

tabulated data available in Table 4.1.

Polymerizations Performed in 2-MeTHF using LiOTf (1-10 mol%)

First, a solution of LIOTf (1 M) in 2-MeTHF was prepared. Afterwards, in a 1 dram vial,
phosphine-borane adduct (4.1) (0.50 mmol, 62 mg) was added. Then, the required
amount of the solution of LiOTf (1 M) was added to the vial (5 — 50 yL), and the reaction
was topped off to have a total volume of 250 L (i.e., 2 M of 4.1 in 2-MeTHF). The reaction
mixture was transferred to a J Young NMR tube and placed in a heating block set to 100
°C. The reactions were heated for 20 h, after which it was allowed to cool and carefully
depressurized. Then, CDCls; was added and the reactions were analyzed by *'P NMR
spectroscopy to ensure that the reaction had reached completion and that 4.2 was
produced. Polymer samples were isolated as described for reactions performed in toluene
in 50 — 74% vyield. Similarly, GPC was used to assess the materials produced with GPC

traces available in Figure 4.6 and tabulated data available in Table 4.1.
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GPC traces of materials obtained from
mol% loading experiments using LiOTf
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Figure 4.6: GPC traces of materials obtained from the dehydropolymerization of 1 in 2-

MeTHF with 1 — 10 mol% of LiOTf added.

Polymerizations Performed in 2-MeTHF using BH3*SMe: (1-10 mol%)

To a 1 dram vial, phosphine-borane adduct was added (4.1) (0.50 mmol, 62 mg). Then,
the required amount of BH3*SMez in THF (2 M, 2.5 — 25 yL) was added to this vial.
Afterwards 2-MeTHF (250 pL) was added resulting in an approximately 2 M solution of
4.1, with BH3*SMe2. The reaction mixture was transferred to a J Young NMR tube, sealed,
removed from the glovebox and placed in a heating block set to 100 °C. The reaction was
then heated at this temperature for 24 h, after which it was allowed to cool and carefully
depressurized. Then, CDCl; was added and the reactions were monitored by 3'P NMR
spectroscopy to ensure that the reaction had reached completion and that 4.2 was

produced. Polymer samples were isolated as described for reactions performed in toluene
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in 63 — 79% vyield. Similarly, GPC was used to assess the materials produced with GPC

traces available in Figure 4.7 and tabulated data available in Table 4.1.

GPC traces of materials obtained from
mol% loading experiments using BH;*SMe,

] — 1 mol%
200 2.5 mol%

: | — 5mol%

] — 7.5 mol%
100 — 10 mol%

Relative RI Response | mV —

o

T T T T 1
14 15 16 17 18

Ret. Vol. | mL —
Figure 4.7: GPC traces of materials obtained from the dehydropolymerization of 1 in 2-

-
w

MeTHF with 1 — 10 mol% of BH3*SMe: added.
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Mass Spectra Obtained for End Group Analysis
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Figure 4.8: ESI-MS spectra (1 000 — 3 000 m/z) of residual oligomers present in the materials obtained from the

dehydropolymerization of 4.1 in the presence of added LiOTf or BHs*SMe2. The turquoise double-headed arrows indicate a

spacing of 122 m/z.
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Figure 4.9: ESI-MS spectra of residual oligomers present in materials obtained from the dehydropolymerization of 4.1 in
the presence of either LiOTf or BHs*SMe2. Selected peaks are labelled with a mass and corresponding symbol for the type
of oligomer (A, EG = H, EG' = PhPHz; A, A-oxide; ¢, EG = BH2(SMe2), EG' = H; <, ®-oxide; %, EG = BH3; EG' = H; @,

EG, EG’ = unknown end groups with m/z corresponding to either 32 or 154; Q, tentatively assigned as @-oxide).
205



GPC Data
Table 4.1: Data obtained from the dehydropolymerizations of 4.1 performed within this study as described in the synthetic

procedures. (n/a = not applicable).

Entry Solvent 1/ mmol Additive mol% Time / h M,/ Da D

1 toluene 0.5 none n/a 24 12,680 2.00
2 toluene 0.5 LiOTf 5 24 42,200 1.69
3 toluene 0.5 Mg(OTf)2 5 24 32,020 1.36
4 toluene 0.5 Sc(OTf)3 5 24 12,370 2.26
5 toluene 0.5 LiNTf, 5 24 29,260 1.73
6 toluene 0.5 [nBusN][OTH] 5 24 13,110 1.68
7 toluene 0.5 [Li][B(CsF5)4]*Et20 5 24 10,980 2.29
8 toluene 0.5 BH3*SMe, 5 24 27,990 1.70
9 2-MeTHF 0.5 none n/a 24 80,680 1.66
10 2-MeTHF 0.5 LiOTf 5 24 80,403 1.64
11 2-MeTHF 0.5 Mg(OTf), 5 24 87,570 1.66
12 2-MeTHF 0.5 Sc(OTf)s 5 24 24,260 1.64
13 2-MeTHF 0.5 LiNTf, 5 24 79,690 1.66
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NMR Spectra
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Figure 4.10: 'H NMR (500 MHz, CDCls, 298 K) of 4.2 from dehydropolymerization of 4.1 in 2-MeTHF with added LiOTHf.
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Figure 4.11: "B NMR spectrum (161 MHz, CDCls, 298 K) of 4.2 obtained from the dehydropolymerization of 4.1 in 2-
MeTHF with 5 mol% of LiOTf added.
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Figure 4.12: ""B{'"H}NMR spectrum (161 MHz, CDCls3, 298 K) of 4.2 obtained from the dehydropolymerization of 4.1 in 2-
MeTHF with 5 mol% of LiOTf added.
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Figure 4.13: 3'P NMR spectrum (201 MHz, CDCls, 298 K) of 4.2 obtained from the dehydropolymerization of 4.1 in 2-
MeTHF with 5 mol% of LiOTf added.
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Figure 4.14: 3'P{"H} NMR spectrum (201 MHz, CDCls, 298 K) of 4.2 obtained from the dehydropolymerization of 4.1 in 2-

MeTHF with 5 mol% of LiOTf added.
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Figure 4.15: 3'P{'H} NMR spectra (201 MHz, 2-MeTHF and CDCI; (1:6 ratio), 298 K) of 4.2 obtained from the

dehydropolymerization of 4.1 in 2-MeTHF with 5 mol% of LiOTf over 24 h.
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Figure 4.16: ""B{'H} NMR spectra (201 MHz, 2-MeTHF and CDCI; (1:6 ratio), 298 K) of 4.2 obtained from the

dehydropolymerization of 4.1 in 2-MeTHF with 5 mol% of LiOTf added over 6 (bottom), 16 (middle), and 24 (top) h.
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Figure 4.17: 3'P{'H} NMR spectra (201 MHz, 2-MeTHF and CDClI; (1:6 ratio), 298 K) of 4.2 obtained from the

dehydropolymerization of 4.1 in 2-MeTHF with 5 mol% of BH3*SMe> over 24 h.
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Figure 4.18: ""B{'H} NMR spectra (161 MHz, 2-MeTHF and CDCIs (1:6 ratio),, 298 K) of 4.2 obtained from the

dehydropolymerization of 4.1 in 2-MeTHF with 5 mol% of LiOTf over 24 h.
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Chapter 5

Dehydrocoupling of Phosphine-Borane Adducts Under
Ambient Conditions Using Aminoboranes as Hydrogen

Acceptors
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manuscript which was subsequently edited with A. S. Dr. Etienne A. LaPierre prepared

the titanium catalyst used in the ambient condition catalytic dehydropolymerization study.
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5.1 Abstract

Herein we report on the reactivity of aminoboranes (R2N=BH2; R = iPr, Et, Me) with
phosphine-borane adducts (PhR'PH*BH3; R' = H, Ph). We discovered that when
sufficiently sterically unencumbered, aminoboranes can accept hydrogen from
phosphine-borane adducts. The hydrogen transfer results in the formation of amine-
borane adducts (R.NH<*BH3) and transient phosphinoboranes (PhR'P-BH>) in situ. These
phosphinoboranes undergo subsequent reactivity to access either polyphosphinoborane,
[PhPH-BH:]s, or linear dimer, PhoPH*BH>—Ph2P+BH3. Unlike metal catalyzed phosphine-
borane dehydrocoupling, which occurs at elevated temperatures (2 M, toluene, =2 100 °C,
2 24 h), these dehydrocoupling reactions occur under ambient conditions (2 M, toluene
or CsDs, 20 °C, < 24 h). We performed a computational and experimental mechanistic
study in which we have identified that this transformation likely occurs via a P-to-N and
B-to-B hydrogen transfer via a 6-membered transition state. Lastly we explore the
ambient condition catalytic dehydrocoupling of phosphine-borane adducts, where we are

able to obtain 16% conversion of PhoPH<BHs.
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5.2 Introduction

The dehydropolymerization of phosphine-borane adducts leads to
polyphosphinoboranes, [R2P-BR2],, which are main-chain, main-group inorganic
polymers.’-® Main chain main group inorganic polymers are much less explored than
organic polymers, but certain classes, such as polyphosphazenes'®'? or
polysiloxanes''* have found useful applications due to their complementary properties
compared to organic polymers. Polyphosphinoboranes are another class of main-chain
main-group polymers that are much less explored because the synthetic access to them
is still very limited. However, it has been shown that they can be of high interest for
example for self-extinguishing materials,'® thin films for lithography,'® or solution-
processable ceramic precursors.'”

The first attempted synthesis of polyphosphinoboranes was through the thermal
dehydrogenation of phosphine-borane adducts in the 1950’s, but the resulting materials
were poorly characterized by modern standards.'®2° Since then, several advances have
been made: The first major advancement was the first metal catalyzed dehydrocoupling
of phosphine-borane adducts using [Rh(COD)CI]2 in 1999 by Manners and co-
workers.?'?2 This was followed by the discovery that CpFe(CO).OTf can
dehydropolymerize phosphine-borane adducts to yield high molar mass, low dispersity
polyphosphinoboranes.?® Other catalysts have reported based on Ru,?4=2° Ir,30 or Fe3'-32,
or AI®3 centers that are capable of the dehydropolymerization phosphine-borane adducts
(Scheme 5.1). In one case, a block copolymer comprised of two distinct

polyphosphinoborane blocks was accessed.?® Generally, these catalysts require forcing
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conditions (ca. 100 °C, 24 h) and the mechanisms that occur at each catalyst appear to

differ,423.24.28.29.34 gnd often are unknown.

(pre)catalyst H R
R H2'BH3 \B
ca. 100 °C, 24 h, - H, H Hl,

' Selected (pre)catalysts:

&S 7

| N. _N
Fe M /R.h\c| Ar” “Fe CAr
oc_/ %" Me L
od OTf )
cl T™MS
Manners, 2015 Weller, 2016 Webster, 2017

Scheme 5.1: Overview of catalytic P-phenylphosphine-borane dehydropolymerization.

To overcome these barriers, other strategies for the dehydropolymerization of
phosphine-boranes via the targeted generation of transient phosphinoboranes (R-P—BH>)
have been explored (Scheme 5.2). In a collaborative endeavor with the Scheer group,
the Manners group reported on phosphinoborane-trimethylamine adducts (RPH-
BH2(NMes3); R = tBu, Me), which upon gentle heating (22-50 °C) release
phosphinoborane in situ that can then catenate to yield polymeric materials.353¢ It was
then discovered that cyclic alkylamino carbenes (CAAC) accept H> from phosphine-
borane adducts (PhRPH+BH3; R = H, Ph, Et) leading to polyphosphinoboranes [RR'P—
BH2]» in a transition metal free dehydrocoupling reaction.3” Most recently, the ability
access transient phosphinoboranes through the deprotonation of phosphine-
(bis(trifluoromethanesulfonyl)imide)borane adducts (PhRPH+*BH2(NTf.); R = H, Ph, Et) to
yield polymeric materials was realized.3® Thus, it is well established that the generation
of transient phosphinoboranes in situ can yield these coveted inorganic polymers.

However, catalytic routes to generate phosphinoboranes in situ as precursors for
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polymers, and that operate at mild conditions, and with a well-defined catalytic cycle are
not yet known.

In this article, we explore the ability of aminoboranes (iProN=BH: (5.2a), Et2N=BH
(5.2b), and Me2N=BH: (5.2c)) to accept H. from phosphine-borane adducts under
ambient conditions. We find that both 5.2b and 5.2c are capable of phosphine-borane

dehydrocoupling and then explore the mechanism of how this transformation occurs.

Manners, 2023

RR'PH-BH,(NTf,)

IPr | [iPryEtN—H]
20 °C | [NTfy]
Scheer & Manners, 2015 Manners, 2019
H R CAAC
| 22-40°C ' 60 °C
tB - \B/NMe3 '/ \B/H RR’ H'BHS
ut B, -NMe; R F — CAAC+H,
H H
N-Ar
R /R'
"B CAAC
H Hin
R=tBu,R'=H
or
R =Ph, R'=H, Ph, Et
This work: R H
N R
A H Ph H H
PhR H’BH3 > \B or HPh ,B\ ,BH3
toluene H HI, 2 PH \Ph
R=H, Ph 20°C,16 h
- RzNH'BHa

Scheme 5.2: Overview of synthesis of phosphinoboranes in situ as polymer precursors
(top) and the focus of this study, the ability of aminoboranes to act as dehydrocoupling

agents for phosphine-borane adducts (bottom).
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5.3 Results and Discussion

The dehydrogenation of amine-boranes has been explored in greater detail than the
dehydrogenation of phosphine-boranes.3® What is striking about the chemistry of amine-
boranes is that hydrogen can be transferred easily and spontaneously between amine-
boranes and aminoboranes.*® The mechanism of this transformation has been
researched in great detail: An initial hydrogen bonding interaction between an amine-
borane and an aminoborane leads to a 6-membered intermediate (TS1) which then
undergoes an asynchronous concerted N-to-N' and B-to-B' hydrogen transfer (Scheme
5.3).4' This reaction is driven forward by the cyclodimerization of 5.2¢ to cyclo-5.2c..
Therefore, we hypothesized that phosphine-boranes could undergo a similar
transformation with an aminoborane where a 6-membered cyclic intermediate leads to a
P-to-N and B-to-B' hydrogen transfer. This would yield transient phosphinoboranes
(PhRP-BH2) that are known to readily catenate into polymeric materials and amine-

borane adducts (RRNH+BH3).

J\ J\ via TS1 N7

.B. H" "H
H H
5.20-”2 5.2a 5.2a-H2 5.2¢c
1
L _H-_J_jp H
_N- N—IPr v/
Me N|I 'I ) H\$_Nl/
H—B~\ f’B: /N_B\
. H \ H
H H I H
TS1 cyclo-5.2c,

Scheme 5.3: Metal-free hydrogen transfer between aminoboranes and amine-borane

adducts.
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For this study, we chose to explore the reactivity of phosphine-borane adducts
(PhRPH+BH3; R = H (5.1a) and Ph (5.1b)) with three different aminoboranes (R2N=BHz;
R = iPr (5.2a), Me (5.2b), and Et (5.2c)) (Figure 5.1). Each aminoborane 5.2a-c has a
different steric environment at the nitrogen centre, with /Pr being the most sterically
demanding organic N-substituent, and Me being the least. In the case of 5.2a, the free
aminoborane has been detected in situ, indicated by its "B NMR spectrum with a single

signal at ca. 34 ppm.*?

Decreasing Steric Crowing of N

4( H — H \
N=B N=B N=B
5.2a 5.2b 5.2¢

< |
Increasing proportion of free aminoborane in situ
Figure 5.1: Overview of aminoboranes used in this study.

Di-isopropylaminoborane, 5.2a, is readily accessed via the thermal
dehydrogenation of its precursor amine-borane adduct (iPr.NH*BH3) and can be stored
indefinitely. However, aminoboranes 5.2b and 5.2c are known to readily cyclodimerize
and exist in equilibria between free aminoborane and cyclic dimer, which is evidenced by
"B NMR peaks at 36.5 ppm for 5.2b*? and 36.6 ppm for 5.2¢,**4% and 1.5 ppm for the

cyclodimer of 5.2b (cyclo-5.2b2)* and 4.5 ppm for that of 5.2¢, (cyclo-5.2c2).#3 Thus, in
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order to obtain high concentrations of an amino borane in solution for 5.2b and 5.2c, we
targeted the synthesis of amine-(bis(trifluoromethanesulfonyl)imide)boranes
(RaNH<BH2(NTf2); R = Me (5.3b) and Et (5.3c); Tf = SO2CF3) as the deprotonation of
these adducts should yield the respective aminoboranes (Scheme 5.4). Accordingly, to
rapidly stirring DCM solutions of either Et2NH*BH3 (5.2b-H2) or Me2NH+BH: (5.2¢-H2) solid
HNTf> was added at 20 °C, resulting in the formation of bubbles. After 1 h the formation
of bubbles had ceased, and the reaction was determined to be complete by ''B NMR
spectroscopy as the precursor amine-borane adducts were consumed (with a peak at
-17.9 ppm for 5.2b-H,** and -14.3 ppm for 5.2c-H;*%) and that the new amine-
(triflimido)boranes 5.3b and 5.3c were accessed indicated by new signals at —6.7 ppm
and —5.2 ppm respectively. These are similar "B NMR chemical shifts reported for other
closely related species.?®4” Removing volatiles from these reactions, and recrystallizing
5.3b and 5.3c from DCM and hexanes allowed for the isolation of both as colorless
crystals in high yields (87% for 5.3b and 89% for 5.3c¢). With 5.2a, 5.3b, and 5.3c in hand,

we sought to explore the reactivity of aminoboranes with phosphine-borane adducts.

HNTF,
RzNH'HS > R2NH'BH2(NTf2)
DCM, 20 °C, 1 h
5.2b-H, or 5.2c-H, - H, R = Et (5.3b), Me (5.3c)

Scheme 5.4: Synthesis of aminoborane precursors 5.3b and 5.3c.

Initially, we explored the reactivity between the phosphine-borane adducts
(PhRPH+BH3) (5.1a and 5.1b) and 5.2a. Accordingly, 5.2a was added to toluene solutions
of PhRPH+BH3 (5.1a and 5.1b) and these solutions were left at 20 °C. After 24, the

solutions were examined by "B and 3'P NMR spectroscopy revealed that no reaction had
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occurred in either case. Thus, the solutions were transferred to J-Young tubes and placed
in a heating block set to 60 °C. After another 24 hours, "B and 3'P NMR spectroscopy
revealed that still no dehydrocoupling had occurred, and efforts were turned to other
aminoboranes.

Our hypothesis was that iProN=BH> has a nitrogen centre that was too sterically
encumbered and prohibited any hydrogen transfer chemistry. Thus, we explored the
ability of the less sterically encumbered N,N-diethylaminoborane (5.2b) and N,N-
dimethylaminoborane (5.2c) to accept Hz2 from 5.1a or 5.1b. Accordingly, 2 M toluene
solutions of equimolar amounts of either 5.3b or 5.3c and either 5.1a or 5.1b were
prepared in 4 dram vials charged with stirring bars and to each one equivalent of /Pr2EtN
was added. After 24 hours at 20 °C, the reactions were investigated by ''B and 3'P NMR
spectroscopy after which revealed that both adducts had undergone dehydrocoupling, to
access polyphosphinoborane, 5.4a (5("'B{'H}): —34.7 ppm; 8(3'P{'H}): -48.9 ppm), from
5.1a, and the dimeric species, 5.4b (5(''B{'H}): =33.2 ppm, —37.3 ppm; *'P{'H} -3.3 ppm,
-17.7 ppm), from 5.1b (Figure 5.2). While conversion of 5.1a to 5.4a was high when
either aminoborane was used (100% from generating 5.2b and 91% for 5.2c¢), the
conversion of 5.1b to 5.4b was low when using 5.2b (44%) but significantly higher when
using 5.2¢ (71% conversion). Further, by "B NMR spectroscopy, it was revealed that the
corresponding amine-borane adduct (5.2b-H2 or 5.2c-H2) was formed in each reaction,
and unreacted cyclo-5.2b, and cyclo-5.2c; was also observed. Gel-permeation
chromatography of isolated 5.4a accessed using 5.3c confirmed the material was
polymeric, albeit of low molecular weight (M, = 10 280, D = 1.84). This is notable, as

typically to access dehydrocoupled materials directly from phosphine-borane adducts
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such as 5.1a or 5.1b significant heating is required for long periods of time.* Alternatively,
cAAC-mediated dehydrocoupling of 5.1a or 5.1b requires temperatures at or above 60

°C for 4 hours.%”

RlzNH‘BHzNsz
(5.3b or 5.3c) H Ph H H
PhRPH-BH; 4 E. __BH
iPryEtN 7| © HPhP” TR
2 M Et,0, 20 °C, 24 h H HIn PH Ph
SAa(R=H) = prEtN-H
- — [PrEtN-H][NTf,]
54b(R=Ph) _5op.Hyor5.2¢cH, 42 5.4b
M, =10 280
b=1.84
a *

: M
¢ jk A
« Lk

30 20 10 0 -0 -20 -30 -40 -50 -60 -70 -80
f1 (ppm)
Figure 5.2: Dehydrocoupling of 5.1a or 5.1b using aminoboranes generated in situ under

ambient conditions (top) and 3'P (a and c) and 3'P{'H} (b and d) NMR spectra of crude
reaction mixture containing dehydrocoupled products from 5.1a (a and b) and 5.1b (c and
d) (bottom). Signal for residual unreacted 5.1a marked with a “**. P—P coupling is not
observed in the 3'P and 3'"P{'H} NMR spectra of 5.4b likely due to the influence of adjacent

B nuclei.
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After the discovery of this transformation, we aimed to monitor the reactivity more
closely by following the depletion and generation of boron containing species by ""B{'H}
NMR spectroscopy. Accordingly, 0.17 M CeDs solutions of equimolar amounts of 5.1a or
5.1b with 5.3a or 5.3b were prepared in J-Young NMR tubes, and iPr.EtN was added
subsequently. Then, within 5 minutes of base addition, '"B{"H} NMR spectra were
obtained every minute over the course of one hour, of which relative concentrations are
plotted below (Figure 5.3). In dehydrocoupling reactions between either 5.2b or 5.2¢c with
5.1a, by the time the first spectrum was obtained, nearly all of the aminoborane had
already converted into amine-borane adduct, and a significant portion of phosphine-
borane had undergone dehydrogenation. Conversely, in dehydrocoupling reactions with
5.2b or 5.2c with 5.1b, very little conversion of aminoborane to amine-borane adduct
occurs. This suggests that the reaction between aminoboranes and P-disubstituted
phosphine-borane adducts occur at a slower rate, likely due to the greater steric crowding
of the phosphorus centre. However, in the dehydrocoupling reaction between 5.2b and
5.1b, the conversion of 5.2b to cyclo-5.2b> can be clearly observed. However, when
using 5.2c¢ to dehydrocouple 5.1b, only very small amounts of 5.2c was observed in situ

for the first few spectra, after which only cyclo-5.2c, was observed.
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Figure 5.3: Conversion plots of 5.1a to 5.4a (left) and 5.1b to 5.2b (right) using 5.2b (top_

and 5.2c (bottom) generated in situ. Values were determined by "B NMR spectroscopy.

The mechanism of this reaction was further investigated by a DFT study. This
endeavor was aided by the fact that the hydrogen transfer chemistry between 5.2a and
Me;NH<BH3; has already been reported.*’ In this study it was revealed that the
dehydropolymerization operates through a concerted N-to-N and B-to-B hydrogen
transfer via a 6-membered transition state (Scheme 5.3, TS1).4" The computations were
performed at the PBEO level of theory with 6-31G(d,p) basis set, which revealed an
transition state energetic barrier of 91 kJemol™" (22 kcal*mol™"). Furthermore, the overall
hydrogen transfer was endergonic with a AG® value of 11 kJsmol™ (2.6 kcalsmol™).
However, as DMAB readily dimerizes, the overall transformation was exergonic, with a

AG° of —18 kJ*mol™" (-4.3 kcalsmol™").
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For exploring the reaction between 5.1a and 5.2b we chose to use the PBEO-D3BJ
level of theory and the def2-TZVP basis set. The 6-membered transition state (Figure
5.3, TS2) was located computationally with a barrier of 84 kJsmol™" (20 kcalsmol™"),
comparable to the barrier determined for the hydrogen transfer between Me2NH<*BH3 and
5.2a. Further, similar to the reactions between 5.2a and Me:NH<BH3, the overall
dehydrogenation of PhPH2*BH3 with 5.2b is endergonic (49 kJ*mol™! or 12 kcalsmol™").
However, as phosphinoboranes without significant steric protection defy isolation and
readily undergo subsequent reactivity,*4° it is reasonable that this reaction is driven
forward by subsequent head-to-tail addition polymerization. The values were also
calculated for the reaction between 5.1b and 5.2b where the transition state was located
with a barrier of 82 kJsmol™" (20 kcal*mol™") and the overall hydrogen transfer was also

endergonic (61 kJsmol~" or 15 kcalsmol™).

Ph, H Et
R=H P N-E
AG°*= 84 kJomol™’ l JH
R=Ph H-P B
AG°# = 82 kJ*mol ™" H
TS2
H
HoopH “~-.__ int-1/2+5.2b-H,
: - \H ) Sso
R /l 1
Ph / R g
T R=H R
Bt 2o/ AG°=49kJmolt 1 P
. = Ph | int-1/2
Et K AG°=61kJmol™t |+
5.1alb +5.2b / | T
""""""""""""""""""""" H. .B?
e-h M
(PBEO/def2TZVP | Et
5.2b-H,

Figure 5.4: Gibbs free energy reaction profile for the dehydrogenation of 5.1a and 5.1b

using 5.2b to access int-1 (R = H) and int-2 (R = Ph) and 5.2b-H:2 via TS2.
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If the computed mechanism were to operate, one would expect a kinetic isotope
effect to occur. Accordingly, for the dehydrogenation of 5.1a using 5.2b as a hydrogen
acceptor we explored the effect of replacing P- and B-bound hydrogen atoms with
deuterium atoms. Firstly, a kinetic isotope effect (kn/kp) of 1.64 was determined from
computed structures (PBEO/def2TZVP) using conventional transition state theory
including Wigner’s tunnelling correction.® Further, reaction of 5.1a-ds (PhPD2°BD3) with
5.2b generated in situ resulted in what appears to be a slower rate of dehydrogenation.
When dehydrocoupling 5.1a, the reaction reaches nearly full completion by the time the
first "'B{"H} NMR spectrum is obtained, while in the case of 5.1a-ds only about half of the

phosphine-borane adduct has undergone dehydrogenation within the same time.

Conversion of 5.1a to 5.4a using 5.2b Conversion of 5.1a-d5 to 5.4a-d3 using 5.2c
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Figure 5.5: Comparison of the rates of reaction between 5.2b generated in situ with 5.1a
and 5.1a-ds.

Thus, based on our studies we currently believe that this reaction operates under
the following mechanism (Scheme 5.5). Free aminoborane (5.2b or 5.2c) formed in situ
can react with itself to generate the corresponding cyclic dimer species (cyclo-5.2b2 or
cyclo-5.2c;), which is a well-studied phenomenon.*' However, it can also react with
phosphine borane adduct (5.1a or 5.1b), possibly via a 6-membered transition state to
access phosphinoboranes (int-1 or int-2) and amine-borane adducts (5.2b-H2 or 5.2c-
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H2) in situ. These reactive phosphinoboranes undergo subsequent chemistry, depending
on the steric environment of the phosphorus centre. The less sterically encumbered int-
1 (PhPH-BH:2), can undergo subsequent addition polymerization to yield 5.4a, and the
more sterically encumbered int-2 (PhoP-BH>) undergoes P-B bond forming reactions to

access the linear dimer, 5.4b.

PhR'PH-BH; ; RoNH-BH3
5.1a or 5.1b Ph, H R 5.2b-H, / 5.2¢c-H,
+ R-"" 'N-R +
R é :I|3 H B H
N /H H- 7~y < R~ "B,
/N:B\ H H H Ph/ H
R H int-1/int-2
5.2bor5.2c R=Et Me TS1 R'=H
R' = H, Ph RI = Ph‘
H Ph
B H\ /H
R H ) BH
\ ] H H n P 3
NR e PH Ph
H-B-N-R S4a
H R 5.4b
cyclo-5.2a, or
cyclo-5.2b,

Scheme 5.5: Proposed mechanism of aminoborane-mediated dehydrocoupling of

phosphine-borane adducts.

The catalytic dehydrocoupling of phosphine-borane adducts under ambient
conditions was also targeted. We envisioned this would be possible through the
generation and regeneration of reactive aminoboranes in situ as they are much less
challenging to dehydrogenate than phosphine-boranes.* In this survey Cp*.TiMe (5, Cp*

= pentamethylcyclopentadienyl), a potent single-site, early transition metal-based amine-
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borane dehydrogenation catalyst,>' was used to dehydrogenate either 5.2b-H; or 5.2c-
H2 in the presence of phosphine-borane adducts (5.1a or 5.1b). Here, 1.33 M solutions
containing 5.2b-H: or 5.2c-Hz, 5.1a or 5.1b, and 2.5 mol% (relative to amine-borane and
phosphine-borane) of 5.5 were prepared in CsDs at 20 °C. Upon addition of 5.5, the
solution went from a dark blue color to green, indicating that a transformation had
occurred. However, the solutions were left to stir for 24 hours longer, after which they
were monitored by "B and 3'P NMR spectroscopy. Investigation of the heteronuclear
spectra revealed that some conversion (ca. 16%) of 5.1b to 5.4b had occurred when 5.2c-
H2 was used as the aminoborane source (Figure 5.5). In each other case, very little to no
conversion of 5.1a or 5.1b to 5.4a or 5.4b was observed. Further in a control reaction
under the same conditions without the presence of 5.2¢, no conversion of 5.1b to 5.4b
was observed. It is possible that the conversion of 16% of 5.1b to 5.4b in the presence of
5.5 was due to the higher rate of dehydrogenation of 5.2c-H2 to 5.2¢c, compared to the
slightly bulkier 5.2b-H2. The limited success may be due to the fact that phosphine-borane
adducts are known to undergo reactions with Ti"' species.5? Accordingly, 5.1b likely reacts
with 5.5 slower than 5.1a would as it is more sterically encumbered, potentially explaining
why dehydrocoupling with a P-disubstituted phosphine-borane has occurred while

dehydrocoupling with the P-monosubstituted phosphine-borane has not.
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Figure 5.6: Reaction conditions for the ambient condition catalytic dehydrocoupling of

5.1b using a Ti catalyst to generate aminoboranes in situ (a), and the 3'P{'H} NMR

spectrum of the reaction mixture, revealing 16% conversion of 5.1b to 5.4b.
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5.4 Conclusion

In this study, we have unlocked the ambient condition dehydrocoupling of
phosphine-borane adducts using simple reagents. This was made possible through using
aminoboranes as hydrogen acceptors. It was found that the steric environment of the
nitrogen centre was an important factor in whether or not this reaction could occur. Here,
a too sterically encumbered nitrogen centre of the aminoborane would prevent the
dehydrogenation reaction from occurring, but if the nitrogen centre is not sufficiently
kinetically protected, the aminoborane will dimerize and compete with the
dehydrogenation reaction. We propose that this reaction occurs via the 6-membered
transition state where hydrogen transfer occurs in a concerted P-to-N and B-to-B fashion,
similar to what has been observed for Hz transfer between amine-borane adducts and
aminoboranes. Lastly, through metal-catalyzed regeneration of reactive aminoboranes,
we have been able to catalytically dehydrocouple phosphine-boranes under ambient
conditions using an early transition metal through a transfer dehydrogenation mechanism.
Further studies will aim to explore other catalysts to access the ambient condition catalytic
dehydropolymerization of phosphine-borane adducts via the proposed transfer
dehydrogenation mechanism. Also, a more in-depth study of the reaction mechanism for

the dehydrogenation of phosphine-boranes by aminoboranes is underway.
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5.5 Experimental

Unless otherwise noted, storage and manipulation of chemicals were performed under
an inert atmosphere of either N2 or Ar gas using standard Schlenk techniques or carried
out in an MBraun 200B glovebox. Further, any glassware used was dried overnight in an
oven at 200 °C. Toluene was dried using an MBraun Grubbs/Dow solvent purification
system® and stored over activated 4 A molecular sieves. Benzene-ds was purchased
from Sigma Aldrich and was dried via distillation off sodium metal and degassed via
freeze-pump-thaw cycles, chlorodorm-d;s was purchased from Sigma Aldrich and used as
received. The phosphine-borane adducts, PhPH2*BH3 (5.1a) and PhoPH+BH3 (5.1b),2"22
amine-borane adducts Et;NH<BH3 (5.2b-Hz) and MezNH+BH3 (5.2¢c-H2B),%+%% and
iPro.N=BH (DIAB)*? were prepared using standard literature procedures. Solvents used
in the isolation of polymeric material were purchased from Sigma Aldrich and used as
received. Nuclear Magnetic Resonance (NMR) spectroscopy was performed on a Bruker
Avance NEO 500 MHz spectrometer. '"H NMR spectra were referenced to the residual
protons in the deuterated solvents and heteronuclear spectra were referenced using the
recommended IUPAC reference compounds. '*C were referenced to their corresponding
solvent peaks. Mass Spectrometry was performed on a Thermo brand Ultimate 3000 ESI-
MS, equipped with an orbitrap mass selector with a resolution of 140,000. Samples were
prepared by dissolving ca. 0.1 mg of product in 3 mL of HPLC grade acetonitrile and the
resulting solution passed through a 0.2 ym PTFE syringe filter prior to analysis. IR
spectroscopy was performed using an Agilent Cary 630 FTIR spectrometer fitted with an
ATR diamond sampling module with a resolution of 4 cm™. For each IR experiment, 32

background scans were performed, and spectra were obtained from 4000-650 cm™'. Gel-
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permeation chromatography (GPC) was performed on a Malvern Rl max Gel Permeation
Chromatograph, equipped with an automatic sampler, a pump, an injector, and inline
degasser. The columns (styrene/divinyl benzene gel, 1xT5000 and 1xT3000) were
maintained at 35 °C. Sample elution was detected by means of a differential
refractometer. THF (VWR), containing 0.1 wt% [n-BusN]Br to prevent adsorption,®” was
used as the eluent at a flow rate of 1 mLemin~". Samples were dissolved in THF (2 mg/mL)
and filtered through a 0.2 ym PTFE syringe filter before analysis. Calibration was
conducted using commercially available monodisperse polystyrene standards (Aldrich, 1

200 —4 200 000 Da).

General Procedure for the synthesis of Amine-(Triflimido)Borane Adducts

A solution of the corresponding amine-borane adduct (1.0 mmol, 5.2b-H>: 86 mg, 5.2c-
H2: 58 mg) was prepared in dichloromethane (1 mL) in a 20 mL vial charged with a stirring
bar, To the rapidly stirred solution was carefully added solid
bis(trifluoromethanesulfonyl)amine (1.0 mmol, 281 mg) resulting in the immediate
evolution of a gas. The solution was allowed to stir for 30 min further followed by removal
of volatiles in vacuo which yielded colourless solids. The solids were then recrystallized
from a mixture of dichloromethane and hexanes resulting in high yields of the colourless

product.

Et2NHeBH2(NTf2) 5.3b: 87% yield (318 mg). 'H NMR (CDCls, 298 K, 500 MHz): 3.90 ppm
(1H, br s, N-H), 3.05 ppm (2 H, m, N(CH2CHs)z2), 2.87 ppm (2 H, m, N(CCH2CH3), 2.50
(2 H, br m, BH2NTf2), 1.29 ppm (6 H, t, 3Jnn = 6.5 Hz, N(CH2CHj3). ; ''B NMR (CDCls, 295
K, 161 MHz): —6.7 ppm; 3C{'"H} NMR (CDCls, 298 K, 126 MHz): 119.6 ppm (q, CF3), 45.4
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ppm (s, N(CH2CH3)2), 11.18 (s, N(CH2CHs) . ESI-MS: (note, cleavage of B-NTf, was
observed in an acetonitrile solution, and instead the accurate mass values for [Eto-NH—
BH>(MeCN)]* and [NTf;}- are reported) Positive mode calculated for CeH16BN2:
127.14065 m/z, Found: 127.14098 m/z; Negative mode calculated for C2FeNO4S::

279.91729 m/z, Found: 279.91756. FTIR-ATR (neat): vn-1: 3255 cm™, vp_r: 2486 cm™.

Me2NH<*BH2(NTf2) 5.3c: 89% yield (300 mg). '"H NMR (CDCls, 298 K, 500 MHz): 4.51
ppm (1 H, br s, N-H), 2.62 (6 H, d, N(CCHs)2), (2 H, br m, BH2NTf,); ''B NMR (CDCls,
295 K, 161 MHz): —5.21 ppm (br); 3C{'H} NMR (CDCls, 298 K, 126 MHz): 119.6 ppm (q,
CF3), 40.5 ppm (s, N(CHzs)2). ESI-MS: (note, cleavage of B-NTf, was observed in an
acetonitrile solution, thus the accurate mass values for [Me2NH-BH>(MeCN)]* and [NTf,]
are reported) Positive mode calculated for CeH16BN2: 99.10935 m/z, Found: 99.10912
m/z; Negative mode calculated for C2FsNO4S2: 279.91729 m/z, Found: 279.91798. FTIR-

ATR (neat): vn-n: 3263 cm™, vg_n: 2475 cm™.

Reaction of Phosphine-Borane Adducts (5.1a and 5.1b) with iPro.N=BH: (5.2a)

To an 8-dram vial charged with a stirring bar was added phosphine-borane adduct (1
mmol; 5.1a: 124 mg, 5.1b: 200 mg), N,N-diisopropylaminoborane (0.5 mmol, 5.2a: 113
mg) and 250 uL of toluene. The solution was then left to stir at room temperature for 24
h, after which it was transferred to a J-Young NMR tube and diluted to 750 pL. Monitoring
the reaction by "B and 3'P NMR spectroscopy revealed no conversion of either
phosphine-borane adduct occurred. Thus, the sealed NMR tubes were transferred to a

heating block set to 60 °C and left to react for another 24 h. Subsequently, the reactions
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were monitored once more by "B and 3'P NMR spectroscopy. In both reactions, no

dehydrocoupling was observed.

General Procedure for Ambient Condition Dehydrocoupling of Phosphine-Borane

Adducts using Aminoboranes generated in situ as Hydrogen Acceptors

To an 8-dram vial charged with a stirring bar was added phosphine-borane adduct (0.5
mmol; 5.1a: 62 mg, 5.1b: 100 mg), amine-triflimidoborane adduct (0.5 mmol; 5.3a: 183
mg, 5.3b: 169 mg) and 250 L of toluene. Then, to this stirring solution was added /Pr2EtN
(0.5 mmol, 87 pL). The solution was allowed to stir for 24 h. For reactions involving 5.1a,
after 24 h the reaction mixture was poured into stirring cold hexanes, resulting in the
formation of a white precipitate. The precipitate was collected by carefully removing the
supernatant. The precipitate was then redissolved in THF and reprecipitated into another
vial of cold, rapidly stirring hexanes. Decanting the supernatant and drying the resulting
precipitate in vacuo resulted in the isolation of polyphosphinoborane, 5.4a, with
characterization data given below. For reactions involving 5.1b, the obtained
phosphinoborane dimer material 5.4b was not isolated, and instead %conversion values

are given.

[PhPH-BHz]» (5.4a): Using 5.3b, 100% conversion was obtained after 24 h by NMR
spectroscopy, and there was an isolated yield of 61% (76 mg). Using 3¢, 91% conversion

was obtained after 24 h by NMR spectroscopy and there was an isolated yield of 54% (67

mgQ).

'"H NMR (500 MHz, 298 K, CDCl3): 5 = 6.85 — 7.52 ppm (5 H, br m, Ar-H), 4.29 ppm (1 H,

brd, "Unp = 349 Hz, PH), 1.53 ppm (2 H, br, BH2). ""B{"H} NMR (160 MHz, 298 K, CDClI5):
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5 = -34.7 ppm (br); 3'P NMR (200 MHz, 298 K, CDCls): & = -48.9 ppm (d, 'Jpn = 349 Hz).

GPC: M, =10 280, b = 1.84.

Ph2PH<BH2>-Ph2P*BH3 (5.4b): Using 5.3b, 44% conversion was obtained after 24 h by
NMR spectroscopy. Using 5.3c, 71% conversion was obtained after 24 h by NMR

spectroscopy.

1B NMR (CDCls, 295 K, 161 MHz): —=33.2 (br, BHz), =37.3 (br, BHs): 3'P{'"H} NMR (CDCls,

298 K, 202 MHz): 3.3 ppm (br, PhoPH), =17.7 (br, Ph2P).

Reaction Procedure for Relative Rate Estimation

To a 1-dram vial charged with a stirring bar was added phosphine-borane adduct (0.13
mmol; 5.1a 16 mg, 5.1a-ds 17 mg, or 5.1b 26 mg), amine-trifimidoborane adduct (0.13
mmol, 5.3b: 48 mg, 5.3c: 44 mg) and 750 pL of CsDs. The solution was allowed to stir for
a few moments to ensure homogeneity and then transferred to a J-Young NMR tube.
Then, to this tube was added /Pr2EtN (0.13 mmol, 23 pL). The tube was then sealed, and
removed from the glovebox. Just before inserting the tube into the NMR probe, the tube
was inverted twice to ensure homogeneity of the reaction mixture. The first spectra was
obtained within 5 minutes of the reaction starting and the reactions were then monitored
over the next hour by ""B{'H} spectroscopy. Data from the reactions between 1a or 1b
with 2b or 2c are shown in Figure 5.3 and the comparison of the reactions between 1a
or 1a-dsare shown in Figure 5.6. Stacked NMR spectra of the reactions are available in

Figures 5.7 to Figure 5.11.
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Reaction Procedure for Catalytic Transfer Dehydrocoupling of Phosphine-Borane

Adducts

To a 1-dram vial charged with a stirring bar was added phosphine-borane (1 mmol, 5.1a:
124 mg, 5.1b: 200 mg) and amine-borane adduct (1 mmol, 5.2b-H2: 86 mg, 5.2c-H2: 58
mg). To each vial was added 500 pL of CeDe. In a separate vial, a 0.1 M dark blue solution
of Cp*TiMe (5.5) in CeDes was prepared. To each rapidly stirring reaction 250 uL of the
solution of 5.5 (0.025 mmol, 8 mg) was added, for a final volume of 750 pL, resulting in a
change from a deep blue colour to green. This solution was then stirred over 24 hours
and subsequently monitored by 3'P and 3'P{"H} NMR spectroscopy. In a control reaction,

no reactivity between 5.1b and 5.5 was observed without 5.2c-H2 present.

Mesg
2.5 mol% 5 =7
H H 1 eq. 2b-H, or 2¢c-H N
H_ —B H or Ph2 He BH3 4 2 2 or HPh /B\ /BH3 %TI .
PH H CGDS, 24 h, 20 °C 2 7\
Ph Ph Mes
5.1a 5.1b 5.4a 5.4b 5.5
——

Scheme 5.6: Reactions attempted for the ambient condition catalytic dehydrocoupling of

phosphine-borane adducts.

Computational Details

All the computations were performed using the Gaussian16.C01 program suite.®® In each
case, the PBEO hybrid functional®® was used with the def2-TZVP basis set,?° and

Grimme’s empirical dispersion with Becke-Johnson dampening (D3)%" was used.
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Stationary points were confirmed as local minima by the lack of imaginary frequencies,

while transition states were confirmed by the presence of one imaginary frequency.
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Figure 5.7: "B NMR spectra taken over 60 min (160 MHz, 298 K, CsDs) of a reaction mixture containing 5.2b, cyclo-5.2b,,

5.2b-H2, 5.4a and 5.1b.
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Figure 5.8: ''B NMR spectra taken over 60 min (160 MHz, 298 K, CsDs) of a reaction mixture containing 5.2b, cyclo-5.2b,,

5.2b-H2, and 5.1b.
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5.2c-H2, 5.4a and 5.1a.
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Figure 5.10: "B NMR spectra taken over 60 min (160 MHz, 298 K, C¢Ds) of a reaction mixture containing 5.2c, cyclo-
5.2c¢2, 2¢-H2, and 5.1b.

252



H Et

H-p-N-Et D Ph
Et\N:B'H Et-N-B-y EtE‘N—B’?H /li/')\a% D D
B’ H Et H B H DD|n D-P-E-D
5.9b cyclo-5.2b, 5.2b-d, rad PK D
3 5.1a-d; .
A N M t=5min
A VAN /\/\
A N M
A N 4/\L
N N M
N M
N AN
N AN
N .
N /\
A Y\
N /.
N /.
A N
N A
A /.
N AW
N N
N .
N A
/N S t =65 min
0 50 40 30 20 10 0 -10 -20 -30 -40 -50 -6(

f1 (ppm)

Figure 5.11: "B NMR spectra taken over 60 min (160 MHz, 298 K, CsDs) of a reaction mixture containing 5.2b, cyclo-

5.2b2, 2b-d-, 5.4a-d3; and 5.1a-ds.
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Chapter 6

Conclusions, Future Directions, and Outlook

6.1 Summary of Conclusions from Research Chapters

The work within this thesis expands upon the generation and reactivity of transient
aminoboranes and phosphinoboranes. In Chapter 2, transient phosphinoboranes are
generated via the deprotonation of phosphine-(trifimido)borane adducts. These transient
species readily undergo addition polymerization to access polyphosphinoboranes,
including polymeric materials that have two organic phosphorus substituents. End-group
analysis of the polymeric materials obtained in Chapter 2 revealed residual unreacted
base as end groups, implicating the base had a role in both deprotonation and chain
propagation steps. In Chapter 3, transient aminoboranes are generated via deprotonation
of amine-(trifimido)borane adducts. Here, maintaining temperatures at or below —60 °C
allowed for the direct observation of transient primary aminoboranes as the sole species
in situ. Further, the reactivity of primary aminoboranes as the sole species in situ was
explored for the first time. Chapter 4 explored the ability of Lewis acid and base pairs to
catalyze the dehydropolymerization of phosphine-borane adducts to access high molar
mass, low dispersity polymers. Here it was revealed that simple salts such as lithium
triflate or reagents such as borane dimethylsulfide could access high molar mass
materials. It is hypothesized that these materials assist in the stabilization of the growing

polymer chain, competing with chain termination reactions such as cyclization,
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protonation or hydride transfer. Lastly, Chapter 5 explored the dehydrocoupling of
phosphine-borane adducts under ambient conditions using aminoboranes as hydrogen
acceptors. Here a remarkable transformation was explored, where aminoboranes accept
hydrogen from phosphine-borane via a 6-membered transition state in which P-to-N and
B-to-B hydrogen transfer yields amine-borane and transient phosphinoboranes. Unlike
thermal catalytic dehydropolymerizations,’ which occur at temperatures at or above 100
°C, typically over the course of 16 or more hours, the reaction between aminoboranes

and phosphine-borane adducts occurs under ambient conditions nearly spontaneously.
6.2 Future Directions

From the findings within this thesis, | believe the logical next steps for research within
phosphine- and amine-borane dehydrocoupling chemistry are to access P-disubstituted
polyphosphinoboranes in a more atom economical manner, to gain greater control over
the addition polymerization of aminoboranes formed in situ, and to further explore ambient
condition catalytic dehydropolymerization of phosphine-borane adducts. My thoughts on
how to achieve these goals are presented below.

6.2.1 Accessing P-Disubstituted Polyphosphinoboranes

P-Disubstituted polyphosphinoboranes are predicted to be less reactive than P-
monosubstituted polyphosphinoboranes as they lack a P-H bond, making them attractive
polymers for practical applications. P-disubstituted polymers can be accessed as the
longer P-B bonds can accommodate a second substituent. However, most attempts to
dehydropolymerize Ph,PH<*BH3;to [Ph2.P—-BH2], produce Ph,PH+BH—Ph,P+BHj3 instead.?"
% In 2019, the Manners group reported the CAAC-mediated dehydropolymerization of
PhRPH+BH3 (R = Ph, Et) to access high molecular weight [PhRP-BH:];, albeit in low yield
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(ca. 10%).1° End-group analysis of these materials found CAAC end groups, implicating
their involvement beyond dehydrogenation.

In Chapter 2, it was determined that the choice of base influenced the reaction
outcome in the addition polymerization of P-disubstituted phosphinoboranes generated
via deprotonation of phosphine-(trifimido)boranes. When a simple amine base, /Pr2EtN,
is used, a product that is hypothesized to be PhRPH*BH>—Ph2P<BH>(NTf.) (R = Ph, Et) is
obtained. However, when an N-heterocyclic carbene (NHC) such as IPr (IPr = N,N-(2,6-
diisopropylphenyl)imidazole-2-ylidene) is used, high molar mass [PhRP-BHy], is
obtained in moderate to good yields (50% — 70%). End-group analysis of these polymeric
materials revealed NHC end groups, thus NHCs have a role beyond deprotonation in this
transformation. In Chapter 3, it was shown that in the high temperature catalytic
phosphine-borane dehydropolymerizations, chain stabilization of growing polymer chains
is key in accessing polymeric materials. Further, in the dehydrocoupling of PhoPH+*BH3
using aminoboranes, as described in Chapter 5, PhoPHBH>—Ph2P+<BH3 is obtained,
highlighting the need for an initiator in the addition polymerization of Ph.P—-BH: generated
in situ to access polymeric material.

Thus, | believe that attempts to access [PhRP+*BHz], from PhRPH*BH3 (R # H)
have resulted in PhRPH<BH>—PhRP<BH3 as PhRP-BH: inserts into PhRPH<BH3,
generating a stable species that does not undergo further polymerization (Scheme 6.1).
However, in the presence of either NHC or CAAC, a reaction occurs to form PhRP-BHz(L)
(L = NHC or CAAC), preventing insertion into unreacted PhRPH+BH>, and initiating the
addition polymerization of phosphinoboranes. Further, a recent computational study on

[PH>-BH2]10 revealed that coordination of an NHC to the B-terminus can prevent
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cyclization of the decamer."" This may also be the case for polymerizations performed in
the presence of residual NHC/CAAC. Accordingly, to access P-disubstituted polymers |
believe it is necessary to both rapidly dehydrogenate the precursor phosphine-borane
adduct to avoid the formation of stable dimeric species and to get a high concentration of
phosphinoborane in situ and to have an initiator present that allows for polymerization to

occur (Scheme 6.1).

initiation propogation
3 R ki R K, .
R,PH-EH, conditions _ 5. j _initiator _ L RoP=BH, P |
-Hy R Il3 R $\H B
H H H H|n-1
ko I = initiator
RoPH"BH; For polymerization to occur:
H H 1. k1_>.>> k>
o BH, 2. Initiator must be present
HRP™ R 3. k; and k, >>> k;
R R

Scheme 6.1: Necessary conditions to access P-disubstituted polymeric material from

phosphinoboranes formed in situ.

To access high concentrations of phosphinoboranes in situ | have shown that
aminoboranes can accept hydrogen from phosphine-borane adducts rapidly under
ambient conditions. But, for the polymerization to occur, initiation needs to happen.
Accordingly, performing the dehydrogenation of PhRPH<*BH3 in the presence of an
initiator can potentially result in the formation of polymer with two phosphorus substituents
(Scheme 6.2). If this initiator was something like an NHC or a CAAC, a significant portion
would likely react with the precursor phosphine-borane or the amine-borane product.'?12
However, addition of NHC-stabilized aminoboranes or phosphinoboranes, such as those

synthesized in Chapters 2 and 3, to these P-disubstituted phosphine-borane
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dehydrocoupling reactions may act as the initiated phosphinoborane unit and allow for
access to these coveted polymers without the need for stoichiometric amounts of either
NHC or CAAC. Further, molecular weight control over the polymers may be gained based
on the amount of initiator added and may allow for the living polymerization of phosphine-

borane adducts.

Proposed method to obtain P-disubstituted polymers [ initiator (I) = |
R Ar-N_ N—ar
Me,N=BH, . I RR |, _H
n R2 H’BH3 n N /H B ~ ",B\
~Me,NH-BH, R % B. me s M
2 ° H H Hjn Me
E=N,

Scheme 6.2: Proposed method for accessing P-disubstituted polymeric materials from
the dehydrocoupling of phosphine-borane adducts without the need for a stoichiometric

(to phosphine-borane) amount of NHC or CAAC.

6.2.2 Obtaining Greater Control Over Aminoborane Addition Polymerization

Amine-borane dehydropolymerization has relied largely on catalysts that focus on the
dehydrogenation of amine-borane adducts, and the subsequent polymerization is an off-
metal phenomenon (Scheme 6.3)."-'3 Currently, control over the polymerization step has
relied mostly on the addition of chain-transfer agents that interfere with chain-propagation

and yield lower molecular weight polymers.'

'Tl Addition R H
catalyst Polymerization \
n RNH2'BH3 —>Hy n R‘N"B\H y N\B
— , B
2 H H HIn

not isolated
Scheme 6.3: General scheme for the catalytic dehydropolymerization of amine-borane

adducts.
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In Chapter 3, | described the synthesis of reactive primary aminoboranes as the
sole species in situ for their subsequent reactivity studies. While these studies focussed
on the synthesis of small molecules, these findings also will allow for the study of
polymerization of transient primary aminoboranes and may allow for the development of
aminoborane addition polymerization in a way analogous to that of olefin polymerization.
For example, olefins can be polymerized via anionic, cationic, radical, or coordination-
insertion mechanisms allowing for control such as living or stereoselective
polymerizations (Scheme 6.4 a)."® These individual polymerization mechanisms have not
yet been discovered for amine-borane adducts. Thus, addition of Lewis bases, such as
NHC, or Lewis Acids such as B(CeFs)3, or radical initiators to solutions of RNH-BH: (R =
alkyl chain, allyl, benzyl) may allow for the controlled addition polymerization of
aminoboranes (Scheme 6.4 b). Further, the work described in Chapter 3 unlocks the
potential to explore the role of the metal in the polymerization step and may allow for a
catalyst that does operate via a coordination-insertion mechanism, opening the door for
stereospecific polymerization of aminoboranes (Scheme 6.4 b). Moreover, the synthesis
of aminoborane block-copolymers can be explored from the addition polymerization of
aminoboranes produced as the sole species in situ. The ability to subsequently form
nanoscopic structures from a block copolymer consisting of two distinct polyaminoborane
blocks may allow for the subsequent study of the ability to make well-defined
nanostructures that could be converted to ceramic nanoparticles, a potentially very

exciting material in nanotechnology (Scheme 6.4 c).6-2"
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Scheme 6.4: Different mechanisms for the polymerization of olefins (a), potential routes

w-I

for the polymerization of aminoboranes (b), and the proposed synthesis of aminoborane

block copolymers consisting of two distinct polyaminoborane blocks (c).

6.2.3 Ambient Condition Catalytic Dehydropolymerization of Phosphine-Borane
Adducts

Unlike amine-borane adducts, which readily undergo dehydropolymerization in the
presence of several different metal catalysts, phosphine-boranes are currently only
known to undergo catalytic dehydropolymerization at elevated temperatures over the

course of 24 or more hours (Scheme 6.5).2238 The need for these high reaction
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temperatures complicates reactivity studies and the elevated temperatures allows for

different reactivity to occur than what might occur under ambient conditions.

(pre)catalyst H )
RPH,*BHj
>100 °C, ca. 24 h, - Hy H .

Selected (pre)catalysts:

> *

Rh— Ar/ F
oc //Fe\ Meg I\III . Cl e\\ “Ar
od ot )
cl TMS
Manners, 2015 Weller, 2016 Webster, 2017

" J

Scheme 6.5: Typical conditions for the catalytic dehydropolymerization of phosphine-
boranes.

From the work in Chapter 2, it is known that transient phosphinoboranes will readily
undergo addition polymerization under ambient conditions. Thus, the high temperatures
in catalytic phosphine-borane dehydropolymerization are likely required primarily to assist
in the challenging dehydrogenation of phosphine-borane adducts.?* This was shown in
Chapter 4, where additives as simple as LiIOTf and BH3*SMe: performed just as well in
the dehydropolymerization of PhPH2¢BH3 as CpFe(CO)0Tf, the current state-of-the-art
catalyst. It is believed that these additives assist in the stabilization of the growing chain,
as found with the striking relationship between BH3*SMe: loading and polymer molecular
weight. Further, in Chapter 5, | discovered that aminoboranes can accept hydrogen from
phosphine-borane adducts, opening the door for ambient condition phosphine-borane
dehydrocoupling. Therefore, to obtain ambient condition catalytic dehydropolymerization

of phosphine-borane adducts | envision two routes: first, the catalytic transfer
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dehydrogenation of phosphine-borane adducts using aminoboranes as hydrogen
acceptors, and second, the design of catalysts with aminoborane motifs included into the

ligand framework.

a) Catalytic Transfer Dehydrogenation . b) Ligands with Aminoboranes

RR'PHBH; RR'P=BH,

Me N=BH ! . >_<

y . 2 2 RR'PH-BH3 Me H H

[ ] — 2 , : [M] NVV‘B:N [M] I\MI‘B_N\Me
Me2NH°BH3 RR =BH2 ! Me Me

1 - H2
. O =L or X donor (e.g. C, N, P)

Scheme 6.6: Proposed routes to access ambient condition catalytic dehydrocoupling of

phosphine-boranes.

The ambient condition catalytic transfer dehydrogenation of phosphine-boranes
using aminoboranes as hydrogen acceptors should work as amine-borane adducts are
readily dehydrogenated.'32* Further, as presented in Chapter 5, aminoboranes
produced in situ readily accept hydrogen from phosphine-borane adducts. However, for
this transformation to occur, a catalyst that does not react with, or is not significantly
inhibited by phosphine-borane adducts must be identified. In a series of exploratory
reactions, the single-site titanium catalyst, Cp2TiMe, known for its high active in amine-
borane dehydrogenation,?® was tested for its ability to dehydrocouple PhRPH<BH3; (R =
H, Ph) in the presence of amine-borane adducts (Scheme 6.7, a). These reactions

yielded only a 20% conversion of PhoPH*BH3 to PhoPH<BH>—PhoP+<BH3, with MeaN=BH>
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as the hydrogen acceptor. No conversion of PhPH2*BH3 to polymer was observed.
However, it is likely that the catalyst is undergoing some sort of reaction with phosphine-
borane in situ, producing an inactive species.?® Alternatively, a single-site catalyst, based
on a late-transition metal, such as (POCOP)IrH2?" may have a better chance of achieving
ambient condition transfer dehydrogenation of phosphine-borane using aminoboranes as

hydrogen acceptors (Scheme 6.7, b).

a) b)
[Ir] cat. =
1 eq. MezNH'BHS Mes O_\ /
_ H H =4 ! |
2.5 mol% [Ti] B BH N\ ' \H
Phy,PH-BH3 C.D. 24 h. 20 °C T 3 [Ti] = Ti—Me Ir<p
(<] \ 1
-6 o PH Ph !
TR ca. 20% conversion Mes N B
Bu U

Scheme 6.7: Catalytic transfer dehydrogenation of P,P-diphenylphosphine borane
adduct (a), and anticipated catalyst for improved performance (b).

Alternatively, the incorporation of aminoborane motifs into ligand frameworks may
allow for the ambient condition catalytic dehydrocoupling of phosphine-boranes. | am
inspired by the work on a phosphine-tethered aminoborane bound to a metal recently
reported by the Moret group (Scheme 6.8, a).?8 | think this ligand framework has great
potential in dehydropolymerization catalyst design, however, | imagine the /Pr groups on
the nitrogen centre, and the phenyl linkers between the boron centre and phosphine
ligands will be too sterically encumbering and prevent the dehydrogenation of phosphine-
borane adducts to occur. While their search was largely for the observation of the side-
on binding of an aminoborane to a metal centre, | believe that if an alkyl group between

the borane and the phenyl substituents could be added, and the N-substituents could be
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replaced with methyl groups, they could have a species that could readily accept
hydrogen from a phosphine-borane adducts. Subsequent folding of the amine-borane
back to the metal centre may result in the entropically favoured dehydrogenation, allowing
for the regeneration of the reactive aminoborane. Similarly, | am inspired by the work of
the Drover lab (Scheme 6.8, b). Their work has studied on the synthesis of ligands that
have pendant boranes for the tethering of substrates to increase catalyst activity and
unlock useful transformations.?®-3% If instead of just boranes, pendant aminoboranes
could be accessed, | believe that with the right overall ligand framework and metal centre,
potent single-site phosphine-borane dehydrocoupling catalysts could be designed. Here,
the metal centres would ideally have a vacant coordination site that could participate in
amine-borane dehydrogenation, and upon release of the aminoborane tendril,

dehydrogenation of phosphine-boranes to transient phosphinoboranes could occur.
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Scheme 6.8: Known catalysts (left) and proposed catalysts (right) for ambient condition
catalytic phosphine-borane dehydrocoupling inspired by recent work by Moret et. al. (a)

and Drover et. al. (b).

6.3 Outlook

This work has shown that phosphine-borane dehydropolymerization, a transformation
once thought to require high temperatures and lengthy reaction times, can occur nearly

spontaneously under ambient conditions with the right reagents, opening the door to more
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efficient and sustainable syntheses with potentially greater control. Further, it has shown
that primary aminoboranes, a class of molecule that has a reputation for ephemerality,
can be trapped, observed, and subsequently transformed. The potential of
polyphosphinoboranes and polyaminoboranes is just beginning to be tapped, and the
research performed herein has deep implications for both practical synthesis and
fundamental understanding of the polymerization of transient phosphinoboranes and
aminoboranes. As we continue to explore these reactions, the possibilities for innovation
are vast, paving the way for breakthroughs that could transform industries and expand

our toolkit in main group element bond formation reactions.
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Appendix — NMR Spectra of New Compounds
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Figure A.1: "H NMR (CsDs, 500 MHz, 298 K) of 2.2a.
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Figure A.2: ""B{'"H} NMR (CsDs, 160 MHz, 298 K) of 2.2a. 1 Residual unreacted phosphine-borane adduct, 2.1a.
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Figure A.3:"'B NMR (CeDs, 160 MHz, 298 K) of 2.2a. 1 Residual unreacted phosphine-borane adduct, 2.1a.
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Figure A.6: 3'P{'H} NMR (CsDs, 202 MHz, 298 K) of 2.2a.
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Figure A.7: 3'P NMR (CsDs, 202 MHz, 298 K) of 2.2a.
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Figure A.8: : '"H NMR (CsDs, 500 MHz, 298 K) of 2.2b.
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Figure A.9: ""B{'"H} NMR (Ce¢Ds, 160 MHz, 298 K) of 2.2b.  Residual unreacted phosphine-borane adduct, 2.1b.
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Figure A.10: ""B{'"H} NMR (CeDs, 160 MHz, 298 K) of 2.2b. 1 Residual unreacted phosphine-borane adduct, 2.1b.
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Figure A.11: 3C{'"H} NMR (CsDs, 126 MHz, 298 K) of 2.2b. Inserted spectra are expanded portions of the full spectrum. #
Solvent peak for CsDs.
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Figure A.12: "9F NMR (CeDs, 471 MHz, 298 K) of 2.2b
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Figure A.13: 3'P{'"H} NMR (CsDs, 202 MHz, 298 K) of 2.2b.
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Figure A.14: 3'P NMR (CsDs, 202 MHz, 298 K) of 2.2b.
297



H\ /Nsz - —~ 'x. r~ :- 3 ;\ & e
Et—P-B-H -3 - : . =2 39
PH H i . I \/ \/
|
1
_ [ P
L ! | i
a2 & & s .—. 3
12.0 105 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

f1 (ppm)

Figure A.15: 'TH NMR (CsDs, 500 MHz, 298 K) of 2.2c.
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Figure A.16: "'B{'H} NMR (CsDs, 160 MHz, 298 K) of 2.2c.
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Figure A.17: ""B{'"H} NMR (CsDs, 160 MHz, 298 K) of 2.2c.
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Figure A.18: "*C{'"H} NMR (CeDs, 126 MHz, 298 K) of 2.2c. Inserted spectra are portions of the full spectrum. # solvent

peak for CeDe
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Figure A.19: "F NMR (Ce¢Ds, 471 MHz, 298 K) of 2.2¢. £ Uncharacterized residual impurity.
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Figure A.20: 3'P{"H} NMR (CsDs, 202 MHz, 298 K) of 2.2c. 1 Uncharacterized residual impurity (ca. 2% by integration).
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Figure A.21: 3'P NMR (CsDs, 202 MHz, 298 K) of 2.2¢.  Uncharacterized residual impurity.
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Figure A.22: "H NMR (CsDs, 500 MHz, 298 K) of 2.2d.
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Figure A.23: ""B{'"H} NMR (CsDs, 160 MHz, 298 K) of 2.2d. 1 Residual unreacted phosphine-borane adduct, 2.1d.
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Figure A.24: "B NMR (CsDs, 160 MHz, 298 K) of 2.2d. 1 Residual unreacted phosphine-borane adduct, 2.1d.
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Figure A.25: 3C NMR (CsDs, 126 MHz, 298 K) of 2.2d. # Solvent peak for CeDes.
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Figure A.26: '°F NMR (CeDs, 471 MHz, 298 K) of 2.2d. 1 Uncharacterized residual impurity.

309



—25.82

200 150 100 50 0 -50 -100 -150 -200
f1 (ppm)

Figure A.27: 3'P{'"H} NMR (CsDs, 202 MHz, 298 K) of 2.2d.
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Figure A.28: 3'P NMR (C¢Ds, 202 MHz, 298 K) of 2.2d.
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Figure A.29: "H NMR (500 MHz, CeDs, 298 K) of 2.5.
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Figure A.30: ""B{'"H} NMR (160 MHz, CsDs, 298 K) of 2.5.
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Figure A.31: "B NMR (160 MHz, C¢Ds, 298 K) of 2.5.
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Figure A.32: "B NMR (160 MHz, CsDs, 298 K) of 2.5.
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Figure A.33: "B NMR (160 MHz, CsDs, 298 K) of 2.5.
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Figure A.34: 3'P NMR (202 MHz, CsDs, 298 K) of 2.5.
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Figure A.35: '"H NMR (CDCls3, 500 MHz, 298 K) spectrum of 3.2.. T Residual CHCls.
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Figure A.36: "B NMR spectrum (CDCls, 160 MHz, 298 K) of 3.2..

319



Bu  NTh
H-N-B-H

32 Te)
S S 3
H H Q2 Ty o)
~ Yo} (N}
N4 \ \
.I.
| ‘
. I 1L

220 200 180 160 140 120 100 8 60 40 20 O
f1 (ppm)

Figure A.37: 13C{"H} NMR spectrum (CDCls, 126 MHz, 298 K) of 3.2.. T CDCls peak.
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Figure A.38: 1°F NMR spectrum (CDCls, 471 MHz, 298 K) of 3.2,. Unknown residual impurity.
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Figure A.39: '"H NMR spectrum (CDCls, 500 MHz, 298 K) of 3.2,. T Residual CHCls.
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Figure A.40: "B NMR spectrum (CDCls, 160 MHz, 298 K) of 3.2p.
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Figure A.41: *C NMR spectrum (CDCls, 126 MHz, 298 K) of 3.2,. T+ CDCls peak.
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Figure A.42: : °F NMR spectrum (CDCls, 471 MHz, 298 K) of 3.2s.
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Figure A.43: '"H NMR spectrum (CDCls, 500 MHz, 298 K) of 3.2¢. Residual CHCI3 peak obscured by 3.2c.
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Figure A.44: "B NMR spectrum (CDCls, 160 MHz, 298 K) of 3.2c.
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Figure A.45: >*C NMR spectrum (CDCls, 126 MHz, 298 K) of 3.2¢c. T+ CDCls peak.
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Figure A.46: : '°F NMR spectrum (CDCls, 471 MHz, 298 K) of 3.2c.
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Figure A.47: '"H NMR spectrum (Toluene-d8, 500 MHz, 298 K) of 3.4. T Residual proteo-toluene solvent.
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Figure A.48: "B NMR spectrum (Toluene-d8, 160 MHz, 298 K) of 3.4.
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Figure A.49: 13C{'"H} UDEFT NMR spectrum (CDCls, 126 MHz, 298 K) of 3.4. 1 Toluene-d8 peaks.
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Figure A.50: '"H NMR spectrum (Toluene-d8, 500 MHz, 298 K) of 3.5. T Residual proteo-toluene solvent.
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Figure A.51: 3'P{'H} NMR (toluene-ds, 202 MHz, 298 K) of 3.5.
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Figure A.52: '"B NMR spectrum (Toluene-d8, 160 MHz, 298 K) of 3.5.
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Figure A.53: '"H NMR spectrum (500 MHz, 298 K, CDCIs) of 5.3b.
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Figure A.54: ""B{"H} NMR spectrum (160 MHz, 298 K, CDCls) of 5.3b.
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Figure A.55: : "'B NMR spectrum (160 MHz, 298 K, CDClIs) of 5.3b.

338



383 © >
NTr2 382 3 =
_ ~ v <t ~
H\N.B\H 2NN\ |
(N

220 200 180 160 140 120 100 80 60 40 20 O
f1 (ppm)

Figure A.56: : "*C{'"H} NMR spectrum (125 MHz, 298 K, CDClIs) of 5.3b.
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Figure A.57: '"H NMR spectrum (500 MHz, 298 K, CDCls) of 5.3c.
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Figure A.58: : ""B{"H} NMR spectrum (160 MHz, 298 K, CDClIs) of 5.3c.
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Figure A.59: ''B NMR spectrum (160 MHz, 298 K, CDClIs) of 5.3c.
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Figure A.60: ">*C{'"H} NMR spectrum (125 MHz, 298 K, CDClIs) of 5.3c
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