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Abstract

Alkali metal salts of tris(benzenediolato)phosphate [1]7, K[1] and Na[1], were prepared
and examined as halide abstraction reagents. Compound K[1] reacts with (dppp)PdCl, [dppp =
1,3-bis(diphenylphosphino)propane] (1:1 ratio) or [(cod)RhCI], (2:1 ratio) to afford
[(dppp)Pd(u-CD)]2[1], and (cod)Rh[1], respectively. Brgnsted acids H(DMSO),[1] and
H(DMF),[1] were isolated as crystalline solids. The basicity of [1]” was examined using IR
spectroscopy and determined to be comparable to [BF,4]". Brgnsted acid H(DMF),[1] is effective
in the protonolysis of late transition metal-alkyl bonds. Its stoichiometric reaction with
(dppe)PdMe, [dppe = 1,2-bis(diphenylphosphino)ethane] affords either
[(dppe)Pd(NCMe)Me][1] (1:1 ratio) or [(dppe)Pd(NCMe),][1]» (1:2 ratio). Brgnsted acid
H(DMF),[1] initiates the cationic polymerization of n-butyl vinyl ether at 17 °C to afford
moderate molecular weight poly(n-butyl vinyl ether) (M, = 10,000 g mol™', PDI = 2.80).

Brgnsted acids of tris(tetrachlorobenzenediolato)phosphate [2]°, H(OEt),[2] and
H(OEt)(NCMe)[2], were isolated as crystalline solids. Brgnsted acid H(OEt,),[2] was shown to
be an effective initiator for the cationic polymerizations of n-butyl vinyl ether, styrene and
isoprene. High molecular weight poly(n-butyl vinyl ether) was isolated from polymerization at
—78 °C (M, = 122,000 g mol', PDI = 1.19). Atactic polystyrene of moderate molecular weight
was isolated from polymerization at —50 °C (M, = 55,400 g mol”', PDI = 1.62). Moderate
molecular weight trans-polyisoprene was isolated from polymerization at -38 °C (M,
= 77,000 g mol”', PDI = 1.34).

Poly(methylenephosphine) and poly(methylenephosphine) oxide were coated onto paper
sheets made from thermomechanical pulp. TAPPI (Technical Association of Pulp and Paper

Industry) Standard Method T461 cm-00 was used to evaluate the flame retardant properties of
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the polymers. Paper samples coated with the phosphorus-based polymers exhibited a higher
degree of charring when compared to untreated paper and were comparable to paper treated with
the monobasic ammonium phosphate standard.

The microstructure of the 1-(2,2,6,6-tetramethylpiperidinyloxy)-1-phenylethane initiated
poly(methylenephosphine) was examined by NMR spectroscopy. Evidence suggests the
occurrence of 1,5-hydrogen abstraction rearrangement during the propagation step of

polymerization. The unexpected microstructure was modeled using PhCH,P(Mes)CHPhs,.
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Preface

A version of Chapter 2 has been accepted for publication. Paul W. Siu and Derek P.
Gates. “M[P(1,2-O,C¢H4)3] (M = K or Na): Synthesis, Characterization and Use in Halide
Abstraction.” Can. J. Chem., 2012, Accepted. I performed all the syntheses, characterizations, X-
ray crystallographic data collections and refinements. Prof. Derek Gates and 1 prepared the
manuscript jointly.

A version of Chapter 3 has been published. Paul W. Siu and Derek P. Gates. “HL,[P(1,2-
0,CsHy)3] (L = DMSO or DMF): A Convenient Proton Source with a Weakly Basic
Phosphorus(V) Anion” Organometallics 2009, 28, 4491. I performed all the syntheses and
characterizations. Joshua I. Bates collected the X-ray crystallographic data for compound
H(DMSO),[3.1] and solved its structure. All other X-ray crystallographic data collections and
refinements were conducted by me. Prof. Derek Gates and I prepared the manuscript jointly.

A version of Chapter 4 will be submitted for publication. Paul W. Siu and Derek P.
Gates. To be submitted. 1 performed all the syntheses, characterizations, X-ray crystallographic
data collections and refinements.

A version of Chapter 5 will be submitted for publication. Paul W. Siu, Thomas Q. Hu and
Derek P. Gates. To be submitted. I performed all the syntheses, characterizations and flame tests.
Dr. Thomas Hu is our collaborator at FPInnovations.

A version of Chapter 6 will be submitted for publication. Paul W. Siu, Ivo
Krummenacher and Derek P. Gates. To be submitted. Poly(methylenephosphine) was
synthesized by Dr. Ivo Krummenacher. Dr. Ivo Krummenacher also carried out the

characterization by triple detection gel permeation chromatography (GPC-LLS) and S'p{'H}

1\



NMR spectroscopy. I carried out all other characterizations of the polymer. I also synthesized

and characterized model compound 6.8.
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Chapter 1: Introduction

1.1 Prevalence of p-Block Elements

Underneath the umbrella of s- and p-block elements, but beyond the jurisdiction of
organic chemists, lies the realm of intriguing possibilities that drives the focus of main group
chemists. Over the years, intense efforts by these researchers have pushed the frontier of main
group chemistry into the 21* century. In particular, application-oriented research has led to the
prevalence of the p-block elements in innovations that stretch across numerous fields, including
polymer materials, nanomaterials, catalysis, medicinal chemistry, chemical sensors and
alternative energy sources.' Detailed discussion of each individual topic is beyond the scope of
this thesis; thus, select examples of polymeric materials and catalysis will be discussed to

highlight the importance of p-block elements in these fields.

1.2 Polymeric Materials

The widespread applications of polysiloxanes (1.1), in particular poly(dimethylsiloxane),
[Me,Si-0],, in modern lives (e.g. lubricants, electrical insulations, fabric softeners, bakewares
and contact lenses) overshadow the important advances in other inorganic polymers containing
p-block elements in their backbones.” Predating Kipping’s fundamental discovery of
polysiloxanes® was Stokes’ report of the first “inorganic rubber”, an insoluble crosslinked
polyphosphazene (1.2).%7 This laid the foundation for the eventual discovery of the soluble non-
crosslinked polyphosphazene [Cl,P=N], by Allcock et al.*® Substitution of the chlorine atoms in
[C1,P=N], is possible on a macromolecular level, offering a variety of polymeric structures

10-11

suitable for numerous applications. The presence of phosphorus centers in the polymeric

chain attributes to the inherent flame retardant properties of many polyphosphazenes. In



particular, aryloxy-substituted polyphosphazenes, ranging from rigid materials to elastomers,
have shown high flame resistance and low levels of smoke and gas toxicity upon combustion.'"”

2 Current developments in polyphosphazenes focus on their potential applications as high-

. . . . 10
performance elastomers, biomedical materials and conductive polymers.

.
F.>=N

Allcock’s seminal work on polyphosphazene (1.2) inspired a generation of phosphorus-

based inorganic polymers. Recent advances in dehydrocoupling reactions have led to high

13-14

molecular weight polyphosphinoboranes (1.3) and polyaminoboranes (1.4)."”> These

polymers are currently being investigated as precursors for BP- and BN-based ceramics.'® In
addition, the phosphorus containing 1.3 is of interest for its high-temperature stability and flame

retardant properties.'>'*

HOH HOH
P8 N
RHn R HJ,

1.4

Another polymer containing phosphorus in the main chain is poly(methylenephosphine)
1.5,7 which can be synthesized either by radical or anionic polymerizations of the
phosphaalkene monomer, MesP=CPh,. This represents the first example of an inorganic polymer

containing a p-block element synthesized through addition polymerization,®

a powerful
synthetic method traditionally reserved for olefins to yield organic polymers. This also enabled
the synthesis of random copolymers and block copolymers of MesP=CPh,.""* The
phosphorus(Ill) centers in 1.5 readily coordinate to metal centers, making them suitable for

various applications. Random copolymers of 1.5 and polystyrene are effective supports for

palladium catalyzed Suzuki cross-coupling reactions.'” Amphiphilic block copolymers of

2



isoprene and MesP=CPh, self-assemble into micelles in nonpolar solvents and can be used to

fabricate gold nanoparticles of various shapes and sizes.!

The p-block elements have also made an impact in conductive polymers. The significant
of this field was recognized by the shared Nobel Prize in Chemistry 2000 to Heeger,
MacDiarmid and Shirakawa. Polythiophenes (1.6) have been investigated for their conductive
properties for many years and continue to be of great interest for various applications, including

22-24 .
Incorporation of

photovoltaic devices, field-effect transistors and chemical sensors.
phosphole moieties leads to versatile m-conjugated materials, such as 1.7, that offer electronic

tunability through simple chemical functionalization of the phosphorus(III) centers.”>® These

materials are of considerable interest for organic light-emitting diodes.

R! R?
S 7\ S
@Sﬁ% WA WA
Ph

1.6 1.7

1.3 Catalysis

The p-block elements have long played a supporting role in metal-based catalysis. The
ubiquity of phosphorus-based ligands underscores the versatility of this element for tailoring to
specific catalytic transformations. Undeniably, recent Nobel Prizes in Chemistry, honouring the
importance of catalytic asymmetric hydrogenation (2001), metathesis (2005) and palladium
catalyzed cross-coupling (2010), would not have been possible without the reliance on

phosphorus-based ligands. Yet, current desires for transition-metal-free catalysts have pushed the

3



main group elements onto the center stage and a number of catalytic systems based on p-block
elements have been developed.

In recent years, one of the major advancements in p-block chemistry has been the
development of frustrated Lewis pairs, deceptively simple systems consisting of sterically
hindered Lewis acid-base pairs that do not form adducts but are capable of activating small
molecules such as alkenes, CO, and H2.27'28 The activation of H; is regarded as a key step in
hydrogenation, a highly relevant transformation in the petrochemical, agricultural and
pharmaceutical industries. Frustrated Lewis pairs 1.8 and 1.9 were shown to be effective non-

metal hydrogenation catalysts for imines and enamines.” ™"

FF
(Mes),P B(CsF5)2 (Mes),P----B(CgFs)2

F F
1.8 1.9

Biodegradable materials based on poly(lactic acid) are attractive green alternatives to
traditional petroleum-based plastics. Currently, tin(Il) octanoate (1.10) is the most commonly
used catalyst in the ring opening polymerization of lactide in the industrial preparation of
poly(lactic acid).” The widely investigated aluminum-salen catalysts (1.11) and aluminum-salan

catalysts (1.12) offer remarkable stereocontrol over this polymerizaltion.z’z'33

More recently, there
has been a growing interest in indium-based poly(lactic acid) catalysts, which have been shown

to be highly active. In particular, catalyst 1.13 was reported to be an excellent catalyst for the

living ring opening polymerization of lactide.*
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There is an emerging interest in a new class of Brgnsted acid catalysts, based on the
chiral phosphoric acid motif 1.14, suitable for various asymmetric carbon-carbon bond-forming

. 35-
reactions. 5-36

The bifunctional structure of 1.14 offers suitable acidity for catalytic
transformations, while the phosphoryl oxygen functions as a Brgnsted base site to mediate the
necessary tight anion-substrate interactions for high enantioselectivities. Deprotonation of 1.14
yields the corresponding chiral anions, which can be incorporated into various metal catalysts.
Even in the absence of chiral ligands on the metal centers, the presence of these chiral anions can

i1y - . ... . . . 37
still induce enantioselectivities onto various catalytic transformations.

Ar
OO .

1.4 Weakly Coordinating Anions

In general, the reactivity of a coordinatively unsaturated cation is highly dependent upon
its degree of ion-pair interaction with the charge-balancing anion. In order to maintain the high
electrophilicity at the cationic center, the choice of counteranion is of critical importance. A
small, strongly coordinating anion will bind to the cationic center, rendering it coordinatively

saturated and unreactive. However, a larger, more charge-delocalized anion will lead to weaker



ion-pair interaction, leaving the cationic center unscathed, thus maximizing reactivity. The
search for anions with minimal interaction with the cations coined the term “weakly coordinating
anions” (WCAs),”* a topic that is of great relevance to this thesis and is dominated by p-block
elements. Although the utility of WCAs spans many applications, including electrochemistry,

3839 the focus of this thesis will be

ionic liquids, lithium-ion batteries and photoacid generators,
on the importance of WCAs in catalysis and polymerizations.

The ubiquity of p-block elements in the field of WCAs began with [BF4]", [PFs],
[AsF¢], [SbFg], [SOsF] and [SO3CFs]", which are now termed “classical” anions.**% Although
they continue to play a significant role in all aspects of synthetic chemistry and catalysis, their
limitations as WCAs were made evident with the advancements in X-ray crystallographic
techniques. This led to the structural characterizations of various metal complexes bound by
these classical WCAs.*” The desire to generate and isolate increasingly electrophilic cationic
complexes, both metal and non-metal, continues to drive researchers not only to rationally
design new WCAs but also to scour the literature for previously unexplored candidates. While

many p-block elements continue to play prominent roles in this area, boron- and aluminum-

based anions have by far made the greatest impact.

1.4.1 Boron-Based Weakly Coordinating Anions
1.4.1.1 Fluoroarylborates

The early 1960s gave way to the synthesis of the lithium salt of
tetrakis(pentafluorophenyl)borate, [1.15]", by Massey and Park.*' For many years after, this

. . . . 42
fluorinated organoborate was perceived only as a mere obscurity to most chemists.
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This attitude dramatically changed beginning in 1991, when Ewen™* and Marks®
exploited the strong Lewis acidity of the related tricoordinate B(C¢Fs)3,*' and independently
showed that B(C¢Fs)s, in conjunction with a neutral dialkyl metallocene, is effective in a-olefin
polymerizations. Specifically, Marks and coworkers showed that B(CgFs); is effective in the
methyl abstractions of zirconocene dimethyl complexes, generating active ‘“‘cation-like”
zirconocene catalysts [L,ZrMe]" [L = n’-CsHs, 1’-1,2-(CH3),CsHs, 1>-(CH3)sCs, 1’-1,3-
(Si(CH3)3)2CsH3] that are weakly coordinated by the slightly distorted tetrahedral [1.16]
(Scheme 1.1).45'46 Although B(C¢Fs)s is the alkyl abstraction reagent, it is the resulting anion
[1.16] that plays an essential role during the polymerization since it often tampers the cationic

nature of the metal centers through weak interactions.

Me ?GFE’ ® Me CI;GFS
LyZr{ + _B. — 1,71l /BC?
Me CeFs~ "CeFs benzene Me™ \"CqFs
or C6F5

pentane
[L,ZrMe][1.16]
L = n®-CsHs, n°-1,2-(CH3)2C5Hs, n°-(CH3)5Cs, n°-1,3-(Si(CH3)3)2C5H3

Scheme 1.1 Methyl abstraction of zirconocene dimethyl complexes with B(CgF5s)s.

This led to an immediate interest in the related tetrakis(pentafluorophenyl)borate, [1.15]",
as a counteranion for polymerization catalysts. In particular, Chien et al. synthesized Ph;C[1.15]
as an alkyl abstraction reagent and incorporated [1.15] into a zirconocene complex, resulting in
a highly active catalyst for propylene polymerization (Scheme 1.2).*’ In comparison to [1.16],
the more symmetrical [1.15] is a weaker coordinating anion. Polymerization catalysts of [1.15]"

are more catalytically active and yield polypropylene with higher molecular weights.*®
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Scheme 1.2 Methyl abstraction of a zirconocene dimethyl complex with Ph3;C[1.15].

The highly polarized metal-carbon bond can also be activated through protonolytic
reactions. Marks and coworkers showed that [1.15]" can be introduced into active ethylene

polymerization catalysts by using protic reagents such as HN"Bus[1.15] (Scheme 1.3).%*

\_ _Me \

f Th? 'C + HN"Bu[1.15] ——= / Th-Me |[1.15

\S\Q\gtlvle HN™Bus1-15] — o \% e |13
-nBU3N

Scheme 1.3 Protonolysis of metal-carbon bond with HN"Bus[1.15].

Although ammonium reagents of WCAs are effective for early transition metal-carbon
bond protonolysis, they are nevertheless limited in acidity and are not sufficient for late
transition metal-carbon bonds. Brookhart et al. overcame this limitation with an alternative
fluoroarylborate-based protic reagent, H(OEt;)2[1.17].°° Fluoroarylborate [1.17]" was chosen
because its sodium salt had previously been synthesized and exhibited extraordinary stability
against HQSO4.5 ' As a Brgnsted acid, Brookhart et al. showed that H(OEt;),[1.17] is effective in
the protonolysis of palladium-carbon bonds (Scheme 1.4), generating cationic palladium
complexes that are catalytically active in the living copolymerization of olefins and carbon

monoxide.>?
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Scheme 1.4 Protonolysis of metal-carbon bond with H(OEt,),[1.17].

Brookhart and co-workers also showed that Na[1.17] is a convenient reagent for the
halide abstraction of various neutral palladium-chloride complexes (Scheme 1.5), generating
active cationic metal catalysts for the copolymerization of a-olefins and methyl acrylate.53
Importantly, the application of [1.15]7 and [1.17] in catalysis is not limited to olefin
polymerizations. Numerous other catalytic reactions continue to be reported, including amide

0

reduction,” hydroalminaltion,SS'56 hydrosilylation,57 hydrogena‘tion,sg’59 hydroboration,6 and

Diels-Alder reaction.®!

’Pr/©\iPr ’Pr/©\’Pr

N Me Et,0 NO Me
- /Pd\ + Na[117] W - /Pd\ [117]
N Cl N OEt,

Pr< i Pr Pr< i ‘Pr

Scheme 1.5 Halide abstraction of metal-halide with Na[1.17].

The success of [1.15]" and [1.17] as integral components in catalysis, in particular for
olefin polymerizations, inspired the development of larger and more electronically diffused
derivatives.”” One particularly successful strategy is to “link” two moieties of B(C4¢Fs); with an

anionic bridging group, thus delocalizing the negative charge over multiple boron centers.

9



WCAs, such as [1.18]7,63 [1.19]7,64 and [1.20]7,65 are effective in generating and stabilizing

various cationic metal-based olefin polymerization c.at.alysts.“’és'69 Other reported catalytic

70-71

reactions include ring-opening polymerization of lactides, cyclopropanation and aziridination

of olefins,”* and coupling of terminal alkynes with aldehydes and amines.”

CI;GFS C|;6F5 ) F5C6 /C6F5 - F5C|:6 C|:6F5
BB, B-C=N-B., B _B.,
CeéFs ¢ N(HN™ \'CeFs CeFs" ¢ \ ‘CeFs CeéFs'¢ N”\"CeFs
CeFs =/ CeFs CeFs CsFs CeFs M2 CeFs

[1.18] [1.19] [1.20]

Baird and coworkers also utilized this strategy and linked two moieties of B(C¢Fs); with
various carboxylic acids to form Brgnsted acids comprised of [1.21]".7*"° Although these
Brgnsted acids were only generated in situ, they are nevertheless effective protic initiators for the
polymerization of isobutene and copolymerization of isobutene and isoprene. In addition, Baird
and coworkers were able to isolate the tetramethylammonium salt of the methyl derivative
([1.217, R = Me), thereby confirming the general structure of these WCAs.”®

F5C|76 R (|36F5

\‘B\ - < /B"/
C6F5\\/ O 0O \ /CeF5
CeFs CeFs

[1.21]

14.1.2 Carborane Anions

Another notably successful class of boron-based WCAs is the carborane anions. Their
rise to prominence as WCAs followed a similar story as tetrakis(pentafluorophenyl)borate,
[1.15]". Although the cesium salt of the first carborane [1.22]" was synthesized in 1967,” several
decades would pass before the weakly coordinating properties of [1.22]" were appreciated.”
Arguably, it was Reed’s group in the 1990s that propelled this class of WCAs into the spotlight

by utilizing the hexahalogenated carboranes [1.23] to isolate complexes that are considered to

10



be close approximations to the highly electrophilic silylium cation, namely [Pr3Si]*."*" Since
then, derivatives of carborane anions have time and time again brought forth fundamental
breakthroughs in chemistry and continue to be frontrunners for the title of the least coordinating

anions. ¥

H//|\\ T H//I\\ T

Hl\\ //IH Hl\\ //IH
Hl// \\ // \\|H XI// \ // \\|X
H’ B// “H X \B/ ~X
I/>H/ \l//x
[1.22] [1.23] (X = Cl, Br, 1)

Some of the most exciting breakthroughs in recent years have been made possible by the
synthesis of carborane-based silylium reagents. In particular, Ozerov and coworkers showed that
in situ generated trialkyl silylium reagents of [1.22]" and [1.23] (X = CI, Br) are powerful
catalysts for the hydrodehalogenation of aliphatic carbon-halogen bonds, converting C-F and
C-Cl bonds to C-H bonds.*""** This could potentially be applied to the disposal of environmental
pollutants such as chlorofluorocarbons (CFC), hydrofluorocarbons (HFC) and perfluorocarbons
(PFC). A related alkylative defluorination reaction was also developed, to convert C-F bonds to
C-C bonds, using highly reactive catalysts comprised of dialkylaluminum cations paired with
[1.23]” (X =Bn).*

The tendency for silylium cations to C-F activate also led Siegel and coworkers to use
"Pr;Si[1.23] (X = CI) to catalyze the Friedel-Crafts coupling of fluoroarenes.** Manners and Reed
showed that Et3Si[1.23] (X = Br) and Et;Si[1.24] (X = Br) are potent initiators for the room
temperature ring opening polymerization of the cyclic chlorophosphazene trimer, [CLP=N15.* In
the absence of these silylium catalysts, a high temperature of 250 °C is necessary for the

polymerization,®” leaving little control over the molecular weight of the polymer.

11
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Incorporating carborane anions into transition metal-based complexes has also resulted in
catalysts for a variety of catalytic transformations, including olefin polymerization,86 olefin
hydrogenatlon alkene and alkyne hydroacylation, % and Diels-Alder reactions.””®' The
lithium salt of [1.25]7 can also catalyze a number of reactions, including pericyclic
1re.2u‘1rangements,92 and radical polymerization of terminal alkenes.”” Nevertheless, the widespread
practical application of carborane anions in catalysis is currently hampered by their cost,
illustrating the necessary balance between synthetic availability and effectiveness for successful

WCAs.**

1.4.2 Aluminum- and Gallium-Based Weakly Coordinating Anions

The success of fluoroarylborates [1.15] and [1.17]" as WCAs naturally led researchers to
explore anions of heavier group 13 elements. Marks and coworkers synthesized the trityl salt of
95-96

[1.26], a (perfluoroaryl)aluminate anion based on the nonafluorobiphenyl-substitution.

Although zirconium and titanium complexes of [1.26]  are effective in olefin polymerizations,
12



their catalytic activities are much lower than the analogous catalysts containing [1.15], leading

to the conclusion that [1.26]  is more coordinating than [1.15]7.97'98

The stronger affinity of
[1.26] for the cationic metal center attributes to stabilizing the cationic charge, resulting in less

erosion of syndioselectivity at elevated temperatures.

F
F F
FsC F
5%-6 C6F5 E
F AI\'.,,,,,,
F
F F
CeFs F
F 6r 5 F
L F _
[1.26]

Aluminate anions bearing perfluoroalkoxide or perfluoroaryloxide substituents, such as
[1.27] and [1.28], are also effective WCAs,? 100 Although alcohols are generally deemed
poisonous for the highly oxophilic early transition metal catalysts, this disadvantage is offset by
the strong aluminum-oxygen bonds. Furthermore, the nucleophilicities of the oxygen centers are
circumvented by the presence of multiple electron-withdrawing fluorine groups. Zirconocene
complexes of [1.27]" and [1.28] are effective catalysts for ethylene polymerization.”*'""
McGuinness et al. also reported a chromium complex of [1.28] that showed remarkable
selectivity in the tetramerization of ethylene into 1-octene, a highly desirable comonomer in the
production of linear low-density polyethylene.'” The larger fluoro-bridged anion [1.29]" was
expected be more charge diffused than [1.28]7; however, studies showed that the chromium-
based oligomerization catalyst of [1.29] yields lower catalytic activity and selectivity than

[1.28]". This was likely due to the instability of [1.29]  in polar solvents, dissociating into its

constituents [FAI(OC(CF3)3)3]” and AI(OC(CF3)3)s.

13
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In general, delocalization of the negative charge over multiple aluminum centers is an
effective strategy in designing larger and weaker coordinating anions. The titanium complex of
[1.30]", an aluminate analog of fluoroarylborate [1.18]", catalyzes the copolymerization of
ethylene and 1-octene, exhibiting higher activity and yielding higher molecular weight polymers
than with the fluoroarylborates [1.15]" and [1.18]_.63 Marks and coworkers synthesized a series
of mono- and polynuclear fluoroarylaluminate anions, [1.31]7, [1.32] and [1.33], and
incorporated them into zirconocene catalysts for propylene polymerization.'”"' Increasing the
size of the anion from [1.31]" to [1.32] resulted in increased catalytic activity; however, in
conjunction with an increased negative charge, such as from [1.32] to [1.33]", an expected

decrease in catalytic activity was observed.

CsFs CeFs
| |
Al Al.
CGFS\\/ \N/\N’ \IICGF5
CeFs =/ CeFs
[1.30]
CeFs | FsCe¢  CeFs ) FsC¢  CeFs CeFs
| | | | | |
AN CALL AL, \\‘Al\ _Al_ ,Al.,,
CGF5\ / F CGF5\ / F \ CGFS C6F5 / F 3 \ F \ C6F5
CeFs CeFs CeFs CeFs CgFs CeFs CeFs
[1.31] [1.32] [1.33]

Gallium-based WCAs have also found applications in polymerizations. In particular,
Neckers and coworkers have developed cyclopropenium and iodonium salts of [1.34] that are
effective photoinitiators for the cationic photopolymerization of epoxides.'”'” The fluoro-

bridged derivative [1.35] has been incorporated into zirconocene complexes, resulting in active
14



catalysts for propylene polymerization, albeit with lower catalytic activity than for the aluminate

analog, [1.32]7.103'105

C6F5 FSCG C6F5
I [ |
Ga., .Ga._.Ga.,
CGF5 \ CGFS C6F5\ I F \ C6F5
CeFs CesFs CeFs
[1.34] [1.35]

143 Weakly Coordinating Anions of Other p-Block Elements

The linking strategy for designing larger WCAs has also been applied for [SOsF], to
give [1.36]_.“0'111 However, anion [1.36]" has only received minimal attention in catalysis.112
The related triflimidate anion, [1.37]_,113 derived from the more electron-withdrawing
[SOsCFs]", has been much more popular in catalysis.''* In particular, [1.37]” has been widely
studied in gold-catalyzed transformations.'””'"® Many of the phosphine and N-heterocyclic
carbene gold(I) complexes of [1.37] are crystalline air-stable compounds, a stark contrast to
similar gold(I) complexes of classical anions (e.g. [BF4], [PFs]™ and [SbF6]_).114 The conjugate
acid of [1.37] is a strong Brgnsted acid and in the presence of silyl enol ethers, it is effective for
the group transfer polymerizations of methyl methacrylate and N,N-dimethylacrylamide.'"*"'* In

conjunction with an alcohol initiator, H[1.37] is also effective in the ring opening polymerization

of J-valerolactone.'?!

O~._N__O
F:ﬁ H:F
O o

0« _N__O
F3C/|C|) S\CFg

[1.36] [1.37]
The larger fluoro-bridged derivatives of [AsFs]™ and [SbF¢]™ are known in the forms of
[1.38]", [1.39] and [1.40]".'*"** However, their applications in catalysis have yet to be
explored. It is expected that their tendency to dissociate in solution, generating Lewis acids of

MFs (M = As, Sb), may lead to unwanted side reactions.
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The teflate-based anions [1.41]" and [1.42] were once promised to be excellent
WCAs."*3% Thus far, however, [1.42] (M = Sb) remains the only WCA of interest in this series

and catalytic reactions involving these teflate-based WCAs have not yet been

demonstrated.'*”'*°
o TeFs FsTes TeFs -
' 0, 1.0
F5Te\O/B’ //O/TeF5 FsTe (l\l/l"O/Ter
|
FsTé FsTe ~"TeFs
[1.41] [1.42] (M = As, Sb)

1.4.3.1 Phosphorus-Based Weakly Coordinating Anions

There are few examples of the larger derivatives of [PF¢] ™ in catalysis. The protic acid of
the tris(oxalate)phosphate anion, [1.43]", has been shown to effectively catalyze Friedel-Crafts
type alkylation reactions.'* In general, octahedral hexacoordinated phosphorus anions bearing
three dianionic bidentate ligands exist in either A or A configurations, thus they are chiral. To
take advantage of this property, Lacour et al. synthesized and resolved the configurationally

141-142 and utilized it in various

stable tris(tetrachlorobenzenediolato)phosphate anion, [1.44],
chiral anion-mediated asymmetric applications.””'* Several other groups have studied the
asymmetric influence of the enantiomerically pure [1.44] in transition metal-based
catalysis.'**"*® While ruthenium, iridium and rhodium complexes of the enantiomerically pure

[1.44] are catalytically active, the chiral anion does not influence the enantioselectivity of these

reactions.'**'*® The trityl salt of [1.44]", in conjunction with silyl ketene acetal, has been shown
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to be an effective initiator system for the polymerizations of butyrolactone and

methacrylate. 147-148
_ o _
_ o - cl cl
o]
o]
e} & Cl
j/:o\g,o o\g/o cl
0" 170 0" 10
o (0] o cl O Cl
Y& !
0
- - cl Cl
L Cl _
[1.43] [1.44]

1.5 Outline of Thesis

The main goal of this thesis was to further explore hexacoordinated phosphorus(V)
anions as potential WCAs in catalysis. Since the birth of “modern” hexacoordinated phosphorus
chemistry in the early 1960s, numerous hexacoordinated phosphorus(V) anions have been
reported, offering a diverse library of potential WCA candidates.'® Tt was expected that, in
comparison to the tetracoordinated fluoroarylborates, the larger hexacoordinated phosphorus(V)
anions would be more charge diffused, thus more weakly coordinating. The catechol-based
hexacoordinated phosphorus(V) anion was an attractive motif, since the chlorinated derivative
[1.44] has already found applications in several catalytic reactions. The weakly coordinating
ability of the simpler non-chlorinated derivative [1.45] has not been explored,'*"! thus it was
chosen for initial investigation. The ability of [1.45]  to stabilize cationic metal complexes would
be evaluated; however, suitable precursors containing [1.45]" were needed to generate these

cationic metal complexes.
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[1.45]

Chapter 2 describes the synthesis of two new alkali metal complexes of [1.45] as halide
abstraction reagents. This offers a convenient route for generating cationic metal complexes
through the halide abstraction of metal-halide bonds. Alternatively, cationic metal complexes
can also be generated through the protonolysis of metal-carbon bonds. Although ammonium

salts of [1.45]" are known,"”""!

their low acidity would limit protonolysis to early transition
metal-carbon bonds. Chapter 3 discusses the coordinating ability of [1.45] and synthesis of two
strong Brgnsted acids of [1.45]  for the protonolysis of late transition metal-carbon bonds.
Strong Brgnsted acids are also of interest as initiators for polymerizations. Beginning with the
Brgnsted acid of [1.45] and extending to a new Brgnsted acid of [1.44]", Chapter 4 describes the
application of these strong Brgnsted acids of hexacoordinated phosphorus(V) anions as initiators
for cationic polymerizations.

Chapter 5 changes the focus onto the inorganic polymer, poly(methylenephosphine) 1.5.
Recent advances by the Gates group have led to several potential applications for 1.5,"' which
entices further efforts to develop new applications in this area. Like polyphosphazene 1.2, the
presence of phosphorus in the main chain of 1.5 could exhibit desirable flame retardant
properties for the polymer. Chapter 5 describes the investigation into the flame retardant

property of 1.5 and its oxide. During this investigation, new evidence arose that questioned the

connectivity of 1.5. Chapter 6 discloses the new proposed microstructure of radically

18



polymerized poly(methylenephosphine). Finally, Chapter 7 summarizes the results presented in

this dissertation.
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Chapter 2: Synthesis, Characterization and Use of a Halide Abstraction

Reagent with a Phosphorus(V)-Based Anion*

2.1 Introduction

In 1963, the first example of a hexacoordinated organophosphate anion, [2.1]7, was
synthesized as an ammonium salt by Allcock.””"**'>* This marked the birth of “modern”
hexacoordinated phosphorus chemistry.'* Since then, the development and investigation of
hexacoordinated phosphorus compounds continue to be areas of widespread fundamental
149,154-156 the

interest. Although cationic and neutral complexes of such species are now known,

most prevalent are anionic species of the type [PXs] ", led by [PF¢]™ and [PCl¢] .

[2.1]

Recently, there is an emerging interest in the applications of hexacoordinated
phosphorus(V)-based anions bearing three chelating dianionic ligands."* Anions, such as
(217,021 122171 12.317,"7 and [2.4],'* are large, highly symmetrical and charge-
diffused, which are ideal properties for weakly coordinating anions (WCAs). The lithium salts of
[2.1]7, [2.3] and [2.4] are of interest as lithium battery electrolytes.140’157'15 8 They exhibit good

thermal stability (up to 150 °C) and their electrochemical properties have been studied.'**'>71>8

* A version of this chapter has been accepted for publication. Paul W. Siu and Derek P. Gates.
“M[P(1,2-O,C¢Hs)3] (M = K or Na): Synthesis, Characterization and Use in Halide Abstraction.”
Can. J. Chem., 2012, accepted. Copyright 2012 NRC Canada.
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This subclass of hexacoordinated phosphorus(V) anions are also chiral. Of these, perhaps the
most widely studied is [2.2],
NMR enantiodifferentiation and resolution of chiral cations.

halogenated [2.1]7 cannot be resolved into pure enantiomers

59

141

which can be resolved into pure enantiomers and is employed in
Interestingly, the non-

due to acid-catalyzed

racemization.'
B cl
Cl Cl F
0
ol Cl
o\g,o cl o\g/o ofFf/o
O (l) (0] Cl O (I) (0] (0] Cl) @)
Cl
Cl
o]
Cl Cl F
L Cl ] | F ]
[2.2] [2.3] [2.4]

Anion [2.2]7 has been employed as a counteranion in transition metal-based
catalysis;'**® however, the ability of [2.1]" to stabilize cationic transition metal complexes has
yet to be explored. Alkali metal salts of [2.1]  are of particular interest due to their potential
application as halide abstracting reagents to generate reactive cations. Although Li[2.1] has been
prepared,”® the heavier alkali salts of [2.1]” have not been reported. In this chapter, the synthesis
and characterization of sodium and potassium salts of [2.1]" will be discussed. Preliminary
investigation showed that K[2.1] is an effective halide abstracting reagent, in particular for

(dppp)PdCl; [dppp = 1,3-bis(diphenylphosphino)propane] and [(cod)RhCl],.

2.2 Results and Discussion
2.2.1 Synthesis and Characterization of Alkali Metals Salts of [2.1]"

It is well established that the reaction of phosphorus(V) chloride with catechol (3 equiv)
affords a mixture of 2.5 and 2.6 (Scheme 2.1).'® The lithium salt of [2.1] has previously been

21



prepared by treating this mixture with "BuLi."”’"** Since "BuK is not readily available, the
preparation of K[2.1] was attempted by treating this mixture of 2.5 and 2.6 in THF with
potassium hydride. The 3'p NMR spectrum of the reaction mixture exhibits signals assigned to
starting material 2.6 (8= —27)"°"'®" and to a product with a chemical shift consistent with [2.1]"
(8 = —83),P%10%1% tentatively assigned as K[2.1]. Interestingly, upon isolation and redissolution
of the crude product in DMSO-dg, the ’'P NMR spectrum showed signals at 13 ppm and

160

—83 ppm, suggesting the formation of the known 2.7 (Scheme 2.2)."™ Unfortunately, isolation of

K[2.1] from this mixture has thus far been unsuccessful.

sror o Tt 90— 082 °E8 L X
OH ™ i o) OH

K[2.1]

Scheme 2.1 Reaction of potassium hydride with a mixture of 2.5 and 2.6.
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Scheme 2.2 Formation of 2.7 in DMSO-dk.

As an alternate strategy to synthesize K[2.1], the known ammonium salt,
Et:NH[2.1],"°*"**!5 was deprotonated with a slurry of potassium hydride (1.1 equiv) in
acetonitrile (Scheme 2.3). After workup, the desired product, K[2.1], was isolated as a white
solid. Characterization by *'P NMR spectroscopy in CD,Cl, revealed a singlet resonance at
—86.1 ppm, consistent with the presence of [2.1]". The 'H and “C{'H} NMR spectra show only
signals in the aromatic region as expected for K[2.1], free of coordinated solvents. In particular,
three signals are observed in the "“C{'H} NMR spectrum, which is consistent with the
symmetrical [2.1] . Satisfactory elemental microanalysis was obtained for K[2.1]. Following an
analogous procedure, the sodium salt, Na[2.1], was prepared and characterized by *'P, 'H and

BC{'H} NMR spectroscopy and elemental analysis.
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Scheme 2.3 Synthesis of M[2.1] (M = K, Na).

Efforts to obtain single crystals of K[2.1] from CH,Cl, proved unsuccessful; however,
crystals obtained from slow diffusion of toluene into a DMSO solution of the crude product were
suitable for X-ray diffraction. The molecular structure is shown in Figure 2.1 and reveals a
dimeric structure of formulation K,(DMSO)e[1],-C;Hs. Within the asymmetric unit, the two
[2.1]7 anions are of the same stereochemistry; thus, the dimer exists either as
AA-Ko(DMSO)g[1],-C7Hg or A, A-K2(DMSO)g[1],-C7Hg. Both enantiomers are present within
the crystal and are related by symmetry in the P1 space group. Each of the potassium cations
[K(1) and K(2)] is seven-coordinate, bound by two terminal DMSO ligands, two bridging
DMSO ligands and three oxygen atoms of [2.1]". The [2.1]" anions are slightly perturbed from
binding to the potassium cations, with the bound P-O bonds [avg. 1.721(3) A, range 1.715(1) to
1.735(1) A] being slightly longer than the unbound P-O bonds [avg.

1.709(3) A; range 1.707(1) to 1.714(1) A]. Overall, the average PO bond [1.715(5) A] is longer
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than those typically observed for P-O single bonds in triarylphosphates [1.59(1) A1' but is
similar to those found in previously reported Etz;NH[2.1] [1.708(4) A1’ The phosphorus atoms,
P(1) and P(2), show only minor deviation from perfect octahedral geometry. The largest
deviation from octahedral angles is 3.68(7)° [O(4)-P(1)-O(5)]. The average endocyclic O-P-O
angle [90.9(2)°] within [2.1]" is similar to those found in previously reported Et;NH[2.1]
[91.4(2)0].153 The K-O distances involving [2.1]" [avg. 2.855(3) A] are longer than those

involving the DMSO moiety [aVg.erminal = 2.741(2) A; avg.pridging = 2.680(3) Al.

c20

c21

Figure 2.1 Molecular structure of A,A-Ky(DMSO)4[2.1],. Ellipsoids are drawn at the 50%
probability level. All hydrogen atoms and the solvent of crystallization (C;Hg) are omitted for
clarity. Selected bond lengths (A): P(1)-O(1) = 1.714(1); P(1)-O(2) = 1.722(1); P(1)-O(3) =
1.707(1); P(1)-0(4) = 1.721(1); P(1)-O(5) = 1.708(1); P(1)-O(6) = 1.717(1); P(2)-O(7) =
1.710(1); P(2)-O(8) = 1.718(1); P(2)-O(9) = 1.708(1); P(2)-O(10) = 1.715(1); P(2)-O(11) =
1.708(1); P(2)-O(12) = 1.735(1); K(1)-O(2) = 2.876(1); K(1)-O(4) = 2.846(1); K(1)-O(6) =
2.801(1); K(1)-O(13) = 2.696(2); K(1)-O(14) = 2.666(2); K(1)-O(15A) = 2.766(5); K(1)-O(16A)
=2.779(7); K(2)-O(8) = 2.754(1); K(2)-O(10) = 2.965(1); K(2)-O(12) = 2.887(1); K(2)-O(13) =
2.678(2); K(2)-0(14) = 2.681(2); K(2)-O(17) = 2.670(2); K(2)-O(18A) = 2.729(8). Selected
bond angles (°): O(1)-P(1)-O(2) = 90.88(6); O(3)-P(1)-O(4) = 91.04(6); O(5)-P(1)-O(6) =
90.67(6); O(7)-P(2)-O(8) = 90.51(6); O(9)-P(2)-O(10) = 91.44(6); O(11)-P(2)-O(12) = 90.76(6).
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Recrystallization of K[2.1] from acetonitrile gave a different structure (Figure 2.2).
Remarkably, the molecular structure consists of macrocyclic hexamers of formulation
{K(MeCN),[2.1]}s with S¢ point group symmetry. The potassium cations [K(1) and K(1%)]
bridge two «’>-bound [2.1]" anions and are further coordinated by two acetonitrile ligands,
making the K" cations eight coordinate. The K-O distances [avg. 2.883(2) Al are slightly longer
than the corresponding K-O distances in Ko(DMSO)¢[1],-C7Hg [avg. 2.855(3) A]. The [2.1]
anions are situated at the vertices of a hexagon and their stereochemistry alternates between A
and A around the ring. The phosphorus atoms, P(1) and P(1*), show only minor deviation from
perfect octahedral geometry. The largest deviation from octahedral angles is 3.86(6)°
[O(4)-P(1)-O(5)]. The metrical parameters within [2.1]" [avg. P-O = 1.712(2) A and avg.
O-P-O = 91.23(8)°] are comparable to those found in Ky(DMSO)¢[2.1],-C;Hg [avg. P-O =
1.715(5) A and avg. O-P-0 = 90.9(2)°]. Each of the hexagonal {K(MeCN),[2.1]}¢ macrocycles
has an outside diameter of ca. 25 A and a very small hole (<2.5 A). In the crystalline lattice,
these macrocycles are organized into a one-dimensional array with spacing of ca. 9.4 A

(Figure 2.3).
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Figure 2.2 Molecular structure of {K(MeCN),[2.1]}¢. Ellipsoids are drawn at the 50%
probability level. All hydrogen atoms are omitted for clarity. Selected bond lengths (A): O(1)-
P(1) = 1.7149(9); O2)-P(1) = 1.7111(9); O(3)-P(1) = 1.7189(9); O(4)-P(1) = 1.7207(9); O(5)-
P(1) = 1.7058(9); O(6)-P(1) = 1.7024(9); K(1)-O(1) = 2.7770(9); K(1)-O(3) = 3.019(1); K(1)-
0O(5) = 2.8244(9); K(1*)-0O(2) = 2.8832(9); K(1*)-O(4) = 3.024(1); K(1*)-O(6) = 2.7705(9).
Selected bond angles (°): O(1)-P(1)-O(2) = 91.06(4); O(3)-P(1)-O(4) = 91.11(5); O(5)-P(1)-O(6)
=91.53(4).
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Figure 2.3 Three dimensional stacking of the {K(MeCN),[2.1]}¢. Ellipsoids are drawn at the
50% probability level. All hydrogen atoms are omitted for clarity.
2.2.2  Application of K[2.1] in Metal-Halide Abstraction

As a starting point to testing the efficacy of K[2.1] as a halide abstracting reagent, a
mixture of (dppp)PdCl, [dppp = 1,3-bis(diphenylphosphino)propane] and K[2.1] was dissolved
in chloroform (Scheme 2.4). The *'P NMR spectrum of the yellow reaction solution, after
filtration to remove KCI, showed singlet resonances at 12.4 and —84.2 ppm. Single crystals

suitable for X-ray diffraction were obtained upon slow evaporation of the reaction mixture. The
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molecular structure of the chloro-bridged dimer [(dppp)Pd(p-Cl)]2[2.1], is shown in Figure 2.4
and confirms the successful abstraction of a CI” ion with K[2.1]. There is a crystallographically
imposed inversion center between the Pd atoms [Pd(1) and Pd(1*)]. The metrical parameters of
[(dppp)Pd(u-CD],[2.1], are unremarkable, being similar to those of related dimeric structures,
such as  [(dppp)Pd(u-C)L[SO4lo,'*®  [(dppe)Pd(u-CDLIX], (X = ClOs, BF,),'"'*
[(dppen)Pd(u-C1)]o[CF3S03], [dppen = 1,2-bis(diphenylphosphino)ethene],'®
[(0-C¢H4(CH,PPh,),)Pd(-CD)]5[PFe]2,'™® and  [(PhsP),Pd(u-CD]o[BF4],."""  Significantly, the
molecular structure suggests weak ion-pair interactions are present between the
[(dppp)Pd(p,t—Cl)]z2+ cation and the [2.1] anions. The closest contact is between an oxygen of the
[2.1]" anion and a hydrogen of the CH, moiety within the dppp ligand [O(1)---H(33b) =
2.208(1) A] and it is within the sum of the van der Waals radii for oxygen and hydrogen [ryqw =
2.72 A].m The phosphorus atom in [2.1]7, P(1), shows only minor deviation from perfect
octahedral geometry. The largest deviation from octahedral angles is 3.57(8)° [O(2)-P(1)-O(3)].
The metrical parameters within [2.1]” [avg. P-O = 1.715(4) A and avg. O—P-0O = 91.0(1)°] are
consistent with those found in Ky(DMSO)g[2.1],-C7Hg and {K(MeCN),[2.1]}¢. Noteworthy is
the fact that the molecular structure is consistent with the aforementioned *'P NMR
spectroscopic data for the reaction mixture with equivalent phosphine moieties of dppp (J =
12.4) and [2.1] (0 = —84.2). It was not possible to dissolve the crystals in weakly-coordinating
solvents (e.g. CDCl; or CD,Cly). As such, crystals of [(dppp)Pd(p-Cl)]2[2.1], were dissolved in
acetonitrile-ds for further spectroscopic analysis. Interestingly, the CD3;CN solution showed
inequivalent phosphine moieties [0 = 15.1 (br s), 10.3 (br s)] and [2.1]” (6= -81.7) (Figure 2.5).
These data are consistent with the solution structure being [(dppp)PdCI(NCCD3)][2.1] which
appears to be in equilibrium with [(dppp)Pd(p-Cl)][2.1], (Scheme 2.4), since in some instances

signals attributed to both species are observed.
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Scheme 2.4 Halide abstraction of (dppp)PdCl, with K[2.1].

Figure 2.4 Molecular structure of [(dppp)Pd(p,-C1)],[2.1],. Ellipsoids are drawn at the 50%
probability level. All hydrogen atoms and the solvent of crystallization (2 x CHCI5) are omitted
for clarity. Selected bond lengths (A): P(1)-O(1) = 1.713(2); P(1)-0(2) = 1.710(2); P(1)-O(3) =
1.713(2); P(1)-0(4) = 1.708(2); P(1)-O(5) = 1.724(2); P(1)-O(6) = 1.720(2); Pd(1)-P(2) =
2.2489(5); Pd(1)-P(3) = 2.2598(5); Pd(1)-Cl(1) = 2.4024(5); Pd(1)-Cl(1*) = 2.4004(5). Selected
bond angles (°): O(1)-P(1)-O(2) = 90.88(7); O(3)-P(1)-O(4) = 91.24(7); O(5)-P(1)-O(6) =
90.93(7); P(2)-Pd(1)-P(3) =91.10(2); CI(1)-Pd(1)-CI(1*) = 83.22(2).

Figure 2.5 *'P NMR (162 MHz, CD;CN) spectrum of [(dppp)PdCI(NCCD3)][2.1] at 25 °C.
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Given that K[2.1] was an effective halide abstraction reagent for palladium(II)-chloride
bonds, we further examined the efficacy of K[2.1] as a halide abstraction reagent with the
rhodium(I) dimer, [(cod)RhCl],. To a mixture of [(cod)RhCI], and K[2.1] (2 equiv) was added
acetonitrile and the yellow mixture was stirred overnight (Scheme 2.5). Recrystallization of the
crude product from dichloromethane afforded orange crystals. The molecular structure is shown
in Figure 2.6 and reveals that [2.1]" is M°bound to the rhodium(I) center to afford the
zwitterionic (cod)Rh[2.1]. Similar cation-anion interactions have been noted in the solid-state
structures of similar rhodium(I) complexes containing the weakly coordinating anions [BPh4]™
and [B(3,5—C6H3(CF3)2)4]_.173'174 The distances between the centroid of the n(’—bound aromatic
ring and the rhodium(I) center are 1.859(6) for Rh(1) and 1.867(5) A for Rh(2) [avg.
1.863(8) A]. For comparison, the analogous distance in Rh(dppe)[BPh4] is 1.860(1) A whereas
this distance in (cod)Rh[B(3,5-CcH3(CF3),)4] is 1.836(4) A. The anion-cation interaction results
in a lowering of the symmetry about phosphorus with the four P-O bonds of the uncoordinated
catechol [avg. 1.700(7) A] being shorter than the P—O bonds of the coordinated catechol [avg.
1.745(4) A]. The crystals were further characterized by 'H and 3'p NMR spectroscopy and
elemental microanalysis. The 3'p NMR spectrum (CD,Cl,) displayed a singlet resonance at
~79.9 ppm, which is shifted downfield compared to K[2.1] (0= -86.1) and is consistent with the
retention of coordination complex in solution. Comparison of the "H NMR spectra (CD,Cl,) of
K[2.1] and (cod)Rh[1] in the aromatic region show a loss of symmetry for the aryl-H moieties in
(cod)Rh[1] and provides further evidence that the complex structure of (cod)Rh[1] is retained in

solution (Figure 2.7).
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Scheme 2.5 Halide abstraction of [(cod)RhCl], with K[2.1].

Figure 2.6 Molecular structure of (cod)Rh[2.1]. Ellipsoids are drawn at the 50% probability
level. All hydrogen atoms and solvents of crystallization (2.5 x CH,Cl,) are omitted for clarity.
Selected bond lengths (A): P(1)-0(1) = 1.747(3); P(1)-0(2) = 1.746(3); P(1)-O(3) = 1.695(2);
P(1)-0(4) = 1.699(3); P(1)-O(5) = 1.706(3); P(1)-O(6) = 1.702(2); P(2)-O(7) = 1.746(3); P(2)-
O(8) = 1.739(3); P(2)-0(9) = 1.703(2); P(2)-0(10) = 1.702(3); P(2)-O(11) = 1.697(3); P(2)-
0(12) = 1.697(2); Rh(1)-C(1) = 2.405(4); Rh(1)-C(2) = 2.373(4); Rh(1)-C(3) = 2.262(3); Rh(1)-
C(4) = 2.280(3); Rh(1)-C(5) = 2.355(4); Rh(1)-C(6) = 2.371(4); Rh(1)-C(37) = 2.127(5); Rh(1)-
C(40) = 2.151(3); Rh(1)-C(41) = 2.136(3); Rh(1)-C(44) = 2.130(5); Rh(2)-C(19) = 2.364(3);
Rh(2)-C(20) = 2.307(3); Rh(2)-C(21) = 2.286(3); Rh(2)-C(22) = 2.254(4); Rh(2)-C(23) =
2.357(5); Rh(2)-C(24) = 2.431(3); Rh(2)-C(45) = 2.125(4); Rh(2)-C(48) = 2.136(3); Rh(2)-
C(49) = 2.124(3); Rh(2)-C(52) = 2.146(5). Selected bond angles (°): O(1)-P(1)-O(2) = 89.4(1);
O(3)-P(1)-O(4) = 91.7(1); O(5)-P(1)-O(6) = 91.7(1); O(7)-P(2)-O(8) = 89.7(1); O(9)-P(2)-O(10)
=91.6(1); O(11)-P(2)-O(12) =91.8(1).
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Figure 2.7 (a) 'H NMR (300 MHz, CD,Cl,) spectrum of K[2.1] at 25 °C. (b) 'H NMR
(400 MHz, CD,Cl,) spectrum of (cod)Rh[2.1] at 25 °C.

2.3 Summary

Synthetic procedures to access alkali metal salts of the hexacoordinated phosphorus(V)-
based [2.1], namely K[2.1] and Na[2.1], have been presented. Both compounds were
characterized spectroscopically. In addition, X-ray crystallographic analysis of K[2.1],
recrystallized in the presence of either DMSO or MeCN, revealed two distinct crystal structures:
a dimeric structure of formulation K,(DMSO)e[2.1],-C7Hg and a hexagonal macrocycle with
formulation {K(MeCN),[2.1]}¢. Solvent-free K[2.1] was shown to be an effective halide
abstractor for (dppp)PdCl, [dppp = 1,3-bis(diphenylphosphino)propane] (1:1 ratio) and
[(cod)RhCl], (2:1 ratio) to generate the dimeric [(dppp)Pd(u-Cl1)]x[2.1], and the zwitterionic

(cod)Rh[2.1], both of which were structurally characterized.
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2.4 Experimental Section
2.4.1 General Procedures

All manipulations were performed using standard Schlenk or glove box techniques under
nitrogen atmosphere. THF was dried over sodium/benzophenone ketyl and distilled prior to use.
Triethylamine, dichloromethane, acetonitrile and CD3;CN (Cambridge Isotope Laboratories Inc.)
were dried over calcium hydride and distilled prior to use. DMSO was dried over 3A molecular
sieves and distilled prior to use. Et;O and toluene were deoxygenated with nitrogen and dried by
passing through a column containing activated alumina. PCls (Aldrich) was sublimed prior to
use. Potassium hydride (30 wt % dispersion in mineral oil) was purchased from Aldrich, washed
with hexanes and dried in vacuo prior to use. Sodium hydride (Aldrich, dry 95%), catechol
(Aldrich), CD,Cl, (Cambridge Isotope Laboratories Inc. in 1 g sealed ampules) and [(cod)RhCl],
(Strem) were used as received. Mixture 2.5 / 2.6'° and [(dppp)PdClz]175 [dppp =
1,3-bis(diphenylphosphino)propane] were prepared following literature procedures. 'H, “c{'H}
and *'P NMR spectra were recorded at 25 °C on Bruker Avance 300 or 400 MHz spectrometers.
85% H;PO4 was used as an external standard (6 0.0) for 3P NMR spectra. '"H NMR spectra were
referenced to residual protonated solvent, and BC{'H} NMR spectra were referenced to the
deuterated solvent. Elemental analyses were performed in the University of British Columbia

Chemistry Microanalysis Facility.

2.4.2 Synthesis of K[2.1]

To a stirred mixture of 2.5 and 2.6 (1.8 g, 5.1 mmol) in THF (15 mL) was added
triethylamine (0.58 g, 5.7 mmol). An immediate precipitate was observed. After the reaction
mixture was stirred for 30 min, the precipitate was isolated by centrifugation and the solid was

dried in vacuo. To a suspension of this colorless solid in acetonitrile (10 mL) was added
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potassium hydride (0.23 g, 5.7 mmol). The evolution of a gas was observed. After the mixture
was stirred for 30 min, the solvent was removed in vacuo and the resultant white residue was
dissolved in THF (40 mL). The solution was filtered to remove insoluble salts and the filtrate
was evaporated to dryness to afford a white solid. The solid was dissolved in minimal
dichloromethane (3 mL) and Et;O (100 mL) was added to precipitate the product, which was
collected by filtration and dried in vacuo at 130 °C. Yield = 1.4 g (70%).

3'P NMR (121 MHz, CD,Cl,): d -86.1 (s); 'H NMR (300 MHz, CD,CL): 6 6.65-6.59 (m,
6H, Ar-H), 6.57-6.53 (m, 6H, Ar-H); “C{'H} NMR (101 MHz, CD,Cl,): 6 144.5 (d, Jcp =
4 Hz), 121.3 (s), 110.8 (d, Jcp = 16 Hz). Anal. Calcd. for CisH,KO¢P: C, 54.82; H, 3.07. Found:
C, 54.58; H, 3.20. X-ray quality crystals of Ko(DMSO)¢[2.1],, were obtained from slow diffusion
of toluene into a DMSO solution of K[2.1] for ca. 1 week. X-ray quality crystals of
{K(NCMe),[2.1]}6, were obtained from slow evaporation of a concentrated solution of K[2.1] in

toluene/MeCN for 8 days.

2.4.3 Synthesis of Na[2.1]

To a stirred mixture of 2.5 and 2.6 (0.55 g, 1.5 mmol) in THF (5 mL) was added
triethylamine (0.18 g, 1.8 mmol). An immediate precipitate was observed. After the reaction
mixture was stirred for 15 min, the precipitate was isolated by centrifugation and the solid was
dried in vacuo. To a suspension of this white solid in acetonitrile (10 mL) was added sodium
hydride (0.039 g, 1.6 mmol). The evolution of a gas was observed. After the mixture was
refluxed for 30 min, the solvent was removed in vacuo and the resultant white residue was
dissolved in THF (15 mL). The solution was filtered to remove insoluble salts and the filtrate
was evaporated to dryness to afford a white solid. The solid was dried in vacuo at 120 °C. Yield

=0.47 g (80%).
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3P NMR (162 MHz, CDsCN): 6 —82.9 (s); '"H NMR (400 MHz, CDsCN): § 6.67-6.65
(m, 12H, Ar-H); *C{'H} NMR (101 MHz, CD,CL,): § 146.4 (d, Jcp = 5 Hz), 120.5 (s), 110.5 (d,

Jcp = 17 Hz). Anal. Calcd. for CgH,NaOgP: C, 57.16; H, 3.20. Found: C, 57.50; H, 3.44.

2.4.4 Synthesis of [(dppp)Pd(pn-CD)]2[2.1]2

To a solid mixture of (dppp)PdCl, (50 mg, 0.085 mmol) and K[2.1] (34 mg, 0.086 mmol)
was added chloroform (2 mL). The yellow reaction solution was stirred overnight and filtered
through celite. The 3P NMR spectrum of the reaction mixture showed singlet resonances at 12.4
and —84.2 ppm. Slow evaporation of the yellow solution afforded yellow crystals suitable for X-
ray diffraction. Yield = 32 mg (41%).

3P NMR (162 MHz, CDsCN): 6 15.1 (br s, dppp), 10.3 (br s, dppp), —81.7 (s, [2.1]); 'H
NMR (400 MHz, CD3;CN): 6 7.69-7.45 (m, 20H, Ar-H of dppp), 6.64-6.58 (m, 12H, Ar-H of
anion), 2.67 (br s, 4H, PCH>), 2.15-1.99 (m, 2H, CH,CH,CH,); *C{'H} NMR (101 MHz,
CDsCN): 0 146.9 (d, Jcp = 5 Hz), 1343 (d, Jcp = 11 Hz), 133.4 (s), 130.18 (s), 128.5 (s),
127.9 (s), 120.0 (s), 1109 (d, Jecp = 17 Hz), 24.1 (br s), 19.2 (s). Anal. Calcd. for

C4sH33ClO6PsPd: C, 59.42; H, 4.21. Found: C, 59.06; H, 4.00.

2.4.5 Synthesis of (cod)Rh[2.1]

To solid mixture of K[2.1] (83 mg, 0.21 mmol) and [(cod)RhCl], (51 mg, 0.10 mmol)
was added acetonitrile (3 mL). The resulting cloudy yellow mixture was stirred overnight,
followed by the removal of all volatiles in vacuo. The yellow residue was dissolved in
dichloromethane (3 mL) and filtered to remove a small amount of insoluble material. Slow

evaporation of the solution yield orange crystals suitable for X-ray diffraction. Yield = 33 mg

(52%).
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3P NMR (161 MHz, CD>CL): § =79.9 (s); 'H NMR (400 MHz, CD,Cl,): 6 6.94-6.91 (m,
2H, Ar-H), 6.76-6.64 (m, 8H, Ar-H), 5.56-5.50 (m, 2H, Ar-H), 5.33 (s, 1.25H, CH,Cl,), 4.69-
439 (m, 4H, HC=CH in COD), 2.44-2.03 (m, 8H, CH, in COD); Anal. Caled. for

Co6H2406PRh-1.25CH,Cl,: C, 48.67; H, 3.97. Found: C, 48.53; H, 3.95.

24.6 X-ray Crystallography
All single crystals were immersed in oil and were mounted on a glass fiber. Data were
collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo Ka

176

radiation. Data were collected and integrated using the Bruker SAINT ™ software package and

corrected for absorption effect using SADABS.'”’

All structures were solved by direct methods
and subsequent Fourier difference techniques. Unless noted, all non-hydrogen atoms were
refined anisotropically, whereas all hydrogen atoms were included in calculated positions but not
refined. All data sets were corrected for Lorentz and polarization effects. All refinements were
performed using the SHELXTL'7*17 crystallographic software package from Bruker-AXS.
Compounds {K(NCMe),[2.1]}¢ and (cod)Rh[2.1] did not show any crystallographic
complexity. The molecular structure of K,(DMSO)g[1], contains five disordered molecules of
DMSO bound to K(1) and K(2). Each of the disordered DMSO molecules was modeled in two
orientations and refined with combinations of SADI, DANG, SIMU and EADP where needed.
Their respective populations were refined and the final occupancy of the major orientations are
0.802(2), 0.822(2), 0.855(2), 0.73(3), and 0.922(2). (cod)Rh[2.1] crystallizes with two molecules
of (cod)Rh[2.1] and 2.5 equivalent of dichloromethane per asymmetric unit. The other half

equivalent of dichloromethane is related through an inversion center. Crystal data and refinement

paramenters are listed in Table 2.1. CIF files giving supplementary crystallographic data for the
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structures reported in this chapter are available from Cambridge Crystallographic Data Centre

(CCDC 866633 — 866636).

Table 2.1 X-ray crystallographic data for Ky(DMSO)e[2.1],, {[K(MeCN),]J[2.1]}s,
[(dppp)Pd(u,-CD1,[2.1], and (cod)Rh[2.1].
Ko(DMSO)q[2.1] [(dppp)Pd(p- 2(cod)Rh([2.1]
-C;Hg {(K(MeCN)[2.1]}6 CD)],[2.1],-2CHCl; -2.5CH,Cl,
formula CssHesKo015P2Ss CiaoHiosKeN12036Ps  CogHgo C114015PsPd;  Csy sHs3ClsO15PoRhy
fw 1349.59 2858.72 2296.50 1344.98
cryst syst triclinic trigonal triclinic triclinic
space group P1 R3 P1 P1
color colorless colorless yellow yellow
a(A) 11.145(1) 35.6003(9) 13.6136(5) 13.479(1)
b (A) 15.992(2) 35.6003(9) 14.0099(5) 14.978(2)
c(A) 19.375(2) 9.3796(2) 14.3587(5) 15.072(1)
a (deg) 75.155(6) 90 67.568(2) 106.636(4)
B (deg) 75.710(6) 90 87.784(2) 116.413(3)
vy (deg) 86.784(6) 120 77.725(2) 90.610(4)
V (A% 3234.6(6) 10294.9(4) 2470.7(2) 2577.2(4)
T (K) 173(2) 173(2) 173(2) 173(2)
Z 2 3 1 2
(Mo Ko) (mm™) 0.456 0.342 0.898 1.027
cryst size (mm®)  0.50 x 0.45 x 040 0.75 x 0.70 x 0.65 0.60 x 0.15 x 0.05 0.45 x 0.45 x 0.10
Deaed. (Mg m™) 1.386 1.383 1.543 1.733
26(max) (°) 55.8 60.0 60.0 55.8
no. of reflns 50394 36207 78226 61859
no. of unique data 15240 6660 14338 12176
R(int) 0.0389 0.0231 0.0312 0.0296
refln/param ratio 16.62 22.89 24.85 17.78
R; [I>26(D]* 0.0410 0.0349 0.0337 0.0371
wR; [all data]® 0.0952 0.0914 0.0810 0.1040
GOF 1.028 1.030 1.048 1.168

“ Ry = SF,| - IF/ZIF. ” wRy(F [all data]) = {S[W(F,” - F) VEw(FD™1} "
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Chapter 3: Solid Brgnsted Acids with a Weakly Basic Phosphorus(V) Anion*

3.1 Introduction

The stabilization of coordinatively unsaturated cations, which are often found as reactive
intermediates or active catalysts, necessitates the presence of charge-balancing anions with
minimal nucleophilicity, the so-called weakly coordinating anions (WCAs).”***'% Amongst the

number of sophisticated approaches that have been designed to prepare large, charge-delocalized

186-189 139,190

WCAs (e.g. carboranes,-8294180-185 fluoroalkoxyaluminates, and teflates), the most
popular remains to be the ﬂuoroarylborates.62'63’65’191'193 Specifically, the diversity of starting
materials available for [B(3,5-(CF3),CsH3)4]™ and [B(CgFs)s]™ (e.g. alkali metal,*”" silver(I),"*
195 thallium(I),"*"” trityl,*”'*® dimethylanilinium,'**** and [H(OEt,),]" salts)***"' have helped

202-212
1 0

to facilitate numerous important advancements in both fundamenta and applied

chemistry.m'216

Hexacoordinated phosphorus(V) anions, such as [3.1]" and its derivatives, are large,
highly symmetrical and charge diffused, which are ideal properties for WCAs. In Chapter 2,
preliminary investigation into the efficacy of [3.1]  to stabilize reactive cations has led to the
synthesis of two new alkali metal salts, namely K[3.1] and Na[3.1]. It was shown that K[3.1] is
an effective halide abstraction reagent for metal-halide bonds, leading to the isolation of
[(dppp)Pd(u-CD],[3.1], [dppp = 1,3-bis(diphenylphosphino)propane] and (cod)Rh[3.1]. To

further facilitate the evaluation of [3.1]" as a WCA, Brgnsted acids of [3.1]” were highly desired

for their potential to serve as catalyst activators through the protonolysis of metal-alkyl bonds.

* A version of this chapter has been published. Paul W. Siu and Derek P. Gates. “HL,[P(1,2-
0,C¢Hs)3] (L = DMSO or DMF): A Convenient Proton Source with a Weakly Basic
Phosphorus(V) Anion” Organometallics 2009, 28, 4491. Copyright 2009 American Chemical
Society.
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Although ammonium salts of [3.1]” are known,""!

their low acidity would limit protonolysis
to early transition metal-carbon bonds. In this chapter, the preparation and characterization of
solid Brgnsted acids H(DMF),[3.1] and H(DMSO),[3.1] will be described. Preliminary
investigation showed that H(DMF),[3.1] is effective in the stoichiometric activation of the

metal-alkyl bonds of (dppe)PdMe, [dppe = 1,2-bis(diphenylphosphino)ethane]. The coordinating

nature of the anion [3.1]” will also be discussed.

3.2 Results and Discussion
3.2.1 Synthesis and Characterization of Brgnsted Acids of [3.1]"

It has been reported that the treatment of PCls with catechol (3 equiv) affords an
equilibrium mixture of 3.2 and 3.3."® Interestingly, previous studies of these catechol-containing
phosphorus(V) compounds in DMF or DMSO provided evidence for the formation of Brgnsted
acids of [3.1]", although no compounds were isolated nor was structural data obtained. The
presence of HL[3.1] (L = DMSO or DMF) was inferred on the basis of 3P NMR spectroscopic
data which suggested the presence of hexacoordinated [3.1]” (J = —83.5).164217 Inspired by this
previous work, a mixture of 3.2 and 3.3 was prepared and, subsequently, the mixture was
dissolved in DMSO (Scheme 3.1). Following an identical procedure, the mixture of 3.2 and 3.3
was dissolved in DMF. Analysis of each reaction mixture using °'P NMR spectroscopy revealed

that the resonances at —28.8 and —29.4 ppm, attributed to 3.2 and 3.3, respectively, had been
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diminished and were replaced by a signal at ca. =80 ppm (DMSO: ¢ = —-80.5; DMF: ¢ = -80.0)

which is similar to those reported previously.'***"”

( }OH [ 1 </ \> [ j
OH 0. .0 020 0°%c0 OH

2PCls + 6 W 2 O/F',\O = O’Fl) FI’\O +
OH - 0 o) OH

; (@)
0.7.0
2 HL, oL

HL,[3.1]

Scheme 3.1 Synthesis of Brgnsted acids HL;[3.1] (L = DMSO, DMF).

In contrast to previous studies, the Brgnsted acids of [3.1]” were successfully isolated as
analytically pure white solids and spectroscopically characterized. In addition to *'P NMR
spectroscopy, each compound was characterized using 'H and *C{'H} NMR spectroscopy and
elemental analysis. The "H NMR spectra (CD;CN) of the crystalline solids are shown in Figure
3.1 and Figure 3.2. Of particular importance is the broad downfield signal that is assigned to the
acidic proton of H(DMSO),[3.1] (6 = 13.3) and H(DMF),[3.1] (6 = 15.3). In addition, the
integrated ratio of the signal assigned to acidic proton and the DMSO protons (J = 2.83) or the

DMEF protons (0 = 8.06, 3.07 and 2.95) are consistent with proposed formulations. The slight

218

downfield shift observed for the complex in comparison to free DMSO (6 = 2.50)°° or free

DMF (6=7.92, 2.89 and 2.77)2]8 provides evidence that the [HL,]" moiety is retained in solution

(L = DMSO or DMF). Remarkably, H(DMF),[3.1] exhibits excellent stability. At room
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temperature, a solid sample of H(DMF),[3.1] and a solution of H(DMF),[3.1] in CD3CN were
stored in a glovebox and showed no change in their 'H and 3P NMR spectra when monitored for
over one month. In contrast, the 3'p NMR spectrum of a solution of H(DMSO),[3.1] in CD;CN

shows evidence of decomposition after several hours.

—CH,
H(DMSO),
] ||I||||]I|||II]]|II]]|
135 13.0 Ar-H

*

Lo
||||||||||||I||||]|||||||||I||||]||||]]]llll]]]llll]]l]llIl]]]llll]]]l]]]]'lll]]]ll[l]]]]'lll]]
18 16 14 12 10 8 6 4 2 0

Chemical Shift (ppm)

Figure 3.1 'H NMR (300 MHz, CD3CN) spectrum of H(DMSO),[3.1] at 25 °C. (* = residual
protonated solvent) Adapted with permission from Organometallics 2009, 28, 4491. Copyright
2009 American Chemical Society.

Ar-H —CH,
H(DMF),
T T l|ll||| T T
16.0 15.5 15.0 14.5
i
HC-
IIIIIII|IIIIIIIII]IIIIIIIII|Illl]llIl[IIIIIllll]IIIIIIIII|IIIIIIIII[IIIIIIIIl]IIIIIIIII]IIIIIII
18 16 14 12 10 8 6 4 2 0

Chemical Shift (ppm)
Figure 3.2 'H NMR (300 MHz, CDsCN) spectrum of H(DMF),[3.1] at 25 °C. (* = residual

protonated solvent) Adapted with permission from Organometallics 2009, 28, 4491. Copyright
2009 American Chemical Society.
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A rough indication of the acidity of the H in the [H(DMSO),]" and [H(DMF),]" cations
and the innocence of the [3.1]” anion may be obtained from the "H NMR chemical shift for the
acidic proton. At 25 °C, the chemical shift for [H(DMSO),]" is 13.3 ppm whereas for
[H(DMF),]" it is observed further downfield at 15.3 ppm, suggesting a higher acidity for the
latter. This is inconsistent with the relative pK, values of [H(DMSO)]" (pK, = —2.01)219 and
[H(DMPF)]* (pK, = -1.2 0.5);*° however, it has been proposed previously that the positive
charge in monosolvated protons is better delocalized through resonance stabilization than for
disolvated protons.221 The significant deshielding of the acidic proton is consistent with that
observed for acids of other WCAs. For comparison, chemical shifts of the acidic proton in
related compounds such as Hy(DMF)4[TeBrs] and H(DMF),[OTf] are 16.8 and 16.9 ppm,
respectively,222 whereas those of the widely used [H(OEt,),][B(3,5-(CF3),Cc¢H3)4] and
[H(OEt,)2][B(CgFs)4] are 11.1 and 15.5 ppm, respectively.so’201

The Brgnsted acids [H(DMSO);][3.1] and H(DMF),[3.1] were also crystallographically
characterized. The molecular structures are presented in Figure 3.3 and Figure 3.4 and confirm
the presence of a hexacoordinated [3.1]" in each complex. The P(1) atom of [3.1] in each
compound shows minor deviation from perfect octahedral geometry. The largest deviation from
octahedral angles for the anion in H(DMSO),[3.1] is 3.42(5)° [O(2)-P(1)-O(5)] and for
H(DMF),[3.1] is 2.66(7)° [O(2)-P(1)-O(4)]. The P-O bond lengths in HL,[3.1] [avg. 1.711(3) A,
L = DMF; 1.716(3) A, L = DMSO] are longer than those typically observed for P-O single bonds
in triarylphosphates [1.59(1) A]IGS but are similar to those found in Et;3NH[3.1] [avg. 1.715(6)]15 3
and other complexes of [3.1] that were described in Chapter 2, namely K,(DMSO)¢[3.1], [avg.
1.715(5) Al, {K(MeCN),[3.1]}¢ [avg. 1.712(2) A], [(dppp)Pd(u-CD)]2[3.1], [avg. 1.715(4) A]

and (cod)Rh[3.1] [avg. 1.715(9) Al.
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Figure 3.3 Molecular structure of H(DMSO),[3.1]. Ellipsoids are drawn at the 50% probability
level. All hydrogen atoms are omitted for clarity, except for H(1), H(19a), H(19b) and H(19c).
Selected bond lengths (A): O(1)-P(1) = 1.726(1); O(2)-P(1) = 1.716(1); O(3)-P(1) = 1.725(1);
O4)-P(1) = 1.709(1); O(5)-P(1) = 1.705(1); O(6)-P(1) = 1.713(1); O(7)-H(1) = 1.00(3); O(8)-
H(1) = 1.45(3); O(7)-O(8) = 2.445(6); O(6)-H(19¢) = 2.421(1). Selected bond angles (°): O(1)-
P(1)-O(2) = 90.85(5); O(3)-P(1)-0O(4) = 90.60(5); O(5)-P(1)-O(6) = 91.27(5); O(7)-H(1)-O(8) =
171(3). Adapted with permission from Organometallics 2009, 28, 4491. Copyright 2009
American Chemical Society.

Figure 3.4 Molecular structure of H(DMF),[3.1]. Ellipsoids are drawn at the 50% probability
level. All hydrogen atoms are omitted for clarity, except for H(1), H(20a), H(20b) and H(20c).
Selected bond lengths (A): O(1)-P(1) = 1.706(1); O(2)-P(1) = 1.715(1); O3)-P(1) = 1.708(1);
O4)-P(1) = 1.708(1); O(5)-P(1) = 1.700(1); O(6)-P(1) = 1.730(1); O(7)-H(1) = 1.13(4); O(8)-
H(1) = 1.31(4); O(7)-O(8) = 2.438(2); O(3)-H(20c) = 2.375(1). Selected bond angles (°): O(1)-
P(1)-O(2) = 90.96(6); O(3)-P(1)-O(4) = 91.05(6); O(5)-P(1)-O(6) = 90.46(6); O(7)-H(1)-O(8) =
176(4). Adapted with permission from Organometallics 2009, 28, 4491. Copyright 2009
American Chemical Society.
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Importantly, the molecular structures of the Brgnsted acids of [3.1] are consistent with
their '"H NMR spectroscopic data and confirm that their cationic components consist of a single
proton coordinated through the oxygen atom of two ligand molecules. In each case, the acidic
hydrogen atom, H(1), was located in the difference map and was refined isotropically. The O-H
bond lengths in the [H(DMSO),]" cation differ considerably [O(7)-H(1) = 1.00(3); O(8)-H(1) =
1.45(3) A], which are consistent with that observed in related compounds: [H(DMSO),],[TeClg¢],
H(DMSO0),[7,8-C>BsH 2] and H(DMSO),[trans-RuCl4(DMSO),] [0-H = 0.9(1), and 1.5(1) A;**
0.95(4) and 1.45(4) A;*** 1.12(6) and 1.30(6) A,** respectively]. Similarly, the acidic hydrogen
in the [H(DMF),]" cation is also bound asymmetrically [O(7)-H(1) = 1.13(4); O(8)-H(1) =
1.31(4) A). Asymmetric hydrogen bonding is quite common for protons bound by oxygen
donors such as DMF and DMSO.?>*** The O---O distance in the O-H-O moiety of the [HL,]"
cation is generally accepted as being more indicative of the strength of hydrogen bonding than
the O-H distance, which is difficult to determine accura‘tely.223’225'229 The O---O distances for the
O-H-O moiety in HIDMSO),[3.1] [O(7)---O(8) = 2.445(6) A] and H(DMF),[3.1] [O(7)---O(8) =
2.438(2) A] are significantly shorter than the sum of van der Waals radii for oxygen and oxygen
[Fvaw = 3.04 A],"* which is consistent with strong hydrogen bonding for the O-H-O moiety in the
[H(DMSO),]" and the [H(DMF),]* cations.”””* The O---O distances are also comparable to
those observed in related compounds {H(DMSO);[trans-RuCly(DMSO),]: 2.423(5) A;m
[H(DMSO),]5[TeBrg]: 2.448(4) A;**® [H(DMF),]2[TeBrs]: 2.44(2) A;** and the partially
chlorinated derivative, HIDMF),[P(1,2-0>C¢H4)(1,2-0,C¢Cls)s]: 2.413(5) A}.!

The metrical parameters for HIDMSO),[3.1] and H(DMF),[3.1] reveal the presence of
weak interactions between the cation and anion [3.1]". Specifically, the closest contact between
[H(DMSO),]" and [3.1] involves an oxygen atom in the catecholate anion and an H-atom of the

methyl group of DMSO [O(6)---H(19¢) = 2.421(1) A]. Likewise, the closest contact between

45



[H(DMF),]* and [3.1]" involves a methyl group of DMF and an oxygen atom of [3.1]
[O(3)---H(20c) = 2.375(1) 10\]. In both cases, the closest ion-pair distances are within the sum of
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van der Waals radii for oxygen and hydrogen [ryqyw = 2.72 A1,"* consistent with weak cation-

anion interactions.

3.2.2 Placement of [3.1]” on Infrared Scale for Weakly Basic Anions

To further investigate the potential use of [3.1]” as a WCA, it was necessary to compare
the coordinating ability of [3.1]” with other anions. A convenient scale for evaluating the basicity
of anions in solution has been proposed which involves measuring the N-H stretching frequency

22 In an effort to place [3.1]" on this scale, the

for ammonium salts of various anions.
trioctylammonium salt of [3.1]” was synthesized and characterized. Following the literature
protocol, analysis of a CCly solution of (CgH;7);NH[3.1] by infrared spectroscopy revealed a N-
H stretching frequency of 3129 cm™. Interestingly, this value is comparable to (CgH;7);NH[BF,]
[Vig = 3133 cm'l,232 3129 cm™ (our data)] suggesting that [3.1] has a similar basicity to [BF4]".
In comparison, the most likely candidates for the title of “weakest coordinating anion”,
[B(C¢Fs)s]” and [CMeB; F;1], have N-H stretching frequency of 3233 and 3219 cm'l,
mspectively.23 ? In contrast, the chloride anion is the most basic of those previously measured and

(CsH;7)sNHCI possesses an N-H stretching frequency of 2330 cm'.??

3.2.3 Application of H(DMF);[3.1] in Metal-Carbon Bond Protonolysis

The results from the previous section suggest that the coordinating ability of [3.1] should
be comparable to tetrafluoroborate. Although more coordinating than the perfluoroarylborate and
the carborane anions, the relative ease of synthesis for H(DMSO),[3.1] and H(DMF),[3.1],

compared to protic salts of fluoroarylborates or carboranes, makes them attractive as catalyst
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activators where a moderately coordinating anion can be tolerated. Moreover, they represent
convenient protic reagents because they are isolable in solid form and may be readily
Weighed.233 Protic acids of WCAs are important for the protonolysis of metal-alkyls to generate
active catalysts. Readily available anhydrous Brgnsted acids, such as HOSO,CFs;, HOSO,F,
HBF4/Et,0 and HF-SbFs, can be effective in metal-alkyl bond activation; however, they are
available only in solution or in liquid form. Weighable solid Brgnsted acids of moderate
molecular weight, such as H(DMSO),[3.1] and H(DMF),[3.1], are less common. They are,
nevertheless, attractive for catalytic applications, since due to the small amount of catalyst
typically used, they enable more precise control of stoichiometry.50 In this section, the activation
of palladium(II)-methyl bonds using H(DMF),[3.1] will be discussed.

It 1s known that the reaction of (P"P)PdMe, (where P"P is a bidentate ligand) with
H(OEL)2[B(3,5-(CF3),CeHa)s]  affords  [(PAP)Pd(solvent)Mel[B(3,5-(CF;),CeH3)41,>**”  an
active catalyst for alternating polymerization of carbon monoxide and ethylene.23 6-238
Consequently, the reaction of (dppe)PdMe, with H(DMF),[3.1] in Et,O/CH3;CN was investigated
as a starting point to test the effectiveness of the Brgnsted acids of [3.1] to protonate metal-alkyl
moieties (Scheme 3.2). Brgnsted acid H(IDMF),[3.1] was chosen rather than H(DMSO),[3.1] due
to the greater stability of the former at room temperature. Cooling the reaction mixture to —30 °C
resulted in the precipitation of a colorless solid. The S'p('H} NMR spectrum of a CD;CN
solution of the powder is shown in Figure 3.5 and is consistent with the successful formation of
[(dppe)Pd(NCMe)Me][3.1]. Importantly, the spectrum reveals two coupled doublet resonances
[0=62.5, 40.7; “Jpp = 28 Hz] that arise from two inequivalent coupled phosphine moieties and a
singlet resonance assigned to [3.1]” [0 = —82.0]. For comparison, similar resonances are observed

for the phosphine moieties in [(dppe)Pd(NCMe)Me][OTf] [J = 60.4, 35.2; “Jpp = 27 Hz]** and

[(dppe)Pd(NCMe)Me][PFs] [8 = 61.2, 39.5; *Jpp = 27 Hz].*** Additional analysis of the product
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by 'H and BC{'H} NMR spectroscopy provided further evidence for the formulation of the

product as [(dppe)Pd(NCMe)Me][3.1].

Ph. Ph Ph._ Ph
[P\ Me [P\ Me -
Pd. + H(DMF),[3.1] ———> Pd. :

/P\ Me MeCN R* 'NCMe
PH Ph -MeH | py pp

Scheme 3.2 Protonolysis of (dppe)PdMe, with one equivalent of H(DMF),[3.1].
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Figure 3.5 (a) °'P NMR (162 MHz, CDs;CN) spectrum of (dppe)PdMe, at 25 °C.
(b) *'P{'H} NMR (121 MHz, CDsCN) spectrum of [(dppe)Pd(NCMe)Me][3.1] at 25 °C. (c) *'P
NMR (162 MHz, CD3;CN) spectrum of [(dppe)Pd(NCMe),][3.1], at 25 °C. Adapted with
permission from Organometallics 2009, 28, 4491. Copyright 2009 American Chemical Society.

It was also of interest to investigate the ability of H(DMF),[3.1] to doubly activate
(dppe)PdMe; and to determine the stability of the resulting dicationic [(dppe)Pd(NCMe)2]2+ in
the presence of [3.1]". Complexes containing the [(dppe)Pd(solvent)g]2+ are effective for various
catalytic transformations, including polymerization of norbornene,**'** hydrosulfination of

propene,”*** and hydrogenation of olefins.***** A mixture of (dppe)PdMe, and H(DMF),[3.1]
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(2 equiv) was dissolved in CH3CN and an immediate color change to yellow was observed
(Scheme 3.3). After the reaction mixture was stirred for a total of 3 h, analysis by 3P NMR
spectroscopy  revealed the quantitative formation of  [(dppe)Pd(NCMe),][3.1]»
[0=76.5 (s), —82.1 (s)] (Figure 3.5). Upon standing, a pale yellow solid precipitated from the
reaction solution and the solid was separated, washed and dried. Analysis of a DMSO-dg solution
of the solid product by *'P, 'H and "*C{'H} NMR spectroscopy was consistent with the dication
salt [(dppe)Pd(NCMe),][3.1],. For comparison, a solution of (dppe)PdMe; in acetonitrile was

treated with hydrogen chloride which afforded (dppe)PdCl, rather than [(dppe)Pd(NCMe),]|Cl,.

Ph_Ph Ph. Ph
[P\ Me [P\ 'NCMe a1
Pd. + 2HODMF)[3.1] ———= Pd! A
R Me MeCN R* 'NCMe
PH Ph -2MeH | py Ph

Scheme 3.3 Protonolysis of (dppe)PdMe, with two equivalent of H(DMF),[3.1].

The molecular structures of [(dppe)Pd(NCMe)Me][3.1] and [(dppe)Pd(NCMe),][3.1],
were determined using X-ray crystallography (Figure 3.6 and Figure 3.7, respectively) and
confirmed the formulations proposed from NMR spectroscopy. The metrical parameters within
[3.1] in each molecular structure are similar to those found in the HL," salts discussed above
and will not be discussed further. Noteworthy is the fact that [(dppe)Pd(NCMe)Me][3.1]
crystallizes in a chiral space group, P2;. Remarkably, the analysis of two different crystals
revealed that the A- and A-isomers of [3.1]7 are resolved in the presence of
[(dppe)Pd(NCMe)Me]".  Careful comparison of the molecular structures  of
[(dppe)Pd(NCMe)Me][A-3.1] with [(dppe)Pd(NCMe)Me][A-3.1] reveals an asymmetrical twist
in the conformation of the palladacycle, which results in the opposite enantiomer for the cation
in each structure. Such twisting is commonly observed for square planar palladium(II)
compounds  containing the dppe ligand.247’250 The  molecular  structure  of
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[(dppe)Pd(NCMe),][3.1], shows similar behavior, however, both enantiomers of the cation and

anion are present and are related by symmetry in the P1 space group.251

[(dppe)Pd(NCMe)Me][A-3.1] [(dppe)Pd(NCMe)Me][A-3.1]

Figure 3.6 Molecular structures of A- and A-isomers of [(dppe)Pd(NCMe)Me][3.1]. Ellipsoids
are drawn at the 50% probability level. All hydrogen atoms are omitted for clarity, except for
H(28) for [(dppe)Pd(NCMe)Me][A-3.1] and H(22) for [(dppe)Pd(NCMe)Me][A-3.1]. In both
cases, solvents of crystallization (CH3CN) are also omitted for clarity.
[(dppe)Pd(NCMe)Me][A-3.1]: O(1)-P(1) = 1.705(2); O2)-P(1) = 1.703(2); O3)-P(1) =
1.712(2); O4)-P(1) = 1.708(2); O(5)-P(1) = 1.712(2); O(6)-P(1) = 1.707(2); P(2)-Pd(1) =
2.3368(6); P(3)-Pd(1) = 2.2022(6); N(1)-Pd(1) = 2.063(2); C(45)-Pd(1) = 2.084(2); O(6)-H(28)
= 2.551(2); O(1)-P(1)-O(2) = 91.28(8); O(3)-P(1)-O(4) = 90.74(8); O(5)-P(1)-O(6) = 91.17(8);
N(1)-Pd(1)-C(45) = 89.17(9); C(45)-Pd(1)-P(3) = 87.26(7); N(1)-Pd(1)-P(2) = 96.76(6); P(3)-
Pd(1)-P(2) = 86.73(2).

[(dppe)Pd(NCMe)Me][A-3.1]: O(1)-P(1) = 1.706(1); O)-P(1) = 1.708(1); O3)-P(1) =
1.716(1); O4)-P(1) = 1.711(1); O(5)-P(1) = 1.710(1); O(6)-P(1) = 1.714(2); P(2)-Pd(1) =
2.3381(6); P(3)-Pd(1) = 2.2076(6); N(1)-Pd(1) = 2.069(2); C(45)-Pd(1) = 2.087(2); O(4)-H(22)
= 2.550(1); O(1)-P(1)-O(2) = 91.06(7); O(3)-P(1)-O(4) = 90.99(7); O(5)-P(1)-O(6) = 90.87(7);
N(1)-Pd(1)-C(45) = 89.36(7); C(45)-Pd(1)-P(3) = 87.31(6); N(1)-Pd(1)-P(2) = 96.52(5); P(3)-
Pd(1)-P(2) = 86.75(2). Adapted with permission from Organometallics 2009, 28, 4491.
Copyright 2009 American Chemical Society.
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Figure 3.7 Molecular structure of [(dppe)Pd(NCMe),][3.1],. Ellipsoids are drawn at the 50%
probability level. All hydrogen atoms are omitted for clarity, except for H(28a), H(28b) and
H(28c). Solvents of crystallization (2 x CH3CN) are also omitted for clarity. Selected bond
lengths (A): O(1)-P(3) = 1.708(2); O(2)-P(3) = 1.709(2); O(3)-P(3) = 1.715(2); O(4)-P(3) =
1.708(2); O(5)-P(3) = 1.720(2); O(6)-P(3) = 1.723(2); O(7)-P(4) = 1.711(2); O(8)-P(4) =
1.713(2); O(9)-P(4) = 1.703(2); O(10)-P(4) = 1.717(2); O(11)-P(4) = 1.717(2); O(12)-P(4) =
1.711(2); P(1)-Pd(1) = 2.2492(6); P(2)-Pd(1) = 2.2370(7); N(1)-Pd(1) = 2.080(2); N(2)-Pd(1) =
2.093(2); O(8)-H(28a) = 2.318(2). Selected bond angles (°): O(1)-P(3)-O(2) = 90.84(8); O(3)-
P(3)-O(4) = 91.17(8); O(5)-P(3)-0O(6) = 90.24(7); O(7)-P(4)-O(8) = 90.85(8); O(9)-P(4)-O(10) =
91.02(8); O(11)-P(4)-0(12) = 90.47(8); O(12)-P(4)-O(7) = 92.53(9); O(12)-P(4)-O(8) =
88.26(8); N(1)-Pd(1)-N(2) = 87.38(8); N(2)-Pd(1)-P(2) = 93.50(6); N(1)-Pd(1)-P(1) = 93.74(6);
P(2)-Pd(1)-P(1) = 85.09(2). Adapted with permission from Organometallics 2009, 28, 4491.
Copyright 2009 American Chemical Society.

The metrical parameters within the [(dppe)Pd(NCMe)Me]* and [(dppe)Pd(NCMe)z]ZJr
cations are comparable to those observed in analogous species. As represented by a dashed line
in Figure 3.6, the closest ion contact in [(dppe)Pd(NCMe)Me][A-3.1] and
[(dppe)Pd(NCMe)Me][A-3.1] is between a phenyl-H of the dppe ligand and an oxygen atom

from the catecholate anion {[(dppe)Pd(NCMe)Me][A-3.1]: O(6)-H(28) = 2.551(2) A,
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[(dppe)Pd(NCMe)Me][A-3.1]: O(4)-H(22) = 2.550(1) A}. In contrast, Figure 3.7 shows that the
closest contact in [(dppe)Pd(NCMe),][3.1], is between an acetonitrile hydrogen and an oxygen
atom of [3.1]” [O(8)-H(28a) = 2.318(2) A]. In both compounds, these approaches are slightly
less than the sum of the van der Waals radii for oxygen and hydrogen [rvw = 2.72 A]'7? and

suggest weak interactions between the cation and the anion.

3.3 Summary

The preparation of two new Brgnsted acids containing the hexacoordinated
phosphorus(V) anion [3.1]", H(DMF),[3.1] and H(DMSO),[3.1], was accomplished following a
straightforward procedure from PCls, catechol and the appropriate solvent (DMF or DMSO).
Both compounds were characterized spectroscopically and through X-ray crystallography. Their
high acidities were suggested by the downfield shifts of the acidic proton in their '"H NMR
spectra. The basicity of [3.1]" was determined to be similar to that of the classical weakly
coordinating anion, [BF4]", based on a similar N-H stretching frequency for (CgsH;7);NH[1] and
to that observed for (CgH;7);NH[BF,]. Brgnsted acid H(DMF),[3.1] was shown to be effective in
the stoichiometric activation of the metal-alkyl bonds of (dppe)PdMe, to afford either
[(dppe)Pd(NCMe)Me][3.1] (1:1 ratio) or [(dppe)Pd(NCMe),][3.1], (1:2 ratio), both of which

were structurally characterized.

3.4 Experimental Section
3.4.1 General Procedures

All manipulations were performed using standard Schlenk or glove box techniques under
nitrogen atmosphere. Toluene and Et;O were deoxygenated with nitrogen and dried by passing

through a column containing activated alumina. CD3CN, CD,Cl,, and DMSO-ds were purchased
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from Cambridge Isotope Laboratories Inc. in 1 g sealed ampules and dried over 3A molecular
sieves before use. Trioctylamine and HPLC grade carbon tetrachloride were purchased from
Aldrich and dried over 3A molecular sieves before use. DMSO and DMF were dried over 3A
molecular sieves and distilled before use. Acetonitrile was distilled from CaH, before use. PCls
(Aldrich) was sublimed prior to use. Anhydrous HC1 (BOC Gases) and catechol (Aldrich) were
used as received. Mixture 3.2 / 3.3'% and [(dppe)PdMe,]** were prepared following literature
procedures. 'H, 13C{IH}, 3P and 31P{IH} NMR spectra were recorded at 25 °C on Bruker
Avance 300 or 400 MHz spectrometers. 85% H3;PO4 was used as an external standard (¢ 0.0) for
P and *'P{'H} NMR spectra. 'H NMR spectra were referenced to residual protonated solvent,
and “C{'H} NMR spectra were referenced to the deuterated solvent. Elemental analyses were
performed in the University of British Columbia Chemistry Microanalysis Facility. Infrared
spectra were recorded on a Thermo Nicolet Nexus 670 FT-IR spectrometer equipped with an
inlet attached to a nitrogen supply. The sample chamber was purged with nitrogen until a
constant concentration level of moisture and carbon dioxide was obtained for the background. IR
spectra of 0.005-0.01 M solutions of trioctylammonium salts in carbon tetrachloride were
obtained using a cell with KBr windows and recorded in the 4000-500 cm™' range under a flow

of nitrogen.

3.4.2 Synthesis of HIDMSO),[3.1]

To a solid mixture of 3.2 and 3.3 (1.0 g, 2.8 mmol) was added DMSO (5.0 g, 64 mmol)
and the resultant pale purple solution was stirred for 20 min. Subsequently, toluene (90 mL) was
added to afford a colorless precipitate which was collected by filtration. The solid was
redissolved in CH3CN (10 mL), reprecipitated with toluene (90 mL) and collected by filtration.

The crude product was dried in vacuo. Yield = 1.4 g (98%). Crystals suitable for X-ray
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crystallography were obtained from slow diffusion of toluene into a DMSO solution of
H(DMSO),[3.1] (ca. 5 days).

3P NMR (162 MHz, CH;CN): § —80.5; "H NMR (300 MHz, CDsCN): 6 13.3 (br s, 1H,
H-DMSO0,), 6.65 (s, 12H, Ar-H), 2.83 (s, 12H, CH3); *C{'H} NMR (101 MHz, DMSO-dy):
145.4 (d, Jcp = 4 Hz), 118.6 (s), 108.9 (d, Jcp = 17 Hz), 40.4 (s). Anal. Calcd. for C2H»505PS,:

C, 51.55; H, 4.92. Found: C, 51.68; H, 4.93.

3.4.3 Synthesis of HIDMF),[3.1]

To a solid mixture of 3.2 and 3.3 (1.0 g, 2.8 mmol) was added DMF (5.0 g, 68 mmol) and
the resultant white suspension was stirred for 60 min. Subsequently, toluene (40 mL) was added
and the colorless precipitate was collected by filtration. The solid was redissolved in CH3;CN
(10 mL), reprecipitated with toluene (90 mL) and collected by filtration. The crude product was
dried in vacuo. Yield = 1.1 g (78%). Crystals suitable for X-ray diffraction were obtained from
slow diffusion of toluene into a solution of H(DMF),[3.1] in DMF.

*'P NMR (162 MHz, CH;CN): ¢ -80.0; 'H NMR (300 MHz, CDsCN): § 15.3 (br s, 1H,
H-DME,), 8.06 (s, 2H, HC=0), 6.69-6.65 (m, 12H, Ar-H), 3.07 (s, 6H, CH3), 2.95 (s, 6H, CH3);
BC{'H} NMR (101 MHz, CD3CN): 165.5 (s), 146.6 (d, Jcp = 4 Hz), 120.3 (s), 110.4 (d, Jcp =
16 Hz), 39.3 (s), 33.8 (s). Anal. Calcd. for C,4H»7N,OgP: C, 57.37; H, 5.42; N, 5.58. Found: C,

57.52; H, 5.45; N, 5.64.

3.4.4 Synthesis of (CsH;7);NH[3.1]
Trioctylamine (1.7 g, 2.8 mmol) and solid mixture of 3.2 and 3.3 (1.0 g, 4.8 mmol) were
dissolved in CH,Cl, (5 mL). After 3 h, the solvent was removed in vacuo and the resultant

colorless oil was heated in vacuo at 140 °C. Subsequently, hexanes (15 mL) was added to the
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colorless oil and this mixture was ultrasonicated for 15 min. to afford a white solid.
(CgH7);NH[3.1] was isolated by filteration, washed with hexanes (10 mL) and dried in vacuo.
Yield = 1.3 g (65%).

3P NMR (121 MHz, CDCl;): 6 —-83.8; '"H NMR (300 MHz, CDCl5): § 8.61 (br s, 1H,
H-N), 6.70 (s, 12H, Ar-H), 3.20-3.12 (m, 6H, N-CH), 1.74-1.63 (m, 6H, NCH,-CH>), 1.26-1.17
(m, 30H, NC,H4-CsHyo), 0.87 (t, *Jun = 7 Hz, 9H, CH3); "C{'H} NMR (101 MHz, CDCls):
145.0 (d, Jep = 4 Hz), 119.5 (s), 109.7 (d, Jcp = 19 Hz), 53.4 (s), 31.5 (s), 28.8 (s), 28.7 (s),
26.5 (s), 23.1 (s), 22.4 (s), 14.0 (s). Anal. Calcd. for C4oHauNOgP: C, 71.06; H, 9.09; N, 1.97.

Found: C, 71.12; H, 9.21; N, 2.12.

3.4.5 Synthesis of [(dppe)Pd(NCMe)Me][3.1]

To a solid mixture of (dppe)PdMe, (50 mg, 0.093 mmol) and H(DMF),[3.1] (47 mg,
0.094 mmol) was added Et,0O (ca. 1 mL). Acetonitrile was added dropwise to the stirred
suspension until all the solid was dissolved (ca. 10 drops). The solution was stirred at room
temperature for 15 min, where after the mixture was cooled to —30 °C to afford a colorless
precipitate. The supernatant liquid was decanted from the precipitate and the solid was dried in
vacuo. Yield = 72 mg (85%). Crystals suitable for X-ray diffraction were grown by slow
evaporation of a solution of [(dppe)Pd(NCMe)Me][3.1] in Et;O:CH3;CN.

J'p{'H} NMR (121 MHz, CDsCN): § 62.5 (d, *Jep = 28 Hz, dppe), 40.7 (d, “Jpp = 28 Hz,
dppe), —82.0 (s, anion); 'H NMR (300 MHz, CDsCN): ¢ 7.69-7.52 (m, 20H, Ar-H of dppe),
6.65-6.58 (m, 12H, Ar-H of anion), 2.73-2.55, 2.41-2.24 (m, 4H, CH,CH»), 1.96 (s, 3H, Pd-
NCCHj3), 0.52 (dd, *Jup = 6 Hz, *Jyp = 3 Hz, 3H, Pd-CHs); *C{'H} NMR (101 MHz, CD,CL):
146.3 (d, Jcp = 5 Hz), 133.8 (d, Jcp = 12 Hz), 133.2 (d, Jcp = 14 Hz), 132.8 (d, Jcp = 3 H2z),

132.3 (s), 130.1 (d, Jcp = 9 Hz), 130.4 (d, Jcp = 34 Hz), 130.0 (d, Jcp = 12 Hz), 127.9 (d, Jcp =
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57 Hz), 123.7 (s), 119.4 (s), 109.9 (d, Jcp = 18 Hz), 31.3 (dd, Jcp = 35 Hz, Jcp = 21 Hz), 24.2

(dd, Jcp =28 Hz, Jcp = 8.1 Hz), 8.6 (d, Jcp = 88 Hz), 3.0 (s).

3.4.6 Synthesis of [(dppe)Pd(NCMe),][(3.1]»

To a solid mixture of (dppe)PdMe, (45 mg, 0.084 mmol) and H(DMF),[3.1] (85 mg,
0.17 mmol) was added CH3CN (2 mL). The resulting cloudy yellow mixture was stirred for 3 h,
and the supernatant was decanted off. The remaining yellow solid was washed with cold CH;CN
(3 x 2 mL) and dried in vacuo. Yield = 66 mg (61%). Crystals suitable for X-ray diffraction,
were obtained after a concentrated solution of [(dppe)Pd(NCMe),][3.1], in CH3CN was left in
the glovebox overnight.

3P NMR (162 MHz, CH;CN): 6 76.5 (s, dppe), —82.1 (s, anion). 'H NMR (400 MHz,
CDsCN): 0 7.79-7.61 (m, 20H, Ar-H on dppe), 6.64-6.58 (m, 24H, Ar-H on anion), 2.92-2.77
(m, 4H, CH,CH, on dppe), 1.96 (s, 6H, PANCCH3); “C{'H} NMR (101 MHz, DMSO-d):
145.5 (d, Jep = 4 Hz), 133.5 (d, Jep = 12 Hz), 129.7 (d, Jcp = 12 Hz), 125.3 (d, Jcp = 55 Hz),

118.6 (s), 118.0 (s), 108.9 (d, Jcp = 17 Hz), 26.9 (dd, Jcp = 39 Hz, Jop = 8 Hz), 1.1 (5).

3.4.7 Reaction of (dppe)PdMe; with HCI1
Anhydrous HCl was bubbled through a stirred solution of (dppe)PdMe, in CH3CN
(10 mL) at 0 °C for a few minutes. The solvent was removed in vacuo to afford a white solid.

The *'P NMR spectrum of the isolated solid was identical to that of an authentic sample of

(dppe)PdCl, [d = 68.1 in CH;CN].>*
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3.4.8 X-ray Crystallography
All single crystals were immersed in oil and were mounted on a glass fiber. Data were
collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo Ko

radiation. Data were collected and integrated using the Bruker SAINT'"®

software package and
corrected for absorption effect using SADABS.'”” All structures were solved by direct methods
and subsequent Fourier difference techniques. Unless noted, all non-hydrogen atoms were
refined anisotropically, whereas all hydrogen atoms were included in calculated positions but not
refined. All data sets were corrected for Lorentz and polarization effects. All refinements were
performed using the SHELXTL'7*17 crystallographic software package from Bruker-AXS.
Compound H(DMSO),[3.1] has two disordered molecules of DMSO bound to H(1). H(1)
was located using the difference map and refined isotropically. Each of the disordered DMSO
molecules was modeled in two orientations. Their respective populations were refined to the
final occupancy of 0.926(2), 0.074(2), 0.8570(16) and 0.1430(16). Due to the low occupancy
values (0.074(2)) for C(19b) and C(20b), they were refined isotropically. Compound
H(DMF),[3.1] has two molecules of DMF bound to H(1). H(1) was located using the difference
map and refined isotropically. Compounds [(dppe)Pd(NCMe)Me][A-3.1],
[(dppe)Pd(NCMe)Me][A-3.1] and [(dppe)Pd(NCMe),][3.1], did not show any crystallographic
complexity. Crystal data and refinement paramenters are listed in Table 3.1. CIF files giving

supplementary crystallographic data for the structures reported in this chapter are available from

Cambridge Crystallographic Data Centre (CCDC 727172 —727176).
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Table 3.1 X-ray crystallographic data of H(DMSO),[3.1], H(DMF),[3.1], [(dppe)Pd(NCMe)Me][A-3.1], [(dppe)Pd(NCMe)Me][A-3.1] and
[(dppe)Pd(NCMe),][3.1]o.

[(dppe)Pd(NCMe)Me][A-3.1] [(dppe)Pd(NCMe)Me][A-3.1] [(dppe)Pd(NCMe),][3.1],

H(DMSO),[3.1] H(DMF),[3.1] .CH,CN .CH,CN 2CHLCN
formula C22H2508P82 C24H27N208P C49H45N206P3Pd C49H45N206P3Pd C70H60N40|2P4Pd
fw 512.51 502.45 957.18 957.18 1379.50
cryst syst monoclinic monoclinic monoclinic monoclinic triclinic
space group P2,/n P2,/n P2, P2, P1
color colorless colorless colorless colorless yellow
a(A) 12.767(3) 11.5961(9) 10.036(1) 10.030(2) 12.173(1)
b (A) 13.932(3) 14.877(1) 17.318(2) 17.331(3) 15.673(2)
¢ (A) 13.625(3) 13.831(1) 13.035(2) 13.073(3) 18.048(2)
o (deg) 90 90 90 90 81.711(5)
p (deg) 108.507(7) 97.807(4) 95.200(5) 95.079(7) 83.998(5)
y (deg) 90 90 90 90 68.021(5)
V(A% 2298.2(9) 2364.0(3) 2256.2(5) 2263.6(8) 3154.8(6)
T (K) 173(2) 173(2) 173(2) 173(2) 173(2)
Z 4 4 2 2 2
(Mo Ka) (mm™) 0.349 0.169 0.569 0.567 0.463
cryst size (mm”®) 1.1 x0.7x0.5 0.5%x03x0.2 09x0.8x0.3 0.8 x0.6 x0.5 0.40 x 0.35 x0.15
D qcq. (Mg m>) 1.481 1.406 1.409 1.404 1.452
26(max) (°) 55.8 55.88 56.0 55.82 56.7
no. of reflns 39445 38168 19836 37561 67930
no. of unique data 5373 5664 9813 10816 15158
R(int) 0.0319 0.0493 0.0205 0.0216 0.0476
refln/param ratio 14.37 17.48 17.75 19.56 18.40
R [I>20(D]" 0.0324 0.0423 0.0245 0.0216 0.0375
WR, [all data]® 0.0836 0.1131 0.0621 0.0518 0.0816
GOF 1.019 1.020 1.042 1.032 1.004

“ Ry = 3NF,l - IF/ZIF,l. * wRy(F[all data]) = {Z[w(F,> - FO) I/EIw(F,)*1}"%. Adapted with permission from Organometallics 2009, 28,

4491. Copyright 2009 American Chemical Society.



Chapter 4: Novel Cationic Polymerization Initiators for Vinyl Monomers*

4.1 Introduction

Effective cationic polymerization of vinyl monomers necessitates highly reactive
initiators that are often too unstable to isolate. Thus, active initiators (A*B’) are commonly
generated in situ by binary systems, typically comprised of a proton donor (HX) or a cationogen
(cation donor, RX) activated by a neutral Lewis acid (MX,), such as BF3, AlICl3;, SnCly, TiCly

and ZnCl, (Scheme 4.1).2**° The activation of proton donors (HX), such as hydrohalic

260-264 265-270

. . . 271 +- . e e e
acids, carboxylic acids, and water,”" liberates H" as the active cationic initiator.

272-2717 278-279

While the activation of cationogens (RX), such as alkyl halides, alkylaryl halides,

280-283 284-290

esters, and alcohols, results in the formation of a carbenium ion as the active cationic
initiator. Subsequent initiation of polymerization forms a propagating carbenium ion, which is
charge-balanced by the corresponding anion (B°), derived from the Lewis acid activator (MX,)
(Scheme 4.2). Due to the highly electrophilic nature of the propagating carbenium, the role of
counteranion (B") is of crucial importance.w"25 ? The nucleophilicity of the anion can influence
the degree of dissociation between the ion-pair. If the anion is too nucleophilic, propagation will
be suppressed, thereby effectively terminating polymerization. In addition, the rates of chain
291-293

transfer are also highly affected by the nature of the counteranion.

A2 =H*orR*
B® = [MX1]

Scheme 4.1 Generation of active initiator (A"B") for cationic polymerization.

* A version of this chapter will be submitted for publication. Paul W. Siu and Derek P. Gates.
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initiation propagation termination

H
H ege B e H b H H

H,C=C_ ——> A-C-C®--BY ——=, ww~C-C%--B® —— wwC-C-B
R H R H R H R

Scheme 4.2 Cationic polymerization of vinyl monomers.

For binary initiator systems, the choice of Lewis acid activator has a direct effect on the
nature of the in sifu counteranion. The use of highly electrophilic Lewis acids, such as
B(CgFs)3,”" 0-CgF4{B(CFs)2}2,"”"*"" and 0-CeF4(9-BC1oFs), (9-BCioFs = 1,2,3,4,5,6,7.8-
octafluoro-9-borafluorene),'! in conjunction with an appropriate cationogen, enables the in situ
preparation of active carbenium initiators stabilized by the corresponding weakly nucleophilic
anions. For proton donors, the activation of water or carboxylic acids by B(C(,F5)3,74'75 ,293,298-300
0-CeFa{B(C6Fs)2}2,>" 0-CeFa(9-BC12Fs),>” Al(CoFs)s,”” and Ga(CeFs);*” has been shown to
generate protic initiators in solution. Although the active initiators are presumed to be a strong
Brgnsted acid containing the corresponding weakly nucleophilic anion, their structures tend to be
somewhat ill-defined. Likewise, in the presence of water or other protogens, silylium and trityl
salts of the weakly nucleophilic [B(C¢Fs)s] have been shown to initiate cationic

polymerization.292’304'305

The active initiator is presumed to be the protic acid of [B(CeFs)4]". The
activation of neutral metallocene complexes {e.g. [(CsHs):YMel,, [(CsHsSiMes)YMels,,
[(CsH4SiMes)2ZrHy ], (CsMes)TiMes} by trityl salts of weakly nucleophilic anions, such as
[B(CoFs)al, "™ [HN{B(CeFs)3}2," [CN{B(CF5)s}o]"" and [B{CeFy(SiPrs)}],"" can
also generate highly effective in situ initiators for cationic polymerization.309'3 10

In contrast to binary initiator systems, isolable protic initiators containing weakly
nucleophilic anions are somewhat less well established. Solid Brgnsted acids, such as

[H(OEt)2][A{OC(CF3)3}4l,™! [H(OE)[B(CFs)sl,™? [Na(H20):][B(3,5-(CF3)2CeH3)al,™ and

H[B(C;04),] (C,04 = oxalate),3 14315 have been studied as cationic polymerization initiators. In
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addition, heteropolyacids such as 12-tungstophosphoric acid (H3PW2040),'¢  12-
molybdophosphoric acid (H3PM012040),316'317 and My sHosPW 2,04 (M = Cs, NH4)318 have
received some attention as heterogeneous initiators.

In Chapter 3, the convenient synthesis of solid Brgnsted acid H(DMF),[4.1] was
described. The high acidity of this reagent was evidenced by its efficacy to protonate late
transition metal-alkyl bonds, a key step in the generation of numerous active catalyst species.
Based on the IR stretching frequencies of the ammonium salts, the basicity of [4.1] is similar to
to [BF4]"; thus, their nucleophilicity may also be similar. Therefore, HIDMF),[4.1] is of interest
as an initiator for the cationic polymerization of vinyl monomers. In this chapter, the preliminary
investigation into the efficacy of H(DMF),[4.1] and its chlorinated derivative, H(OEt,),[4.2], to
initiate the cationic polymerizations of n-butyl vinyl ether, styrene and isoprene will be

141,319

discussed. Although the ammonium salts of [4.2]  are known, strong Brgnsted acids of

[4.2] have not been reported.

Cl
B N Cl Cl
[ :l o Cl
O\Q/O O\(I)/O cl
H(DMF), o llj\O H(OEt;), o FI,\O
O cl O Cl
Cl
L Cl Cl
Cl _
H(DMF),[4.1] H(OEt;),[4.2]

4.2 Results and Discussion

4.2.1

H(DMF);[4.1] Initiated Cationic Polymerizations

Brgnsted acid H(DMF),[4.1] was readily synthesized following procedures outlined in

Chapter 3. The efficacy of H(DMF),[4.1] as a cationic polymerization initiator for n-butyl vinyl
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ether, styrene and isoprene was investigated at 17 °C (Table 4.1). n-Butyl vinyl ether was
polymerized by H(DMF);,[4.1] in dichloromethane to afford poly(n-butyl vinyl ether) as a brown
oil, albeit in low yield (15%) (Table 4.1, entry 1). The coloration of the resultant polymer is
common among the cationically polymerized poly(vinyl ether)s reported in the
literature, 20%277-320-323 Analysis of the polymer by triple detection gel permeation chromatography
(GPC-LLS) revealed it is of moderate molecular weight (M, = 10,000 g mol') and high
polydispersity index (PDI = 2.80).

Table 4.1 H(DMF),[4.1] initiated cationic polymerizations of n-butyl vinyl ether, styrene and
isoprene in CH,Cl, at 17 °C.

entry initiator monomer temp time [M]:[I]* yield M, obsd” PDI
(°C)  (min) (%)  (gmol)
1 H(DMF),[4.1]  n-butyl vinyl ether 19 15 410 15 10,000  2.80
2 H(DMF),[4.1] styrene 17 15 239 0°
3 H(DMF),[4.1] isoprene 17 15 271 0°

¢ Imonomer]:[initiator]. b Absolute molecular weights were determined using triple-detection
GPC. “ No polymer was isolated.

HBuo” Xy HOMF),[41]_ M
CH,Cl, OBy

Scheme 4.3 H(DMF);[4.1] initiated cationic polymerization of n-butyl vinyl ether.

Furthermore, the treatment of Brgnsted acid H(DMF),[4.1] in dichloromethane with
styrene or isoprene at 17 °C did not afford any polymers (Table 4.1, entry 2-3). This indicates
that H(DMF),[4.1] is not an effective initiator for these less reactive vinyl monomers and
suggests that [H(DMF),]" might not be sufficiently acidic to initiate cationic polymerization.
Alternatively, anion [4.1]” might be too nucleophilic, thus propagation is sequestered, leading to
the termination of polymerization. Nevertheless, the ability of H(DMF),[4.1] to initiate the
cationic polymerization of n-butyl vinyl ether is encouraging; however, a stronger Brgnsted acid

containing a less nucleophilic anion would be desirable.
62



4.2.2 Synthesis and Characterization of Brgnsted Acids of [4.2]”

It is well-understood that increasing the number of electron-withdrawing substituents on
the anion would lead to increased charge delocalization and decreased nucle:ophilici'[y.38'39
Therefore, it was expected that the chlorinated [4.2]  should be less nucleophilic than [4.1]".

Although the ammonium salts of [4.2]™ are known,'*!?"

strong Brgnsted acids of [4.2] have yet
to be reported. In particular, [H(OEt,),]" acids of [4.2] are of great interest as cationic
polymerization initiators, since [H(OEt)]" (pK, = -3.6 + 0.1)324 is more acidic than [H(DMF)]*
(pKa=-1.2+0.5)*%

It has been reported that treatment of PCls with tetrachlorocatechol (3 equiv) in hot
toluene, followed by addition of an amine, readily affords the ammonium salt of [4.21.'4
Inspired by this previous work, it was speculated that if a weaker base, such as Et;O, was
employed in the reaction, a stronger Brgnsted acid of [4.2] could be synthesized. Hence, PCls
and tetrachlorocatechol (3 equiv) were refluxed together in toluene, followed by the addition of
excess Et,O, to afford an off-white precipitate that was presumed to be crude H(OEt;),[4.2]
(Scheme 4.4). Subsequent work-up and recrystallization (CH,CL,/Et,O) afforded the Brgnsted
acid H(OEt,),[4.2] as a white crystalline solid, suitable for X-ray diffraction. Interestingly,
recrystallization of H(OEt;),[4.2] from acetonitrile gave a different crystal structure,
H(OEt;)(NCMe)[4.2], as determined by X-ray diffraction (Scheme 4.5). The molecular
structures of H(OEt,),[4.2] and H(OEt,)(NCMe)[4.2] are presented in Figure 4.1 and Figure 4.2,
respectively. For H(OEt,)(NCMe)[4.2], there are two crystallographically independent

compounds per asymmetric unit. For clarity, only one of them is shown in Figure 4.2. The

metrical parameters for H(OEt;),[4.2] and H(OEt,)(NCMe)[4.2] will be discussed later.
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> H(OEt
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Cl
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H(OEt,),[4.2]

Scheme 4.4 Synthesis of Brgnsted acid H(OEt;),[4.2].

Cl
Cl Cl
Cl
MeCN “ (o] 9 (0]
——— H(OEt,)(NCMe) ~PL
2 O (l) (@]
Cl
Cl
Cl Cl
L Cl
H(OEt,)(NCMe)[4.2]

Cl

Cl

Cl

Cl

Scheme 4.5 Synthesis of Brgnsted acid H(OEt,)(NCMe)[4.2].

Cl

Cl
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Figure 4.1 Molecular structure of H(OEt,),[4.2]. Ellipsoids are drawn at the 50% probability
level. Solvents of crystallization (1.5 x CH,Cl,) and hydrogen atoms are omitted for clarity,
except for H(1). Selected bond lengths (A): O(1)-P(1) = 1.704(1); O(2)-P(1) = 1.709(1); O(3)-
P(1) = 1.717(1); O4)-P(1) = 1.717(1); O(5)-P(1) = 1.722(1); O(6)-P(1) = 1.722(1); H(1)-O(7) =
1.09(4); H(1)-O(8) = 1.34(4); O(7)-O(8) = 2.429(2). Selected bond angles (°): O(1)-P(1)-O(2) =
91.44(6); O(3)-P(1)-0(4) =90.89(6); O(5)-P(1)-O(6) =90.79(6); O(7)-H(1)-O(8) = 173(3).
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Cc42
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Figure 4.2 Molecular structure of H(OEt,)(NCMe)[4.2]. Only one of two molecules in the
asymmetric unit is shown. Ellipsoids are drawn at the 50% probability level. Solvents of
crystallization (1.5 x CH3CN) and hydrogen atoms are omitted for clarity, except for H(1).
Selected bond lengths (A): O(1)-P(1) = 1.720(1); O(2)-P(1) = 1.708(1); O(3)-P(1) = 1.724(1);
O4)-P(1) = 1.714(1); O(5)-P(1) = 1.726(2); O(6)-P(1) = 1.712(1); H(1)-O(13) = 0.91(3); H(1)-
N(1) = 1.63(4); O(13)-N(1) = 2.536(3). Selected bond angles (°): O(1)-P(1)-O(2) = 90.92(6);
O(3)-P(1)-O(4) = 90.95(6); O(5)-P(1)-O(6) = 90.93(6); O(13)-H(1)-N(1) = 175(3).

Analysis of a CD3;CN solution of H(OEt,),[4.2] using *'P NMR spectroscopy revealed a

41 thus

singlet resonance at —79.9 ppm, consistent with the ammonium salts reported previously,
confirming the presence of hexacoordinated [4.2] in solution. In addition, H(OEt,),[4.2] was
characterized by 'H and “C{'H} NMR spectroscopy. At 25 °C, the 'H NMR spectrum (CD3;CN)
of the crystalline solid revealed a broad signal at 13.2 ppm, which was assigned to the acidic
[H(OEt,),]" (Figure 4.3). At —80 °C (CD,Cl,), this signal shifts further downfield to 16.7 ppm
(Figure 4.4). Such a downfield signal is comparable to the chemical shifts of the acidic proton in

H(DMSO),[4.1] (Chapter 3: 6 = 13.3, CD3;CN), H(DMF),[4.1] (Chapter 3: 6 = 15.3, CD;CN)

and other [H(OEt),]" acids at room temperature, such as [H(OEt,),][B(3,5-(CF3),CsH3)4]
66



(6 = 11.1, CD,CLy),” [H(OEL),][B(CeFs)a] (8 = 15.5, CD,CL).*" [H(OEt),][HN{B(CeFs)s}]
(6=16.6, CD,CL,),*> [H(OEt),][(CsH3N2){B(CeFs)s}2] (8= 16.3, CD,CLy),** [H(OEty),][CeFs-
1,2-{B(C¢Fs)2}2(u-OCH3)] (J = 16.4, CD,Cl,),**® [H(OEt,),][CHB;MesXe] (X = Cl, 6= 13.8;
X = Br, 6§ = 11.7, CDg),”” [H(OEt:),][AI{OC(CF3)3}4] (5 = 14.7, CeDg),'™ and
[H(OEt,),][P(C204)3] (C204 = oxalate, 8= 15.5, CDCls).'* Importantly, the integration ratio of
the signal assigned to the acidic proton (0= 13.2) and the signals assigned to Et,O (0= 3.90 and
1.28) in Figure 4.3 are consistent with the proposed structure. The slight downfield shift

218 . .
provides evidence

observed for the complex, in comparison to free Et,O (0= 3.42 and 1.12),
that the [H(OEt,),]" moiety is retained in solution. The '"H NMR spectrum (CD3;CN) also
revealed the presence of 0.5 equivalent of residual CH,Cl, from recrystallization, based on the

integration ratio of its signal at 5.44 ppm and the signal assigned to acidic proton. This is

consistent with data obtained from elemental analysis.

—CH,

H(OEt,),

—CH,~

SN CH,Cl,

4 F

Chemical Shift (ppm)

Figure 4.3 'H NMR (400 MHz, CD;CN) spectrum of H(OEt,),[4.2] at 25 °C. (¥ = residual
protonated solvent)
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Figure 4.4 '"H NMR (400 MHz, CD,Cl,) spectrum of H(OEt;),[4.2] at —80 °C. (* = residual
protonated solvent)

Interestingly, the 31p and '"H NMR spectra of crystalline H(OEt,;)(NCMe)[4.2] in CD,Cl,
suggest a different structure in solution than in solid-state and provide evidence for the proposed
structure 4.3 (Scheme 4.6). *'P NMR spectroscopy revealed only one singlet at ca. —26 ppm (25
°C: 0 = -25.5; =80 °C: 0 = -27.3), consistent with the proposed pentacoordinated structure 4.3
and the related pentacoordinated 4.4 (& = —29)."® Typically, complexes of hexacoordinated
[4.2]" give rise to a singlet at ca. —80 ppm;'*' however, no resonance was observed in this region,
suggesting the absence of [4.2]” in solution. At 25 °C, the '"H NMR spectrum revealed the
presence of free MeCN (0= 1.98). More importantly, the signals assigned to Et,O were observed
as a doublet of quartets at 4.24 ppm (3JHH =11 Hz, 3JHH =7 Hz) and a doublet of triplets at 1.28
ppm (Jun = 7 Hz, *Juu = 2 Hz). The fine couplings can be attributed to the acidic proton in the
proposed structure 4.3, strongly bound to the Et;O molecule in solution. The strong interaction
between the acidic proton and the Et;O molecule likely contributes to the observed doublet of
quartets (0 = 4.24) being shifted downfield in comparison to the quartet for H(OEt;),[4.2] (J =

3.90), which is further downfield than for the free Et,O [ = 3.42].*"® The resonance for the

68



acidic proton of the proposed structure 4.3 was not observed in the '"H NMR spectra at 25 °C and
-80 °C. However, the above spectroscopic data do suggest that the dissolution of
H(OEt;)(NCMe)[4.2] in CH,Cl, results in the dissociation of hexacoordinated [4.2] into a
pentacoordinated species that is likely to be 4.3. Thus, H(OEt;)(NCMe)[4.2] was not

investigated as a cationic polymerization initiator.

Et. _Et
Cl ~C
Cl Cl '%'
¢ 0.2 0 Cl
H(OEt,)(NCMe)[2] —> OZIID/
o)
Cl Cl Cl
Cl
Cl Cl
Cl
4.3

Scheme 4.6 Proposed dissociation of H(OEt,)(NCMe)[4.2] in solution into 4.3.

4.2.3 Molecular Structures of H(OEt;),[4.2] and H(OEt,)(NCMe)[4.2].

The phosphorus atom of [4.2]", in H(OEt,),[4.2] (Figure 4.1) and H(OEt;)(NCMe)[4.2]
(Figure 4.2), shows only minor deviation from perfect octahedral geometry. The largest
deviation from octahedral angles is 3.39(6)° for H(OEt,),[4.2] and 3.55(7)° for
H(OEt;)(NCMe)[4.2]. The average P-O bond lengths {H(OEt),[4.2]: 1.715(2) A,

H(OEt,)(NCMe)[4.2]: 1.717(5) A} are longer than those typically observed for P-O single bonds
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in triarylphosphates [1.59(1) A1'® but are similar to those found in previously isolated
complexes of [4.2]7, such as [diethylammonium][4.2] [avg. 1.713(8) A],319 [cinchonidinium][A-
4.2] [avg. 1.71(2) A],m and [tris(4-dimethylaminobenzene)carbenium][4.2] [avg. 1.72(2) A].327

In the molecular structure of Brgnsted acid H(OEt),[4.2] (Figure 4.1), the acidic
hydrogen atom, H(1), was located in the difference map and refined isotropically. H(1) is
coordinated asymmetrically by two Et;O molecules through their oxygen atoms [H(1)-O(7) =
1.09(4) A; H(1)-O(8) = 1.34(4) A]. Similar asymmetric hydrogen bonding has been observed in
related [H(OEt),]* acids, including [H(OEt,),][B(CeFs)s] [0.93(1) and 1.52(1) A]*
[H(OEt:):][CHBMesClg] [1.08(3) and 1.59(3) A; 0.80(3) and 1.453) Al and
[H(OEt,),][Al{OC(CF3)3}4] [0.75(5) and 1.76(5) A]."*® However, the exact position of the
hydrogen atom as determined by X-ray diffraction is generally considered to be
unreliable.'3¢2°1328 The O...O distance in [H(OEt,),]" is more accurately measured by X-ray
diffraction. For H(OEt,),[4.2], the distance between the oxygen atoms of the two Et,O molecules
[O(7)---O(8) = 2.429(2) A] is significantly shorter than the sum of their van der Waals radii [ryaw
= 3.04 A],'”? which is consistent with strong hydrogen bonding for the O-H-O moiety in the
[H(OEt)2]"  cation.””*® The O(7)---O(8) distance is similar to that found in
[H(OEt:)2][B(CeFs)al  [2.446(9) A1 [H(OEt),][CHB;MesCls] [avg. 2.40(1) A]>
[H(OEt),][Al{OC(CF3)3}4] [2.424(5) A]'® and [H(OEt,)1][P(C204)s] [avg. 2.37(3) A" but is
slightly longer than those found in [H(OEty),][(C3HiN2){B(CeFs)3}2] [2.395(8) Al’* and
[H(OEw)2][CeFs-1,2-{B(CoFs)2}2(n-OCH3)] [2.394(7) AL.>

Analogous to that described for H(OEt;);[4.2], in the molecular structure of
H(OEt)(NCMe)[4.2] (Figure 4.2), hydrogen atom H(1) was also located in the difference map
and refined isotropically. Remarkably, H(1) is coordinated by one Et,O molecule through the

oxygen atom [H(1)-O(13) = 0.91(3) A] and one acetonitrile molecule through the nitrogen atom
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[H(I)-N(1) = 1.63(4) A]. Notably, this is believed to be the first example of a
crystallographically characterized [H(OEt)(NCMe)]". The more reliable distance from X-ray
diffraction is the O---N distance in [H(OEt;)(NCMe)]* [O(13)---N(1) = 2.536(3) A], which is
significantly shorter than their sum of van der Waals radii for oxygen and nitrogen [ryqw =
3.07 A].m Similar to the Brgnsted acid H(OEt;),[4.2] discussed above, this is also consistent
with strong hydrogen bonding for the O-H-N moiety in [H(OEt,)(NCMe)]*.**’ In addition, the
O(13)---N(1) distance is similar to those found in other complexes containing strong O-H-N
hydrogen bonds, such as pentachlorophenol with 4-methylpyridine [2.515(4) A1,
pentachlorophenol with 3-oxo-azabicyclo[2.2.2]octane [2.514(5) A],m 3,5-dinitrobenzoic acid
with 4-methylpyridine [2.525(2) A],>** and 3,5-dinitrobenzoic acid with 3,5-dimethylpyridine
[2.529(2) A1

Notably, the molecular structures of H(OEt,),[4.2] and H(OEt;)(NCMe)[4.2] suggest
weak ion-pair interactions are present between each of the cation and [4.2] . In each compound,
the closest contact is between an oxygen of the [4.2] anion and a hydrogen of the CH, moiety
within Et,O {H(OEt,),[4.2], Figure 4.1: O(4)---H(21a) = 2.429(1) A; H(OEt,)(NCMe)[4.2],
Figure 4.2: O(1)---H(38b) = 2.236(2) A}. In both cases, the closest ion-pair distances are within

the sum of the van der Waals radii for oxygen and hydrogen [ryqw = 2.72 A"

4.2.4 H(OEt,);[4.2] Initiated Cationic Polymerizations
4.24.1 Cationic Polymerizations at 17 °C

Initial studies into the efficacy of H(OEt,),[4.2] as a cationic polymerization initiator
were carried out in similar polymerization conditions to those for H(DMF),[4.1] (Table 4.2). n-
Butyl vinyl ether was polymerized by H(OEt,),[4.2] in dichloromethane at 19 °C and 16 °C to

afford poly(n-butyl vinyl ether) (Scheme 4.7) as a brown gummy solid in reasonable yield (19
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°C: 80%; 16 °C: 63%) (Table 4.2, entry 1). At these temperatures, it was difficult to achieve
consistent polymerization results, as evidenced by the wide range of molecular weight of the
polymers obtained (19 °C: M, = 35,200 g mol™', PDI = 1.31; 16 °C: M, = 90,800 g mol ', PDI =
2.57). Such inconsistency might be due to the difficulties in dissipating heat when the
polymerizations were carried out at these higher temperatures. Nevertheless, these polymers are
of higher molecular weight than the polymer initiated by H(DMF),[4.1] (Table 4.1, entry 1: M, =
10,000 g mol™, PDI = 2.80). At ambient temperature, other cationic polymerization initiator

3 and EtAICI,/ 1—butoxyethyl—acetate%S) for n-butyl vinyl ether can also

systems (e.g. AIHCl,
afford polymers of moderate molecular weight. The brown color of the H(OEt,),[4.2] initiated
poly(n-butyl vinyl ether) is similar to that of the H(DMF),[4.1] initiated poly(n-butyl vinyl
ether). Upon close inspection, the '"H NMR spectra of the polymer initiated by H(DMF),[4.1]
(Figure 4.5a) and H(OEt,),[4.2] (Figure 4.5b) revealed several weak broad resonances in the
vinylic region, consistent with the presence of a small amount of terminal conjugated polyene
moieties.™*® The formation of terminal conjugated polyenes during the cationic polymerization of
vinyl ethers has previously been rationalized through p-proton elimination followed by

dealcoholation.**®

Table 4.2 H(OEt;),;[4.2] initiated cationic polymerizations of n-butyl vinyl ether, styrene and
isoprene in CH,Cl, at 17 °C.

entry initiator monomer temp time [M]:[I]" yield M, obsd’” PDI
(°C)  (min) (%) (g mol™)

. 19 15 411 80 35,200 1.31

1 H(OEt,),[4.2]  n-butyl vinyl ether 16 15 418 63 90.800  2.57

2 H(OEt,),[4.2] styrene 17 15 233 74 5,200 2.36

3 H(OEt,),[4.2] isoprene 17 15 267 36 5,500 1.63

¢ [monomer]:[initiator]. b Absolute molecular weights were determined using triple-detection
GPC.
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Scheme 4.7 H(OEt,),[4.2] initiated cationic polymerization of n-butyl vinyl ether.
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Figure 4.5 'H NMR (300 MHz, CDCl3, 25 °C) spectra of poly(n-butyl vinyl ether) polymerized
by (a) H(DMF),[4.1] at 19 °C, (b) H(OEt,),[4.2] at 16 °C and (c) H(OEt,),[4.2] at —78 °C.
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In contrast to H(DMF),[4.1], Brgnsted acid H(OEt;),[4.2] is also an effective initiator for
the cationic polymerization of styrene (Scheme 4.8) and isoprene (Scheme 4.9) at 17 °C (Table
4.2, entry 2-3). The polymerizations at 17 °C afford polystyrene as a white solid (Table 4.2,
entry 2: M, = 5,200 g mol”, PDI = 2.36) and polyisoprene as a pale yellow solid (Table 4.2,
entry 3: M, = 5,500 g mol', PDI = 1.63) of low molecular weight and moderate polydispersity
index. At such high polymerization temperature, other cationic polymerization initiator systems

for styrene {e.g. A1C13315 and H[B(C204)2]315 } and isoprene {e.g. BF;-OEt/trichloroacetic

268 269-270
d d

aci and TiCly/trichloroacetic aci } also only afford oligomeric or low molecular weight
polymeric products. Thus, the results obtained from H(OEt;);[4.2] initiated cationic
polymerizations of styrene and isoprene are nonetheless promising and warranted further

investigations.

o 7 HOERRA2, K,

Ph  CHCh Ph

Scheme 4.8 H(OEt;),[4.2] initiated cationic polymerization of styrene.

H(OEt,),[4.2]
n /J‘\/
Z T Ch,Cl, S

Scheme 4.9 H(OEt;),[4.2] initiated cationic polymerization of isoprene.

4.24.2 Cationic Polymerizations at Low Temperatures

It is well-established that chain transfer processes in cationic polymerizations are
suppressed at lower temperatures, thereby resulting in polymers of higher molecular weight.258
The temperature dependencies of H(OEt,),[4.2] initiated polymerizations of n-butyl vinyl ether,

styrene and isoprene were examined. The results of the polymerizations are summarized in Table

4.3.
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Table 4.3 Temperature dependencies of H(OEt,),[4.2] initiated cationic polymerizations of n-
butyl vinyl ether, styrene and isoprene in CH,Cl,.

entry initiator monomer temp time [M]:[I]* yield M, obsd’ PDI
(°C)  (min) (%) (gmol?)
I H(OE),[4.2] n-butyl vinyl ether }Z }g j}é 2(3) 33;@88 ;g;
2 H(OEt,),[4.2]  n-butyl vinyl ether 0 15 411 69 35,300 1.91
3 H(OEt,),[4.2] n-butyl vinyl ether  -15 15 401 67 19,300  2.09
4 H(OEt,),[4.2]  n-butyl vinyl ether  -38 15 406 81 24200  2.11
5 H(OEt,),[4.2] n-butyl vinyl ether  —50 15 414 86 29,300 1.83
6 H(OEt,),[4.2] n-butyl vinyl ether 78 15 407 88 41,600 1.11
7 H(OEt,),[4.2] styrene 17 15 233 74 5,200 2.36
8 H(OEt,),[4.2] styrene 0 15 241 85 9,300 2.26
9 H(OEt,),[4.2] styrene -15 15 232 84 17,700  2.05
10 H(OEt,),[4.2] styrene -38 15 239 80 34,900 1.82
11 H(OEt,),[4.2] styrene -50 15 241 68 55,400 1.62
12 H(OEt,),[4.2] styrene -78 15 238 7 163,000 1.25
13 H(OEt,),[4.2] isoprene 17 15 267 36 5,500 1.63
14 H(OEt,),[4.2] isoprene 0 15 266 37 4,700 1.67
15 H(OEt,),[4.2] isoprene -15 15 272 38 6,700 1.68
16 H(OEt,),[4.2] isoprene -38 15 272 56 11,600 1.89
17 H(OEt,),[4.2] isoprene =50 15 232 2 n.d.
18  H(OEt,),[4.2] isoprene —78 15 269 0

¢ [monomer]:[initiator]. ° Absolute molecular weights were determined using triple-detection
GPC. © Not determined. ¢ No polymer was isolated.

As the temperature of the n-butyl vinyl ether polymerization is decreased, the isolated
yield of the resultant polymer is increased (Table 4.3, entry 1-6). The appearance of the resultant
poly(n-butyl vinyl ether) changed from a brown gummy solid at 16 °C (Table 4.3, entry 1) to an
orange gummy solid at —38 °C (Table 4.3, entry 4) to colorless gummy solid at —78 °C (Table
4.3, entry 6). No resonances were observed in vinylic region of the '"H NMR spectrum for the
colorless polymer (Figure 4.5¢), suggesting that conjugated polyene moieties are absent when
polymerization of n-butyl vinyl ether is carried out at —78 °C. Poly(n-butyl vinyl ether) of
moderate molecular weight and low polydispersity index was obtained at this temperature (Table
4.3, entry 6: M, = 41,600 g rnol'l, PDI = 1.11). In addition to the narrow molecular weight
distribution, the observed M, (41,600 g mol']) is also consistent with the expected M,

(40,800 g mol"), which suggests the polymerization might be living; however, the “living”
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aspect of this polymerization was not investigated further. At —78 °C, numerous Lewis acids
(e.g. SnCly, EtAICl, and TiCly) in conjunction with a proton donor (e.g. triflic acid and various
phosphoric acids) have been shown to be effective in the polymerization of isobutyl vinyl ether
to afford polymer of moderate molecular weight.267 Above —78 °C, the polydispersity index of
the H(OEt,),[4.2] initiated poly(n-butyl vinyl ether) is much higher and the molecular weight
exhibits no definitive trend (Table 4.3, entry 1-5). The difficulty in obtaining consistent results at
higher temperature is likely due to insufficient heat dissipation during polymerization.

For the polymerization of styrene, decreasing the temperature of polymerization resulted
in polymer of higher molecular weight and lower polydispersity index (Table 4.3, entry 7-12). At
—78 °C, high molecular weight polystyrene with low polydispersity index was obtained (Table
4.3, entry 12: M, = 163,000 g mol ™', PDI = 1.25), albeit in low yield (7%). Polymer of moderate
molecular weight and polydispersity index was obtained in reasonable yield (68%) at —50 °C
(Table 4.3, entry 11: M, = 55,400 g mol', PDI = 1.62). Polystyrene of moderate molecular
weight has also been reported for the cationic polymerization of styrene initiated by binary
systems (e.g. A1C13-OBu2/2—phenyl—2—propanol289 and TiC14/2—chloro—2,4,4—trimethylpentan6276)
at low temperature. Analysis of the H(OEt,),[4.2] initiated polystyrene (Table 4.3, entry 11) by
BC{'H} NMR spectroscopy (CDCls) at 55 °C revealed that the resonances observed in the
aromatic and methylene carbon regions are consistent with that of an atactic polystyrene
sample.3 37
As the isoprene polymerization temperature deceased from 17 °C to -38 °C, the
polymerization afforded polyisoprene of increased molecular weight and polydispersity index
(Table 4.3, entry 13-18). Polymer of moderate molecular weight and polydispersity index was

isolated at —38 °C (Table 4.3, entry 16: M, = 11,600 g mol'l, PDI = 1.89). Similar molecular

weight and polydispersity index has been reported for the resultant polymer from B(CgFs)s
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initiated polymerization of isoprene at —30 °C.*?

Whereas the low temperature polymerizations
of isoprene by BF3- OEty/trichloroacetic acid*® and TiCly/trichloroacetic acid®®?" afford lower
molecular weight polymer with much higher polydispersity index. Analysis of the H(OEt,),[4.2]
initiated polyisoprene (Table 4.3, entry 16) by PC{'H} NMR spectroscopy (CDCl3) revealed
signals consistent with the presence of cis-1,4-unit (6 = 23), 1,2-unit (6 = 22), 3,4-unit (6 = 19)
and trans-1,4-unit (0 = 16) (Figure 4.,6)208-269:290.293338339 Gince the major signal is attributed to
the trans-1,4-unit, the polymer can be described as predominately frans-polyisoprene. These
characteristic signals are situated on broad overlapping signals in the 55-10 ppm region, which

268,290

can be attributed to the presence of branched and cyclic structures. This is commonly

observed for cationic polymerized polyisoprene and is consistent with the presence of a
268-269.288.290.205,338.340-343 4 ¢

characteristic broad resonance at 0.8 ppm in the '"H NMR spectrum.

—-50 °C and below, no appreciable amount of polyisoprene was isolated (Table 4.3, entry 17-18).

_§>:\§_ éjé é;i \5)\/3 d

cis-1,4-unit 1,2-unit 3,4-unit trans-1,4-unit
a b c d
b
a c
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
55 50 45 40 35 30 25 20 15 10 5 0

Chemical Shift (ppm)

Figure 4.6 "C{'H} NMR (101 MHz, CDCl;, 25 °C) spectrum of H(OEt,),[4.2] initiated
polyisoprene.
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Cationic Polymerizations at Varying Monomer to Initiator Ratio

For the homo-polymerizations of n-butyl vinyl ether (Table 4.4, entry 1-3) and isoprene
(Table 4.4, entry 7-9), increasing the monomer to initiator ratio notably increased the molecular
weight of the resultant polymer. Poly(n-butyl vinyl ether) of high molecular weight and low
polydispersity index was isolated from polymerization at —78 °C (Table 4.4, entry 3: M, =
122,000 g mol™, PDI = 1.19). The GPC traces (differential refractive index) of the resultant
poly(n-butyl vinyl ether) polymerized at —78 °C are narrow and symmetrical (Figure 4.7a for
Table 4.4, entry 1-3). At —38 °C, the polymerization of isoprene afforded polyisoprene of
molecular weight up to 77,000 g mol” (Table 4.4, entry 9). The refractive index trace of the
resultant polyisoprene suggests that the molecular weight distribution is not monomodal (Figure
4.7c for Table 4.4, entry 9).

Table 4.4 H(OEt;);[4.2] initiated cationic polymerization of n-butyl vinyl ether, styrene and
isoprene in CH,Cl, with varying monomer to initiator ratio.

entry initiator monomer temp time [M]:[I]" yield M, obsd’” PDI
(°C)  (min) (%) (g mol™)

1 H(OEt,),[4.2]  n-butyl vinyl ether  —78 15 407 88 41,600 1.11
H(OEt,),[4.2] n-butyl vinyl ether 78 15 825 85 111,000 1.15

3 H(OEty),[4.2]  n-butyl vinyl ether  -78 15 1240 89 122,000 1.19
4 H(OEt,),[4.2] styrene -50 15 241 68 55,400 1.62
5 H(OEt,),[4.2] styrene -50 15 493 89 37,800 1.88
6 H(OEt,),[4.2] styrene =50 15 819 79 44,100 1.80
7 H(OEt,),[4.2] isoprene -38 15 272 54 11,600 1.89
8 H(OEt,),[4.2] isoprene -38 15 402 55 26,300 1.42
9 H(OEt,),[4.2] isoprene -38 15 787 47 77,000 1.34

¢ [monomer]:[initiator]. b Absolute molecular weights were determined using triple-detection
GPC.
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(a) —— Table 4, entry 1
— Table 4, entry 2
—— Table 4, entry 3

(b) —— Table 4, entry 4
— Table 4, entry 5
—— Table 4, entry 6

(c) —— Table 4, entry 7
— Table 4, entry 8
—— Table 4, entry 9
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Figure 4.7 Refractive index traces of (a) poly(n-butyl vinyl ether), (b) polystyrene and
(c) polyisoprene in Table 4.4 with varying monomer to initiator ratio. Poly(n-butyl vinyl ether)
and polystyrene samples were analyzed using a different column set than the polyisoprene
samples. See General Procedures section for more detail.

For the polymerization of styrene at —50 °C, increasing the monomer to initiator ratio did
not result in the increase in molecular weight of the isolated polystyrene (Table 4.4, entry 4-6).
This suggests the occurrence of chain transfer to monomer is significant, thereby limiting the

maximum molecular weight of polystyrene obtained at this temperature. The refractive index

traces of the resultant polystyrene polymerized at —50 °C exhibit low molecular weight tailing
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(Figure 4.7b for Table 4.4, entry 4-6). Varying the polymerization time also did not have a
significant effect on the molecular weight of the resultant polystyrene (Table 4.5, entry 1-4);
however, higher yield and polydispersity index were observed with increased polymerization

time.

Table 4.5 Polymerization time dependence for H(OEt;),[4.2] initiated cationic polymerization of

styrene in CH,Cl,.
entry initiator monomer  temp time [M]:[I]* yield M, obsd” PDI
(°C)  (min) (%)  (gmol™)
1 H(OEt,),[4.2] styrene =50 5 241 60 55,000 1.62
2 H(OEt,),[4.2] styrene -50 15 241 68 55,400 1.62
3 H(OEt,),[4.2] styrene -50 30 237 76 53,700 1.70
4 H(OEt,),[4.2] styrene -50 60 236 83 50,200 1.85

“ [styrene]:[H(OEt,),[2]]. > Absolute molecular weights were determined using triple-detection
GPC.

4.3 Summary

The preparation of an isolable solid Brgnsted acid, H(OEt;),[4.2], was presented. The
compound was characterized by NMR spectroscopy and X-ray crystallography. In addition,
H(OEt;)(NCMe)[4.2] was isolated from the recrystallization of H(OEt;);[4.2] in acetonitrile.
Brgnsted acid H(OEt;)(NCMe)[4.2] was also characterized through X-ray crystallography;
however, evidence from NMR spectroscopy suggests that it is not stable in solution. Although,
the non-chlorinated derivative, H(DMF),[4.1], initiates the cationic polymerization of n-butyl
vinyl ether at 17 °C to afford moderate molecular weight polymer, it did not initiate
polymerization for styrene and isoprene. In contrast, H(OEt;),[4.2] was an effective initiator for
the cationic polymerizations of n-butyl vinyl ether, styrene and isoprene to afford polymers of

moderate molecular weight.
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4.4 Experimental
4.4.1 General Procedures

All manipulations were performed using standard Schlenk or glove box techniques under
nitrogen atmosphere. NH4OH was purchased from Fisher Scientific and used as received.
Toluene was dried over sodium/benzophenone ketyl and distilled prior to use. Dichloromethane,
acetonitrile, CD3CN (Cambridge Isotope Laboratories Inc.), styrene (Aldrich) and isoprene
(Aldrich) were dried over calcium hydride and distilled prior to use. n-Butyl vinyl ether was
purchased from Aldrich, dried over sodium and distilled prior to use. Et;O was deoxygenated
with nitrogen and dried by passing through a column containing activated alumina. PCls
(Aldrich) was sublimed prior to use. H(DMF),[2.1] was prepared following procedures in
Chapter 3. Tetrachlorocatechol* were prepared following literature procedures, azeotropically
distilled with benzene and recrystallized from hot toluene prior to use.

Unless noted, 'H, *C{'H} and *'P NMR spectra were recorded at room temperature on
Bruker Avance 300 or 400 MHz spectrometers. 85% H3PO,4 was used as an external standard
(6 0.0) for *'P NMR spectra. 'H NMR spectra were referenced to residual protonated solvent and
BC{'H} NMR spectra were referenced to the deuterated solvent. Elemental analyses were
performed in the University of British Columbia Chemistry Microanalysis Facility.

Molecular weights of poly(n-butyl vinyl ether) and polystyrene were determined by triple
detection gel permeation chromatography (GPC-LLS) using a Agilent liquid chromatograph
equipped with a Agilent 1200 Series isocratic pump, Agilent 1200 Series standard autosampler,
Phenomenex Phenogel 5 um narrow bore columns (4.6 x 300 mm) 10* A (5000-500,000), 500 A
(1,000-15,000), and 10° A (1,000-75,000), Wyatt Optilab rEx differential refractometer (1 = 658

nm, 40 °C), Wyatt tristar miniDAWN (laser light scattering detector at A = 690 nm) and a Wyatt
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ViscoStar viscometer. A flow rate of 0.5 mL min"' was used and samples were dissolved in THF
(ca. 2 mg mL™).

Molecular weights of polyisoprene were determined by triple detection gel permeation
chromatography (GPC-LLS) using a Waters liquid chromatograph equipped with a Waters 515
HPLC pump, Waters 717 plus autosampler, Waters Styragel columns (4.6 x 300 mm) HRSE
(2000-4,000,000), HR4 (5000-500,000), and HR2 (500-20,000), Waters 2410 differential
refractometer (4 = 940 nm, 40 °C), Wyatt tristar miniDAWN (laser light scattering detector at 1
=690 nm) and a Wyatt ViscoStar viscometer. A flow rate of 0.5 mL min” was used and samples
were dissolved in THF (ca. 2 mg mL'l).

The dn/dc value of poly(n-butyl vinyl ether) was calculated using 100% mass recovery

methods from ASTRA software version 5 (dn/dc = 0.063 mL g'l). The dn/dc values of

345 346

polystyrene (0.185 mL g"')** and polyisoprene (0.129 mL g"')*** in THF have been previously

reported.

4.4.2 Synthesis of H(OEt;),[4.2]

PCls (0.30 g, 1.4 mmol) and tetrachlorocatechol (1.1 g, 4.4 mmol) were vigorously
stirred in toluene (10 mL). The reaction mixture was slowly heated to reflux. After 2 h, the
resulting solution was cooled to room temperature and Et,O (20 mL) was added to afford an off-
white precipitate. The solid was collected by filtration, dried in vacuo. Slow diffusion of Et,O
vapor into a concentration solution of the crude product in dicholormethane (-30 °C, ca. 7 days)
yield colorless crystals suitable for X-ray diffraction. The crystals were collected by filtration at
0 °C, washed with cold Et,0O (5 mL) and dried in vacuo at 0 °C for 30 min. Yield = 0.93 g

(69%).
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3P NMR (162 MHz, CD5CN): 6 =79.9; "H NMR (400 MHz, CD5CN): 6 13.2 (s, 1H, H-
(OEty)y), 5.44 (s, 1H, CH,CL,), 3.90 (q, 8H, CH>), 1.28 (t, 12H, CHs); “C{'H} NMR (101 MHz,
CD;CN): 142.6 (d, Jep = 6 Hz), 123.7 (s), 144.8 (d, Jep = 18 Hz), 69.9 (s), 55.4 (s), 14.7 (s).

Anal. Calcd. for CysH,Cl,OgP-12CH,Cl,: C, 33.14; H, 2.31. Found: C, 32.93; H, 2.34.

4.4.3 Synthesis of H(OEt,)(NCMe)[4.2]

H(OEt,),[4.2] was dissolved in acetonitrile and colorless crystals suitable for X-ray
diffraction were formed overnight. After the solvent was decanted, the solid was washed with
cold dichloromethane and dried in vacuo at 0 °C for 30 min.

3'P NMR (162 MHz, CD,Cl,): § —25.5; "H NMR (400 MHz, CD,Cl,): J 4.24 (dq, *Juy =
11 Hz, *Jun = 7 Hz, 4H, CH,CH3), 1.98 (s, 6H, CH;CN), 1.28 (dt, *Juu = 7 Hz, “Jun = 2 Hz, 8H,

CH,CH5).

4.4.4 H(DMF);[4.1] Initiated Cationic Polymerizations of n-Butyl Vinyl Ether

To a stirred solution of H(DMF),[4.1] (0.010 g, 0.020 mmol) in dichloromethane (4 mL)
at 19 °C was added n-butyl vinyl ether (0.82 g, 8.2 mmol). After stirring for 15 min, the reaction
was quenched with a solution of NH4OH in MeOH (0.2 mL, 10 vol %), followed by the removal
of all volatiles in vacuo. The crude polymer was redissolved in dichloromethane (ca. 2 mL) and
precipitated by addition to stirred MeOH (ca. 40 mL) to yield brown oil. The polymer was
collected by centrifugation and dried in vacuo. The 'H NMR (300 MHz, CDCl5) spectrum of the
isolated polymer is comparable to that reported in the literature.™* Yield = 0.12 g (15%).

GPC-LLS (THF): M, = 10,000 g mol™, PDI = 2.80.
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4.4.5 H(OEt,),;[4.2] Initiated Cationic Polymerizations of n-Butyl Vinyl Ether

To a stirred solution of H(OEt,),[4.2] (0.010 g, 0.010 mmol) in dichloromethane (4 mL)
at —78 °C was added n-butyl vinyl ether (0.41 g, 4.1 mmol). After stirring for 15 min, the
reaction was quenched with a solution of NH,OH in MeOH (0.2 mL, 10 vol %), followed by the
removal of all volatiles in vacuo. The crude polymer was redissolved in dichloromethane
(ca. 3 mL) and precipitated by addition to stirred MeOH (ca. 40 mL) to yield colorless gummy
solid. The polymer was collected by centrifugation and dried in vacuo. '"H NMR (300 MHz,
CDCls) spectrum of the isolated polymer is comparable to that in reported the literature.™* Yield
=0.36 g (88%).

GPC-LLS (THF): M, =41,600 g mol™, PDI = 1.11.

4.4.6 H(OEt;),;[4.2] Initiated Cationic Polymerizations of Styrene

To a stirred solution of H(OEt;),[4.2] (0.010 g, 0.010 mmol) in dichloromethane (2 mL)
at —50 °C was added styrene (0.25 g, 2.4 mmol). After stirring for 15 min, the reaction was
quenched with a solution of NH4OH in MeOH (0.2 mL, 10 vol %), followed by the removal of
all volatiles in vacuo. The crude polymer was redissolved in dichloromethane (ca. 2 mL) and
precipitated by addition to stirred MeOH (ca. 40 mL) to yield a white solid. The polymer was
collected by filtration and dried in vacuo. The “C{'H} NMR (101 MHz, CDCls, 55 °C)
spectrum of the isolated polymer is comparable to that of atactic polystyrene reported in the
literature.™’ Yield = 0.17 g (68%).

GPC-LLS (THF): M, = 55,400 g mol, PDI = 1.62.
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4.4.7 H(OEt,),;[4.2] Initiated Cationic Polymerizations of Isoprene.

To a stirred solution of H(OEt,),[4.2] (0.010 g, 0.010 mmol) in dichloromethane (2 mL)
at —38 °C was added isoprene (0.27 g, 4.0 mmol). After stirring for 15 min, the reaction was
quenched with a solution of NH4OH in MeOH (0.2 mL, 10 vol %), followed by the removal of
all volatiles in vacuo. The crude polymer was redissolved in dichloromethane (ca. 2 mL) and
precipitated by addition to stirred acetone (ca. 40 mL) to yield a yellow solid. The polymer was
collected by centrifugation and dried in vacuo. The 13C{lH} NMR (101 MHz, CDCls, 25 °C)
spectrum of the isolated polymer is comparable to that of frans-polyisoprene reported in the
literature. 208-209290:295:3383%9 yje1d = 0.15 g (56%).

GPC-LLS (THF): M, =26,300 g mol™, PDI = 1.42.

4.4.8 X-ray Crystallography
All single crystals were immersed in oil and mounted on a glass fiber. Data were
collected on a Bruker X8 APEX II diffractometer with graphite-monochromated Mo Ka

radiation. Data were collected and integrated using the Bruker SAINT'®

software package and
corrected for absorption effect using SADABS."”” All structures were solved by direct methods
and subsequent Fourier difference techniques. Unless noted, all non-hydrogen atoms were
refined anisotropically, whereas all hydrogen atoms were included in calculated positions but not
refined. All data sets were corrected for Lorentz and polarization effects. All refinements were
performed using the SHELXL-97"*"" via the WinGX interface.***

Compound H(OEt,),[4.2] co-crystallizes with one CH,Cl, solvate molecule disordered

over an inversion center, which was modeled in two orientations. EADP constraint was applied

and the occupancy was set to 0.5. A second disordered CH,Cl, solvate molecule was modeled in
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two orientations with final occupancy of 0.63(1) and 0.37(1). H(1) is bound by two molecules of
Et,0 and was located using the difference map and refined isotropically.

Compound H(OEt;)(NCMe)[4.2] crystallizes with two crystallographically independent
complexes per asymmetric unit. H(1) is bound by one molecule of Et;O and one molecule of
CH3CN. H(1) was located using the difference map and refined isotropically. H(2) is bound by
one disordered molecule of Et;O and one molecule of CH3CN. The disordered Et,O molecule
was modeled in two orientations, restrained with SADI and refined to the final occupancy of
0.692(4) and 0.308(4). H(2) was located using the difference map; however, due to the
disordered bound Et,O molecule, it was restrained with DFIX. One of the CH;CN solvate
molecules in the asymmetric unit exhibited higher than expected thermal motion. Improvement
to the refinement model was made by applying DELU restraint and setting site-occupancy
factors of the CH3CN molecule to 0.5. Crystal data and refinement paramenters are listed in
Table 4.6. CIF files giving supplementary crystallographic data for the structures reported in this

chapter are available from Cambridge Crystallographic Data Centre (CCDC 875227 — 875228).
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Table 4.6 X-ray crystallographic data of H(OEt,),[4.2] and H(OEt,)(NCMe)[4.2].

H(OEt,),[4.2]-1.5CH,Cl, 2{H(OEt)(NCMe)[4.2]}-1.5MeCN

formula C27.5H24Cl1505P Cs1H32.5C14N3 5014P>
fw 1045.19 1831.05
cryst syst monoclinic triclinic
space group P2,/c Pl
color colorless colorless
a (A) 14.419(1) 16.080(1)
b (A) 12.9132(9) 16.2759(8)
¢ (A) 22.703(2) 17.1068(8)
o (deg) 90 117.697(2)
p (deg) 107.385(3) 94.320(3)
y (deg) 90 113.619(3)
V(A% 4034.1(5) 3438.0(4)
T (K) 173(2) 173(2)
Z 4 2
u(Mo Ka) (mm™) 1.108 1.060
cryst size (mm3) 0.65 x 0.55 x 0.50 0.60 x 0.20 x 0.15
Deaca. (Mg m™) 1.721 1.769
26(max) (°) 55.8 55.8
no. of reflns 66766 89242
no. of unique data 9625 16354
R(int) 0.0151 0.0170
refln/param ratio 18.80 17.60
Ri [I>20(D]" 0.0286 0.0246
WR; [all data]’ 0.0657 0.0653
GOF 1.157 1.051

“ Ry = SNF,| - IF/ZEIF. ” wRy(F[all data]) = {S[W(F,” - Fo) VEIw(FH)*1} 7.
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Chapter 5: Poly(methylenephosphine)s as Macromolecular Flame Retardant

Additives for Paper*

5.1 Introduction
Flame retardant additives are often added to commercial products (e.g. plastics, rubbers,

fibers, synthetic and natural textiles) in order to suppress their inherent flammability and to

349-351

permit their safe usage. Traditional halogenated organic flame retardants are under growing

scrutiny, due to their high toxicity and their environmental impact.*®* In particular,
polybrominated diphenyl ethers (PBDEs) have been listed under the Stockholm Convention as

persistent organic pollutants.”> This has led to the restriction of PBDEs in electronic and

354

electrical equipment in the European Union.”" In addition, PBDEs are in the process of being

355 356

phased out in Canada™ and United States;™ thus, there is a pressing need for new non-
halogenated flame-retardants. Particularly attractive are flame retardants based on phosphorus-
containing compounds, since they tend to offer much lower toxicities than their halogenated
counterparts, whilst maintaining effective flame retardant properties.*’>>!-*>"-362

Molecular and ionic phosphorus-based flame retardants (e.g. ammonium phosphates,
phosphonium salts, phosphonates, phosphines, red phosphorus) have been added to natural and
synthetic polymer-based products for many years;350'3 S1I5T362 however, they suffer from either
appreciable volatility (due to their low molecular weight) or water solubility. These drawbacks

result in their tendency to leach out of the product over time.*****

Non-water soluble polymeric
phosphorus-based flame retardant additives of moderate molecular weight offer the distinct

advantage of reduced leachability when compared to their molecular counterparts. However, the

* A version of this chapter will be submitted for publication. Paul W. Siu, Thomas Q. Hu and
Derek P. Gates.
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use of phosphorus-based polymers as fire retardants remains limited, due to the synthetic
difficulty of incorporating phosphorus moieties into macromolecules. Perhaps the most well-

studied polymeric phosphorus-based flame retardants are the polyphosphazenes, [R,P=N],,

10-12,365-367

which have been developed for commercial use. Recent efforts have resulted in

polymeric flame retardants featuring a variety of phosphorus moieties in the backbone, including

phosphazenes (5.1),°®® phosphonates (5.2 and 5.3),*®*"" phosphates (5.4 and 5.5)*"'7" and

phosphine oxides (5.6).”™

[o\/\o/ - .

0O
0 ‘ i 0-f=0
Ot [21s
(0]

O O-P
(o !
O/\/O\ - n
5.1 5.2 5.3

n

5.4 5 5.6 (R = SO, or CO)

Another recently developed phosphorus-based polymer is the poly(methylenephosphine)
5.7, which can be synthesized either by radical or anionic polymerizations of the
phosphaalkene monomer, MesP=CPh,. Given the presence of phosphorus centers in the
backbone, 5.7 could find potential application as a flame retardant; however, its flame retardant
property has not been studied. Although polymer 5.7 is reasonably resistant toward oxidation in
air, the flame retardant property of its oxide, 5.8, is also of interest. In this chapter, the

preliminary investigation of 5.7 and 5.8 as polymeric flame retardant additives for paper will be
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described. Cellulose-based products, derived from wood, are inherently “green” due to their
renewable nature; however, their inherent flammability makes them unsuitable for many
specialty applications. Thus, the development of effective flame-retardants for cellulose-based

products could open up new commercial applications for wood-based products.

O Ph
Mes Ph Mes Ph

5.2 Results and Discussion
5.2.1 Synthesis of Poly(methylenephosphine)s 5.7 and 5.8

The phosphaalkene monomer, MesP=CPh,, was synthesized following literature
procedures.’”>"® The anionic polymerization of MesP=CPh, (16.3 g) in THF was initiated by
"BuLi (0.015 equiv) to afford the pale yellow poly(methylenephosphine) 5.7 in good yield (91%)
after workup (Scheme 5.1). In contrast to the small scale polymerizations of MesP=CPh,
(ca. 1 g) previously reported,'®?*2"773% this illustrates that the addition polymerization of
MesP=CPh, is amenable to moderate scale-up. Analysis of the isolated polymer by triple
detection gel permeation chromatography (GPC-LLS) revealed a moderate molecular weight (M,
= 27,000 g mol") and a moderate polydispersity index (PDI = 1.47). Subsequent oxidation of 5.7
with an aqueous solution of H,O; yields the oxidized polymer 5.8 after workup (Scheme 5.1). As
anticipated, the analysis by GPC-LLS revealed a moderate increase in molecular weight
(M, = 30,000 g mol") for 5.8 in comparison to 5.7. A slight decrease in polydispersity index for
5.8 (PDI = 1.24) was observed. Presumably, this arose from the fractionation of the polymer

sample during the precipitation process.
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Phngor o ;
n p—C BuLi 5.7 H,0, (30% in H,0) - 58
/' pn THF CH,Cl,

Scheme 5.1 Synthesis of poly(methylenephosphine) 5.7 and its oxide, 5.8.

5.2.2 Flame Retardancy Tests
The phosphorus-based polymers, 5.7 and 5.8, were coated onto paper samples (70 x
151 mm) to approximately equal phosphorus content. The paper samples were made from

3! produced in a pilot-plant from a mixture of spruce, balsam fir

thermomechanical pulp (TMP)
and maple wood chips collected from an eastern Canadian pulp mill.”® Paper samples made
from TMP were chosen for this study because TMP is produced from wood chips in typical
yields of ~98% and contains all the major wood components, including lignin and its functional
groups.”®® Thus, paper samples made from TMP can serve as an excellent model, in terms of
flammability and chemical reactivity, for various wood and wood fiber products.

The flame retardancy of the polymer treated paper samples was examined using a paper
flammability test chamber (Figure 5.1), built to the specifications of TAPPI (Technical

Association of Pulp and Paper Industry) Standard Method T461 c¢m-00.***

During the flame test,
the time that the specimen continues to flame after the burner flame is removed (flame time) and
the time that the specimen continues to glow after it has ceased to flame (glow time) were
measured. The results were compared to paper samples treated with the well-known molecular
phosphorus-based flame retardant additive, monobasic ammonium phosphate (NH;H,PO,),**>%
and samples of the non-treated paper. Figure 5.2 shows the paper residue after burning and is
representative of multiple trials. The results are summarized in Table 5.1. In all cases, the paper
samples treated with 5.7, 5.8, NHsH,PO,4 and the non-treated paper samples were ignited upon

contact with a Bunsen flame. As expected, the samples without any flame retardant additive

burned completely and resulted in minimal charred residue (Figure 5.2a). Importantly, samples
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coated with 5.7 (Figure 5.2b) and 5.8 (Figure 5.2c) did not burn completely but rather they
resulted in a significant amount of charred residue. The 5.7 and 5.8 treated paper samples flamed
briefly after the Bunsen flame was removed, but were quickly extinguished and showed no
subsequent glowing. In contrast, non-treated paper samples were fully combusted during the 12 s
exposure to the Bunsen flame required by the TAPPI test method; thus, it showed no flame time
but its edges continued to glow for 34 s after the Bunsen flame was removed. These results
suggest that phosphorus-based polymers, 5.7 and 5.8, have good efficacy as flame retardants.
Admittedly, they did not perform as well as the paper samples that had been treated with the
commercial flame retardant additive, NH4H,PO4 (Figure 5.2d). The significant charring
observed suggests that 5.7, 5.8 and NH4H,PO, coated paper samples burn at lower temperature,
through the reduction of heat of combustion, than paper samples without any flame retardant. In
addition, char formation is known to reduce the amount of smoke produced during
combustion;**”**® however, further tests on 5.7 and 5.8 are necessary to fully investigate their

smoke reduction properties.

Figure 5.1 Photograph of the flammability test chamber designed following the TAPPI
(Technical Association of Pulp and Paper Industry) Standard Method T461 cm-00 (L = 76.5 cm,
W =36.0cm, H=31.0 cm).
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Figure 5.2 Representative results of the flame retardancy test for TMP paper samples.
(a) No flame retardant added. (b) Treated with 5.7 (phosphorus content = 0.723 mmol P / g
paper). (c) Treated with 5.8 (phosphorus content = 0.680 mmol P / g paper). (d) Treated with
NH4H,PO, (phosphorus content = 0.824 mmol P / g paper).

Table 5.1 Flame retardancy test results.

paper samples flame time” glow time” pH of burnt residues of
(s) (s) paper sampled
non-treated <1¢ 34 10.47
treated with 5.7 7 0 4.86
treated with 5.8 6 0 5.22
treated with NH,H,PO, 0 0 4.00

“The time that the specimen continues to flame after the burner flame is removed. ” The time that
the specimen continues to glow after it has ceased to flame. © The paper was already fully
combusted when the Bunsen flame was removed. ¢ The char residue was extracted with water
(50 mL) and the pH was measured.
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5.2.3 pH Measurements of Burnt Paper Samples
During combustion, phosphorus-based flame retardants generally decompose to

phosphoric acid,

which is believed to promote char formation and is essential in the general
flame retardant mechanism of cellulose.****** To gain insight into the flame retardant mechanism
of 5.7 and 5.8, the charred residues of the post-test samples were stirred in water (50 mL) for
30 min and their pH measured. The results are shown in Table 5.1. Interestingly, the non-treated
paper sample gave a basic solution (pH 10.47), whereas samples treated with 5.7, 5.8 and
NH4H,POy, all resulted in acidic solutions. For the paper sample treated with NH4H,PO,, its char
residue was measured at pH 4.00. Likewise, for paper samples treated with 5.7 and 5.8, their
residues were measured at pH 4.86 and 5.22, respectively. Importantly, the similar pH
measurements for the 5.7, 5.8 and NH4H,PO, treated samples are consistent with the expected
formation of phosphoric acid during the combustion. This implies that the flame retardancy

mechanism of 5.7 and 5.8 that leads to the promotion of char formation on cellulose is likely to

be similar to that of NH4H,POy,.

5.3 Summary

Poly(methylenephosphine)s 5.7 and 5.8 were effective as polymeric phosphorus-based
flame retardant additives for papers made from TMP. The results clearly demonstrated the ability
of 5.7 and 5.8 to promote the formation of char and inhibit burning. Measurements of pH are
consistent with the hypothesis that phosphoric acid was generated during combustion, which is

commonly believed to be essential for the general flame retardant mechanism of cellulose.
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5.4 Experimental Section
5.4.1 General Procedures

All manipulations of air- and/or water-sensitive compounds were performed using
standard Schlenk or glovebox techniques under nitrogen atmosphere. Monobasic ammonium
phosphate (NH4H,PO,4) was purchased from Aldrich and used as received. For the preparation of
5.7, THF was dried over sodium/benzophenone ketyl and distilled prior to use. "BuLi (1.6 M in
hexanes) was purchased from Aldrich and titrated prior to use. MesP=CPh, was synthesized in
accordance to literature proccadures.375'376 3P NMR spectra were recorded on Bruker Avance
300 MHz or 400 MHz spectrometers at 25 °C. Chemical shifts for 3p spectra are reported
relative to H3POy as an external standard (85% in H»O, ¢ = 0).

Molecular weights were determined by triple detection gel permeation chromatography
(GPC-LLS) using a Waters liquid chromatograph equipped with a Waters 515 HPLC pump,
Waters 717 plus autosampler, Waters Styragel columns (4.6 x 300 mm) HRSE (2000-
4,000,000), HR4 (5000-500,000), and HR2 (500-20,000), Waters 2410 differential refractometer
(4 =940 nm, 40 °C), Wyatt tristar miniDAWN (laser light scattering detector at A = 690 nm) and
a Wyatt ViscoStar viscometer. A flow rate of 0.5 mL min™ was used and samples were dissolved
in THF (ca. 2 mg mL™"). The dn/dc value of 5.7 in THF has been previously reported (dn/dc =
0.223 mL g}’

Paper sheets (70 x 151 mm) were cut from 160-mm diameter, ~200 g/m2 sheets prepared

382 .
in accordance to

on a laboratory British Sheet Machine from a thermomechanical pulp (TMP)
PAPTAC (Pulp and Paper Technical Association of Canada) Standard Method C.5.%* The
apparatus for the flame retardancy tests was built to the specifications outlined in TAPPI

(Technical Association of Pulp and Paper Industry) Standard Method T461 cm-00.*** pH

measurements of the charred residues were obtained using an Orion pH meter (model 520A).
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5.4.2 Synthesis of Poly(methylenephosphine) 5.7

Poly(methylenephosphine) 5.7 was prepared from a modified procedure by Noonan and
Gates.” In a glovebox, a solution of "BuLi (0.48 mL, 0.77 mmol, 1.60 M) in hexanes was added
to a stirred pale yellow solution of MesP=CPh; (16.3 g, 51.5 mmol) in THF (50 mL), resulting in
an immediate color change to deep red. The reaction mixture was stirred at room temperature.
After several days, an aliquot was removed from the reaction mixture and analyzed by 3'p NMR
spectroscopy, which showed that the signal assigned to MesP=CPh, (ca. 234 ppm) was
completely consumed and replaced by a broad signal at —8 ppm. The reaction mixture was
removed from the glovebox and 5.7 was isolated as a pale yellow solid by precipitation into
hexanes (500 mL) in air. The polymer was subsequently washed with additional hexanes (2 x
250 mL) and dried in vacuo. Yield = 14.9 g (91%).

GPC (absolute): M, = 27,000 g mol™, PDI = 1.47; *'P NMR (162 MHz, THF): ¢ =

—8 (brs). 'Hand “C{'H} NMR data are available from previous work by Tsang et al. 18

5.4.3 Synthesis of Poly(methylenephosphine) Oxide 5.8

An aqueous solution of H,O, (10 mL, 30 wt. %) was added slowly to a vigorously stirred
solution of 5.7 (7.0 g, 22 mmol) in dichloromethane (120 mL). The organic layer of the reaction
mixture was separated from the aqueous layer and dried with MgSO,. The solvent was then
removed in vacuo to afford 5.8 as a yellow solid. Yield =4.5 g (61%).

GPC (absolute): M, = 30,000 g mol™, PDI = 1.24; *'P NMR (121 MHz, THF): ¢ =

45 (br s). '"H NMR data are available from previous work by Tsang et al. 18
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5.4.4 Preparation of NH4H,PO4 Treated Paper

An aqueous solution of NHsH,PO4 (8 mL, ca. 0.24 mol-L'l) was drip coated onto a sheet
of paper (1.972 g), made from the TMP. Both sides of the paper were thoroughly coated to
ensure an even distribution of the flame retardant additive. The paper sample was then air dried
until a constant weight was observed. Final weight measured for the paper sample was 2.159 g.

The amount of phosphorus content was calculated to be 0.824 mmol P / g paper.

5.4.5 Preparation of 5.7 Treated Paper

A solution of 5.7 in THF (8 mL, ca. 0.20 mol-L™") was drip coated onto a sheet of paper
(2.034 g), made from the TMP. Both sides of the paper were thoroughly coated to ensure an even
distribution of the flame retardant. The paper sample was then air dried until a constant weight
was observed. Final weight measured for the paper sample was 2.499 g. The amount of

phosphorus content was calculated to be 0.723 mmol P / g paper.

5.4.6 Preparation of 5.8 Treated Paper

A solution of 5.8 in THF (8 mL, ca. 0.19 mol-L™") was drip coated onto a sheet of paper
(2.161 g), made from the TMP. Both sides of the paper were thoroughly coated to ensure an even
distribution of the flame retardant. The paper sample was then air dried until a constant weight
was observed. Final weight measured for the paper sample was 2.650 g. The amount of

phosphorus content was calculated to be 0.680 mmol P / g paper.
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5.4.7 Flame Retardancy Test of Paper Samples

The flame retardancy of the treated paper samples were examined based on TAPPI
(Technical Association of Pulp and Paper Industry) Standard Method T461 cm-00.**" The
general procedure is as follows:

A paper sample was clamped vertically onto the inverted U-shaped metal holder,
exposing an area of 70 x 151 mm (Figure 5.3). The height of the holder was adjusted so that the
lower edge of the sample would be 19 mm above the natural gas (methane)-fueled Bunsen
burner. The oxygen supply of the Bunsen burner was adjusted to give a flame 40 mm high. The
metal cabinet door was then closed. Using the external handle attached to the Bunsen burner, the
burner was moved until flame was directly underneath the bottom edge of the sample. The flame
was held there for 12 sec, and then withdrawn. The sample was carefully removed from the U-

shaped metal holder and photographed.

Figure 5.3 The set-up of the paper samples in the flammability test chamber.
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Chapter 6: The Unexpected Microstructure of Poly(methylenephosphine)*

6.1 Introduction

In 2003, efforts from the Gates group led to the discovery of radical and anionic
polymerizations of phosphaalkene MesP=CPh, to afford poly(methylenephosphine) 6.1 (Scheme
6.1), thereby extending addition polymerization from C=C bonds to P=C bonds.'”'®** The
proposed microstructure of poly(methylenephosphine) 6.1 was elucidated based on the similarity
between its “C{'H} NMR spectrum and that of the model compound Mes(Me)PCPh,H (6.2)
(Scheme 6.2)."® Other molecular model compounds were also synthesized to gain insights into
the initiation and termination steps of the anionic polymerization.396 In addition, the anionic
initiated oligomer of MesP=CPh, was studied using MALDI-TOF mass spectrometry. This
suggests that the mechanism of anionic polymerization of MesP=CPh; is parallel to that of

380

olefins.”™" These studies paved the foundation for the subsequent discovery of living anionic

polymerization of MesP=CPh, and enabled the synthesis of well-defined homo- and copolymers

20-21,377

of MesP=CPh, with controlled architectures. In contrast, the mechanism of the radical

initiated polymerization of MesP=CPh, has been much less developed.

Ph on Fl’h Ph
0 peg BWL | p S| VAZOS , pg
Mes Ph Mes Ph |, Mes Ph

6.1

Scheme 6.1 Synthesis of poly(methylenephosphine) 6.1 through addition polymerization.

* A version of this chapter will be submitted for publication. Paul W. Siu, Ivo Krummenacher
and Derek P. Gates.
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Scheme 6.2 Synthesis of model compound 6.2.

In an effort to understand the mode of activation of P=C bonds with radical reagents, Dr.
Ivo Krummenacher of the Gates group investigated the reaction of phosphaalkene 6.3 with two
equivalents of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), a stable radical reagent (Scheme
6.3).>"*® Surprisingly, the two TEMPO molecules did not add across the P=C bond to afford
the expected 6.4. Instead, one of the TEMPO molecules reacted at one of the ortho-methyl
mesityl carbons to afford the unexpected 6.5, which was crystallographically characterized by X-

ray diffraction.

Au Ph
0 %» N-0-P—C-O-N
ol ) >(N)< Mes Ph
p=C " (tht)tﬁ\:CI Ale:dPh
Mes Ph B Mes Ph
6.3
L

N-O- P CHPh,

?fﬁ

Scheme 6.3 Reaction of phosphaalkene 6.3 with two equivalents of TEMPO.

The unexpected structure of 6.5 prompted Dr. Ivo Krummenacher to investigate the
related alkoxyamine 6.6 as an radical initiator for the polymerization of MesP=CPh, (Scheme
6.4).>"®  Alkoxyamine 6.6 is commonly used as an initiator for nitroxide-mediated

polymerization, a method of controlled radical polymerization.*****® The molecular weight and
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the polydispersity index (PDI) of the resultant poly(methylenephosphine) (M, = 8,800 g mol™,
PDI = 1.16) were determined by triple detection gel permeation chromatography (GPC-LLS).
Interestingly, the resultant polymer exhibited an identical S'p('H} NMR spectrum as the
previously reported 6.1."® The subsequent departure of Dr. Ivo Krummenacher for University of
Wiirzburg left questions in regard to the microstructure of this polymer unanswered. Considering
the unexpected structure of 6.5, further investigation into the microstructure of this polymer was
of great interest. Therefore, as part of the work of this thesis, NMR spectroscopic studies were
undertaken, along with the synthesis of a molecular model compound, to elucidate the possible

microstructure of the alkoxyamine (6.6) initiated poly(methylenephosphine).

Ph )\
= 9 i
/P cC + Ph O,N (20 mol %) W poly(methylenephosphine)
Mes Ph
6.6

M, = 8,800 g-mol”!, PDI = 1.16

Scheme 6.4 Polymerization of MesP=CPh; initiated by alkoxyamine 6.6.

6.2 Results and Discussion
6.2.1 The Microstructure of Alkoxyamine Initiated Poly(methylenephosphine)

In additon to *'P{'H} NMR spectroscopy, the alkoxyamine (6.6) initiated
poly(methylenephosphine) was also analyzed by 'H NMR (600 MHz) and “C{'H} NMR
(151 MHz) spectroscopy. The chemical shifts observed in these spectra were identical to those in
the previously reported 'H NMR (300 MHz) and “C{'H} NMR (75 MHz) spectra of
poly(methylenephosphine) 6.1."° In particular, the BC{'H} NMR (151 MHz) spectrum of the
alkoxyamine initiated poly(methylenephosphine) revealed a broad resonance at 52.4 ppm
(Figure 6.1), which matches well with the broad resonance at 52.2 ppm in the BC{'H} NMR

(75 MHz) spectrum of 6.1 (Figure 6.2a), previously assigned to the backbone quaternary
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P-C(Ph),-P carbon.' However, these resonances are also consistent with the chemical shift
observed for the —CHPh, carbon in the 13C{lH} NMR (75 MHz, CDCl3) spectrum of model

compound 6.2 [Figure 6.2b, d = 51.3 (d)]."®

Ar-C

P —CHPh,

~ ? _CH,

n
6.7
CDCl; —CH,
Ar-C
—CHPh,
—CH,~
|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)
Figure 6.1 BC{'H} NMR (151 MHz, CDCl) spectrum of alkoxyamine initiated
poly(methylenephosphine) at 25 °C.

(a)
CDCls

Chemical Shift (ppm)
Figure 6.2 °C{'H} NMR spectra (75 MHz, CDCl5) of (a) poly(methylenephosphine) 6.1 and (b)

model compound 6.2. Adapted with permission from J. Am. Chem. Soc. 2003, 125, 1480.
Copyright 2003 American Chemical Society.
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A broad resonance centered at 33.0 ppm was observed in the 13C{ 1H} NMR (151 MHz)
spectrum of the alkoxyamine initiated poly(methylenephosphine) (Figure 6.1), which is in the
region typically observed for a —CH,— carbon. Albeit much weaker, this broad resonance was
also detected in the 13C{lH} NMR (75 MHz) spectrum of 6.1 (Figure 6.221).18 This has been
previously attributed to the ortho-methyl mesityl carbons, broadened due to restricted rotation
about the P-Cj,so-mesity1 bond.*’ In light of the unexpected structure of 6.5, these 13C{IH} NMR
spectroscopic data are consistent with an alternative possible microstructure to that of 6.1. The
proposed microstructure (6.7) for the alkoxyamine initiated poly(methylenephosphine) is shown
in Figure 6.1. Furthermore, no resonance attributed to the —CH,— carbon was observed in the
BC{'H} NMR spectrum of model compound 6.2 (Figure 6.2b)."

Additional NMR spectroscopic experiments were carried out to provide further evidence
for the proposed microstructure 6.7. Analysis of alkoxyamine (6.6) initiated
poly(methylenephosphine) by C APT (Attached Proton Test) NMR spectroscopy revealed that
the phasing of the broad resonance at 52.4 ppm is positive, coinciding with the phasing of the
methyl resonances at 23.5 and 21.2 ppm (Figure 6.3). This indicates that the resonance at
52.4 ppm is attributed to either a primary —CH3 carbon or a tertiary —CHR; carbon and is
unlikely to be attributed to a quaternary —CR,— carbon such as a P-C(Ph),-P moiety. Whereas,
the phasing of the broad resonance at 33.0 ppm is negative, coinciding with the phasing of the
resonance attributed to the quaternary carbon of CDCls. This indicates that the resonance at
33.0 ppm is attributed to either a quaternary —CR,— carbon or a secondary —CH,— carbon. Further
analysis by 'H-"*C HSQC (Heteronuclear Single Quantum Coherence) NMR spectroscopy
revealed cross-peaks attributed to the carbons at 51.3 and 33.0 ppm directly coupled to the
protons at 4.8 and 3.6 ppm, respectively (Figure 6.4), thus providing further evidence for the

proposed microstructure 6.7.
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Figure 6.3 '"C APT NMR (151 MHz, CDCls) spectrum of alkoxyamine initiated
poly(methylenephosphine) at 25 °C.
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Figure 6.4 'H-"C HSQC NMR spectrum (CDCl;) of alkoxyamine initiated
poly(methylenephosphine) at 25 °C.
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6.2.2 Synthesis and Characterization of Model Compound 6.8

The NMR spectra discussed thus far are consistent with the proposed microstructure (6.7)
for the alkoxyamine initiated poly(methylenephosphine). Further comparison with an appropriate
molecular model compound would provide additional evidence. Although the structure of model
compound 6.2 resembles the proposed microstructure 6.7, 6.2 nevertheless lacks a —CH,— moiety
adjacent to its phosphorus center. Therefore, the structurally related model compound 6.8 was
synthesized by treating a solution of Mes(Cl)PCPh,H with PhCH,L1 in THF (Scheme 6.5). After
workup, the desired product, 6.8, was isolated as a white solid. Significantly, characterization by
BC{'H} NMR (101 MHz) spectroscopy in CDCl; revealed doublet resonances at 51.1 and
32.5 ppm (Figure 6.5), arising from the —CHPh, and —CH,— carbons, respectively. These
resonances are coupled to the adjacent phosphorus center and are consistent with the chemical
shifts assigned to the —CHPh, and —CH,— moieties in the proposed microstructure 6.7 (6 = 51.3
and 33.0, respectively). Noteworthy is the broad signal centered at 23.5 ppm, attributed to the
ortho-methyl mesityl carbons in 6.8. Such broadening is likely a consequence of restricted
rotation about the P-C;,s-mesityt bond and has been observed for the related Mes("Bu)PCthH.396
These assignments were made with the aid of 'H-"*C HMQC (Heteronuclear Multiple Quantum
Correlation), 'H-C HMBC (Heteronuclear Multiple Bond Correlation) and BC APT NMR
spectroscopy.

Cl—P—CHPh, PhCH,Li CH,—P—CHPh,
| — |
Mes -LiCl ©/ Mes

6.8

Scheme 6.5 Synthesis of model compound 6.8.
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Figure 6.5 >°C{'H} NMR (101 MHz, CDCl;) spectrum of model compound 6.8 at 25 °C.

In the '"H NMR (400 MHz, CDCl;) spectrum of model compound 6.8, there is also
considerable broadening of the resonance assigned to the ortho-methyl mesityl protons at
2.49 ppm (Figure 6.6). A doublet resonance at 5.06 ppm is attributed to the -CHPh, proton and
is consistent with the chemical shift assigned to the —CHPh, proton in proposed microstructure
6.7 (0 = 4.8). The diastereotopic —CH,— protons adjacent to the stereogenic phosphorus center
give rise to two sets of doublets of doublets at 3.40 and 2.93 ppm, which are in the region
observed for the broad resonance assigned to the —CH,— protons in 6.7 (0 = 3.6). These
assignments were made with the aid of 'H{*'P} and "H-'H COSY (Correlation Spectroscopy)
NMR spectroscopy. In addition, the 3'P NMR (162 MHz, CDCl5) spectrum of 6.8 contains a
singlet resonance at —4.7 ppm. This is closer to the center of the broad resonance observed for

6.7 (6 = —10) than for the previously reported model compound 6.2 (6 = —24.6)."
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Figure 6.6 '"H NMR (400 MHz, CDCl3) spectrum of model compound 6.8 at 25 °C.

6.2.3 Rationalization for the Proposed Microstructure 6.7

Based on the evidence for the unexpected microstructure 6.7, the alkoxyamine (6.6)
initiated polymerization of MesP=CPh; is unlikely to propagate through a simple 1,2-addition
across the P=C bond. Although the initiation step of polymerization is likely to form the radical
intermediate 6.9, this radical intermediate is poised to rearrange to 6.10 through 1,5-hydrogen
abstraction (Scheme 6.6). The tertiary radical of 6.9 is expected to be more stable than the
primary radical of 6.10; thus, the equilibrium of this arrangement should lie towards 6.9.
However, the tertiary radical of 6.9 is resonance stabilized and sterically hindered by two aryl
substituents, whereas the primary radical of 6.10 is less sterically hindered and resonance
stabilized by only one aryl substituent. Thus, it can be rationalized that 6.9 is less reactive than
6.10 towards additional molecules of MesP=CPh,, resulting in the propagation through 6.10 to

afford poly(methylenephosphine) of microstructure 6.7.
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Scheme 6.6 Equilibrium of radicals 6.9 and 6.10 through 1,5-hydrogen abstraction.

6.3 Summary

In this chapter, strong NMR spectroscopic evidence was provided for the unexpected
microstructure (6.7) of alkoxyamine initiated poly(methylenephosphine). Model compound 6.8
was synthesized. Its NMR spectra are remarkably similar to those of alkoxyamine initiated
poly(methylenephosphine), providing further support for the proposed microstructure 6.7. The
formation of this unexpected microstructure was rationalized through a proposed 1,5-hydrogen

abstraction rearrangement during the propagation step of polymerization.

6.4 Experimental Section
6.4.1 General Procedures

All manipulations were performed using standard Schlenk or glovebox techniques under
nitrogen atmosphere. Toluene, CH,Cl, and hexanes were deoxygenated with nitrogen and dried
by passing through a column containing activated alumina. THF was dried over
sodium/benzophenone ketyl and distilled prior to use. n-Pentane was dried over 3A molecular
sieves and degassed before use. Distilled H,O was sparged with N, for 30 min prior to use.
N,N,N’ ,N’-Tetramethylethylenediamine (TMEDA) was purchased from Acros Organics, dried
over "BuLi and distilled before use. n-Butyllithium (1.6 M in hexanes) and N-benzylbenzamide

were purchased from Aldrich and wused as received. MesP:Cth,375'376 1-(2,2,6,6-
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tetramethylpiperidinyloxy)—1—phenylethane,399 and Mes(Cl)PHCPh,*"*”  were prepared
following literature procedures. CDCIl3; was purchased from Cambridge Isotope Laboratories Inc.
and dried over 3A molecular sieves before use.

'H, 13C{IH} and °'P NMR spectra were recorded at 25 °C on Bruker Avance 300,
Avance 400 or Avance 600 MHz spectrometers. 85% H3;PO4 was used as an external standard (6
0.0) for *'P NMR spectra. '"H NMR spectra were referenced to residual protonated solvent and
BC{'H} NMR spectra were referenced to the deuterated solvent. Mass spectra were recorded on
a Kratos MS 50 instrument in EI mode (70 eV). Elemental analyses were performed in the
University of British Columbia Chemistry Microanalysis Facility.

Molecular weights were determined by triple detection gel permeation chromatography
(GPC-LLS) using a Waters liquid chromatograph equipped with a Waters 515 HPLC pump,
Waters 717 plus autosampler, Waters Styragel columns (4.6 x 300 mm) HRSE (2000-
4,000,000), HR4 (5000-500,000), and HR2 (500-20,000), Waters 2410 differential refractometer
(4 =940 nm, 40 °C), Wyatt tristar miniDAWN (laser light scattering detector at A = 690 nm) and
a Wyatt ViscoStar viscometer. A flow rate of 0.5 mL min™ was used and samples were dissolved
in THF (ca. 2 mg mL"). The dn/dc value of poly(methylenephosphine) in THF has been

previously reported (dn/dc = 0.223 mL g'l).377

6.4.2 Synthesis of Poly(methylenephosphine) 6.6

Poly(methylenephosphine) 6.6 was synthesized by Dr. Krummenacher.’ In a glove box,
a Pyrex tube was charged with MesP=CPh, (0.80 g, 2.5 mmol) and 1-(2,2,6,6-
tetramethylpiperidinyloxy)-1-phenylethane (0.013 g, 0.05 mmol) and the tube was flame sealed

in vacuo. The mixture was heated at 125 °C for 14 h in an oven equipped with a rocking tray.
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The resultant viscous mixture was dissolved in CH,Cl, and the polymer was isolated by repeated
precipitation into hexanes (x 3).

3'p{'"H} NMR (121 MHz, CDCL): § —10 (br); 'H NMR (600 MHz, CDCls): § 7.1 (br,
Ar-H), 4.8 (br, CHPh), 3.6 (br, CH,), 2.1 (br, CH3); “C{'H} NMR (151 MHz, CDCl:)
(assignments made with the aid of 'H-C HSQC/"C APT experiments): 0 146.9 (br, Ar-C),
142.2 (br, Ar-C), 137.9 (br, Ar-C), 128.2 (br, Ar-C), 126.3 (br, Ar-C), 52.4 (br, CHPh,), 33.0 (br,

CH, . r, CHj), 21. r, CH3). GPC (absolute): M, =8, mol ', PDI =1.16.
)23.5(b ),21.2 (b ). GPC (absolute) 8,800 g 1! 1.16

6.4.3 Synthesis of PhCH,Li

To a stirred colorless solution of TMEDA (2.03 g, 17.4 mmol) in toluene (20 mL) was
added a solution of "BuLi in hexanes (8.25 mL, 1.6 M, 13.2 mmol). The mixture turned red upon
addition and was heated at 90 °C for 2 h. Subsequently, the solution was cooled to room
temperature. Addition of hexanes (50 mL), followed by cooling to —78 °C, resulted in the
precipitation of PhCH,Li as a yellow solid, which was isolated by filtration at =78 °C and
washed with additional cold hexanes (2 x 25 mL) at =78 °C. The yellow solid was dissolved in
THF (40 mL), resulting in a dark red solution of PhCH,Li which was titrated against N-

benzylbenzamide. The concentration was determined to be 0.156 M.

6.4.4 Synthesis of Model Compound 6.7

One equivalent of the PhCH,Li solution in THF (18.5 mL, 0.156 M, 2.89 mmol) was
added slowly to a stirred solution of Mes(Cl)PCHPh, (1.02 g, 2.89 mmol) in THF (10 mL) at
=78 °C, resulting in an orange solution. After several minutes, several drops of distilled H,O
were added at —78 °C and the reaction mixture turned light brown with the formation of a white

precipitate. The reaction was warmed to room temperature and the solvent was removed in
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vacuo. The resultant white residue was dissolved in toluene (5 mL), filtered to remove insoluble
salts and the filtrate was evaporated to dryness to afford a brown oil. The oil was dissolved in n-
pentane (5 mL), cooled to —20 °C and filtered to remove an insoluble brown residue. The
colorless filtrate was chilled at —78 °C, resulting in the precipitation of a white solid that was
isolated by filtration. Upon warming to room temperature the solid melted into slightly yellow
oil. The oil was dissolved in n-pentane (5 mL) and chilled at —30 °C for 4 days to yield a white
solid. The supernatant was decanted and the solid residue was washed with cold n-pentane
(3 x 1 mL). Residual solvent was removed in vacuo to afford the desired product. Yield =
414 mg (35%).

3P NMR (162 MHz, CDCls): d —4.7 (s); "H NMR (400 MHz, CDCls) (assignments made
with the aid of 'H{*'P}/'H-'"H COSY experiments):  7.58-7.56 (m, 2H, Ph-H), 7.36-7.24 (m,
5H, Ph-H), 7.12-7.02 (m, 6H, Ph-H), 6.75-6.72 (m, 4H, Mes-H and Ph-H), 5.06 (d, *Jpy = 4 Hz,
1H, CHPh,), 3.40 (dd, *Jun = 13 Hz, *Jen = 3 Hz, 1H, P-CHH), 2.93 (dd, *Jun = 13 Hz, *Jpu =
3 Hz, 1H, P-CHH), 2.49 (br s, 6H, o0-Mes-CH3), 2.20 (s, 3H, p-Mes-CHs); “C{'H} NMR
(101 MHz, CDCls) (assignments made with the aid of "H-*C HMQC/'H-"*C HMBC/"*C APT
experiments): ¢ 145.3 (br, o-Mes-C), 142.2 (d, 2Jcp = 3 Hz, i-Ph-O), 142.1 (d, 2Jcp = 3 Hz,
i-Ph-C), 139.7 (d, 'Jep = 12 Hz, i-Mes-C), 138.9 (s, p-Mes-C), 129.7 (br, m-Mes-C), 129.2 (d,
Jecp = 9 Hz, Ph-C), 128.9-128.6 (m, Ph-C), 128.2 (d, Jcp = 9 Hz, Ph-C), 128.0 (d, Jcp = 8 Hz,
Ph-C), 126.6 (s, Ph-C), 126.0 (d, Jcp = 3 Hz, Ph-C), 125.2 (d, Jep = 3 Hz, Ph-C), 51.1 (d, 'Jep =
20 Hz, CHPhy), 32.5 (d, 'Jcp = 20 Hz, CH,Ph), 23.5 (br s, 0-Mes-CH3), 20.9 (s, p-Mes-CH3). MS
(ED) m/z (%): 408 (44) [M'], 317 (13) [MesPCHPh,"], 241 (40) [PhCH,PMes'], 167 (100)
[Ph,CH'], 119 (6) [Mes'], 91 (21) [PhCH,"]. Anal. Calcd. for CyHyP: C, 85.26; H, 7.16.

Found: C, 84.95; H, 7.21.
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Chapter 7: Conclusion

7.1 Summary of Thesis Work
7.1.1 Hexacoordinated Phosphorus(V) Anions

Traditionally, the field of weakly coordinating anions (WCAs) has largely been
dominated by boron- and aluminum-based anions,*8-3180 Yet, it is well-understood that larger,
more charge-delocalized anions are generally less nucleophilic. Therefore, it was expected that,
in comparison to the tetracoordinated borates, the larger hexacoordinated phosphorus(V) anions
might be more charge-diffused, thus more weakly coordinating. The main goal of this thesis was
to explore hexacoordinated phosphorus(V) anions as potential WCAs in catalysis. In particular,
the catechol-based [7.1]" was of great historical significance since it was the first example of a
hexacoordinated organophosphate anion.”*"*'53 However, its ability to stabilize cationic

transition metal complexes has yet to be explored.

[7.4T
Chapter 2 described the synthesis of two new alkali metal salts of [7.1]", specifically
K[7.1] and Na[7.1]. These reagents offered a convenient route to cationic metal complexes
through the halide abstraction of metal-halide bonds. The efficacy of K[7.1] as a halide
abstraction reagent was demonstrated through its reactions with (dppp)PdCl, [dppp = 1,3-

bis(diphenylphosphino)propane] (1:1 ratio) and [(cod)RhCl], (2:1 ratio) to generate the dimeric
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[(dppp)Pd(u-CD],[7.1], and the zwitterionic (cod)Rh[7.1] (Scheme 7.1). These preliminary

results show that late transition metal cations can be stabilized by [7.1] .

Ph2 Ph2 (@) ?

R ¢ P |
\_Cl_, 2 (dppp)PdCl cod)RhC| o.le 0
C pd pd ) |y, <2AePRIPAC ) g qp MC0dRNCE, @/ /P<

p’ Cl” p 2 KCl _2 KCl 0 |

Ph, Ph, Rh@
[(dppp)Pd(pn-CI)2[7-1]2 (cod)Rh[7.1]

Scheme 7.1 Halide abstraction of (dppp)PdCl, and [(cod)RhCI], with K[7.1].

Alternatively, cationic metal complexes can be generated through the protonolysis of
metal-carbon bonds. Chapter 3 described the convenient preparation of solid Brgnsted acids
H(DMF),[7.1] and H(DMSO),[7.1]. The isolation of highly acidic [H(DMF),]* and
[H(DMSO),]" is a testament to the stability of [7.1]". Furthermore, the basicity of [7.1]” was
determined to be similar to that of the classical weakly coordinating anion, [BF4]", based on a
similar N-H stretching frequency for (CgH;7);NH[7.1] and to that observed for
(CsHi7);sNH[BF4]. The efficacy of H(DMF),[7.1] to activate late transition metal-alkyl bonds
was evidenced by the stoichiometric activation of (dppe)PdMe, to afford either

[(dppe)Pd(NCMe)Me][7.1] (1:1 ratio) or [(dppe)Pd(NCMe),][7.1], (1:2 ratio) (Scheme 7.2).

Ph_Ph Ph Ph Ph_Ph

[ - Me 7.1] <HOMFLL7-1] F’\Pd,Me 2 H(DMF),[7.1] [ Pd’ NCMe 7L
R NCMe MeCN R Me  MeCN R 'NCMe

PH Ph -MeH PH Ph -2 MeH pH Ph

Scheme 7.2 Protonolysis of (dppe)PdMe, with H(DMF),[7.1].

Strong Brgnsted acids are also of interest as initiators for cationic polymerization. It was
demonstrated in Chapter 4 that H(DMF),[7.1] initiates the cationic polymerization of n-butyl

vinyl ether at 17 °C to afford moderate molecular weight polymer. However, H(DMF),[7.1] was
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not an effective initiator for the polymerization of styrene and isoprene. This is likely due to the
moderate nucleophilicity of [7.1]", which might have hindered these polymerizations. Thus, solid
Brgnsted acids of the more charge-delocalized [7.2]” were prepared, namely H(OEt,),[7.2] and
H(OEt;)(NCMe)[7.2]. Brgnsted acid H(OEt;),[7.2] was shown to be an effective initiator for the
cationic polymerizations of n-butyl vinyl ether, styrene and isoprene to afford polymers of
moderate molecular weight. The investigation of H(DMF),[7.1] and H(OEt,),[7.2] as cationic
polymerization initiators has helped to broaden the general application of hexacoordinated

phosphorus(V) anions.

. N _
Cl Cl
o Cl
|
0.9 0N
0" 10
cl o} Cl
Cl
Cl Cl
L Cl _
[7.2]

7.1.2  Poly(methylenephosphine)s

Chapter 5 changed the focus of this thesis onto the phosphorus-based polymers,
poly(methylenephosphine)s 7.3 and 7.4. Given the presence of phosphorus centers in the
backbone of 7.3 and 7.4, it was of great interest to investigate their flame retardant property. It
was shown that 7.3 and 7.4 were effective polymeric phosphorus-based flame retardant additives
for papers made from thermomechanical pulp through the promotion of char formation. The
development of effective flame-retardants for cellulose-based products could open up new

commercial applications for wood-based products.
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O Ph
Mes Ph Mes Ph

Recently in the Gates group, alkoxyamine 7.5 was investigated as an radical initiator for
the polymerization of MesP=CPh, (Scheme 7.3).>*"*® Chapter 6 discussed the results from the
NMR spectroscopic analysis of the resultant poly(methylenephosphine). Strong evidence was
provided for the unexpected microstructure 7.6. The formation of this unexpected microstructure
was rationalized through a proposed 1,5-hydrogen abstraction rearrangement during the
propagation step of polymerization. Results from this investigation could potentially lead to a

better understanding of the mechanism of radical and anionic polymerizations of MesP=CPh..

P- CHPh2
)\ (20 mol %) —»
Me

n

7.5

Scheme 7.3 Alkoxyamine 7.5 initiated polymerization of MesP=CPh,.
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