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Abstract

Transition metal-phosphine chemistry is the underpinning theme of this thesis. Chapter One briefly
introduces the subject, with particular focus on ortho-aryl substituted phosphines, the DPEphos ligand
and agostic and anagostic metal-hydrogen interactions. A comprehensive presentation of the

developments in the field of phosphine-borane dehydropolymerisation is then provided.

Chapter Two describes the synthesis, characterisation and structural studies of a range of
Schrock-Osborn type complexes containing ortho-aryl substituted DPEphos ligands of varying steric
bulk, namely [Rh(o-R-DPEphos)(NBD)][BArf] [R = H, Me, OMe and 'Pr, NBD = norbornadiene and ArF
= 3,5-(CF3)2CsHz3]. These complexes were all shown to contain a Rh---H-C anagostic interaction with
an ortho-aryl proton, which were studied experimentally and computationally. The reactivity of the
Schrock-Osborn complexes, upon hydrogenation of the alkene fragment in acetone, resulted in a range
of Rh(l) and Rh(lll) products, depending on the phosphine ortho-aryl substituent. In the bulkiest, o-'Pr
version, C—H activation is observed at the isopropyl group, which is shown to be reversible through
reactivity with CO and D2. This reactivity was used to form the first reported complex that contains both

an anagostic interaction and an agostic bond.

Within Chapter Three, the coordination chemistry of the di-ortho-fluorine analogue of DPEphos,
o-F,F-DPEphos, is described in comparison with the parent o-H-DPEphos and the bulkier o-Me-
DPEphos. Rh---F interactions are observed in the Schrock-Osborn complex of o-F,F-DPEphos [Rh(o-
F,F-DPEphos)(NBD)][BArF4]. The hydrogenation products in 1,2-F2CsHa solvent are also compared,
revealing the formation of a Rh dimeric complex Rh(H)(fac-k3-P,0,P-u-CH-DPEphos)]2[BArF4]. with a
bridging C—H agostic interaction for the parent DPEphos. The coordination chemistry of bimetallic gold

complexes with these ligands is also explored, including an example of through-space F-F interactions.

The final chapter details an in depth study of the dehydropolymerisation of primary phosphine-
boranes using a [Rh(dppe)]* catalyst. The mechanism is probed using in-situ NMR spectroscopy,
stoichiometric reactivity and polymer molecular weight variation studies. Exploiting the mechanistic
insight, the synthesis and characterisation of the first block copolymer of poly(phosphinoboranes) is

described, which is also shown to self-assemble in solution to form spherical micelles.

\Y



Table of Contents

[B]=Tol F- 1= 11T ] o BT O PO PP U PPPUPPPTPPPPPTN i
Yo 0111 L= [ 1T o =T ) RSP ii
ADDIEVIATIONS ...ttt ettt e e sttt e e st e e e e sk b e e e e e b b e e e e s bb e e e e abe e e e e e brr e e e abreeee e iv
Y 011 = T PO PP PP OPPPPPTPPPPPIN Vi
1 Chapter One — INTrOAUCLION .....c.oiiiiiieiie e e e e e s e r e e e e s e st e e e e e e s e snnnrrreeeeeaeesaanns 1
11 PrEAMDIE ...t e e e e ree e 1
1.2 Rhodium-phosphine complexes as homogeneous catalystS..........cccoccvvvveereeeisiiiiiiieeeee e 1
13 Rhodium-ligand coordination ChEMISTIY ...........eeiiiiiiiiiiiiie e 3
1.4 Phosphines as lIgandS .........c.ouuiiiiiiiiiiiec e e e e e s e e e e s s e eeeeeeeeaaans 4
IR0 3 R B T o] a o 1] o] 11 L= F PO POPPPPTOPPUPTPPPRR 5

15 Ortho-aryl substitution in PhOSPhINES........cccoo i, 7
1.5.1 Ortho-flUOring SUDSHIULION .....ccoiviiiiiiiiiii e 11

1.6 L@ ] Y/ o TN o = T £ 14
1.6.1 Hemilability and coordination MOAES ............coiiiiiiiiiiiiiieiie e 15

1.7 ] o T P 16
1.7.1 Metal-DPEphos complexes in CAtalYSIS ........oiiiuiiiiiiiiiiieiiiiie e 17
1.7.2  Ortho-substituted DPEPROS .........oviiiiiiiiiiiiee et 24

1.8 Sigma and agoStiC COMPIEXES ....ccoeie i 26
1.8.1 Phosphine-borane Sigma COMPIEXES ......cocuuiiiiiiiiiie ittt 27
S A e IV o 1] (ol o0 1 Y ] (= 28

1.9 ANAGOSHIC INTEFACTIONS ....ceiiiiiiee ettt sb bt e e et e e e sbb e e e e abneeeeans 31
1.9.1 Definition and CharaCteriSatioN ..............ciiiiiiiiiiiii e 31
1.9.2 What causes the chemical shift changes in agostic and anagostic interactions? ............ 32
1.9.3 Examples of anagostiC INtEraClioNS.......cccociiiiiiie i 33
1.10 Catalytic dehydrocoupling and dehydropolymerisation of phosphine-boranes .................... 35
1.10.1 Properties and applications of poly(phosphinoboranes)..........cccccceviiiii e, 35
1.10.2 Discovery and early CatalyStS.........ocuuiiiiiiiiiiiii e 36
1.10.3 Different phosphorus substituents in poly(phosphinoboranes)............ccccccceeeeeiiieennn. 37
1.10.4 Rh-based catalysts and mechanistic investigations..............ccccce e, 39
1.10.5 IrON-DASEA CALAIYSES ... e 44
1.10.6 Other transition Metal CatalYSIS .........oiiii i 45
1.10.7 Transition Metal frE@ FOULES .......ocveiii it e e 46
LLLL SUIMIMIAIY e £ £ e e oo oo e e e e e e e e e e e e e e e e e e e e e e e e e e n e e e e e aas 47
IO S (< (=] 1= o Lo PR 48

2 Chapter Two — Rhodium complexes of ortho-aryl substituted DPEphos ligands. Reactivity and
SETUCTUFAL STUAIES. ..ttt et e ettt e e e s et et e e e s bb e e e e anbe e e e e anbe e e e e anbeeeeeneee 53
2.1 PrEAMDBIE ... e 53
2.2 Ortho-aryl substituted DPEPNOS lIgaNAS .......ccoiiiiiiiiiiiiiiie e 53

Vi



2.2.1 Synthesis and characterisation of ortho-"Pr-DPEPhOS ............cccecviieiiiieiiee e, 54

2.3 Schrock-Osborn complexes of ortho-aryl substituted DPEphos ligands .............ccccvvvveeen.n. 56
2.3.1 Synthesis and solid-state CharacCteriSation..............ccuruueieiiiiiee e 56
2.3.2 Solution-state NMR characterisation and behaviour............ccccccovviiiiiii e 58
2.3.3 Assignment and comparison of Rh---H—C anagostic interactions ............cccccccceeeeeiinnnnen. 63

2.4 Reactivity of Schrock-Osborn precatalysts .........cccvevveiiiiiiiiiiiice e 72
2.4.1  Hydrogenation iN de-BCET0NE.........uuiii ittt e e 72
2.4.2 Reactivity of C—H activated product 4-Pr ..........cccccveiieiiiiieieseseseieeee e 79

25 (©70] o [od [ 1] T 1 RPN 94

2.6 S (=1 0] o[t PRSP PRRPRP 95

3 Chapter Three — Synthesis and coordination chemistry of o-F,F-DPEphos and a comparison with
0-H-DPEPhOS and 0-MeE-DPEPRNOS ......ccoiuuiiiiiiiiiie ittt 98

3.1 PrEAMNDIE ...t e e e e e s e e e e e e s b e e e e e e e aae 98

3.2 (@51 g To T o BT T o] o o PSSP 98

3.3 Synthesis, characterisation and structural behaviour of [Rh(o-F,F-DPEphos)(NBD)][BArF4] ...

............................................................................................................................................ 100

34 Hydrogenation of [Rh(o-F,F-DPEphos)(NBD)][BArF4] in de-acetone...........ccccceevcveeenveennen. 105

35 Hydrogenation products in 1,2-FaCeHa........ccouiiiiiiiiiiiiiiiiiit e 108

3.6 Synthesis, characterisation and comparison of [AuzClz2(0-R,R-DPEpPhoS)] .........ccccvveennee 118

3.7 (©70] s [ox (1] o] o AR PP PP PP PTPPPPPPIN 125

3.8 S (=] =] o= PRSP PRRRR 127

4  Chapter Four — Dehydropolymerisation of primary phosphine-boranes with a [Rh(dppe)]* catalyst
..................................................................................................................................................... 129

4.1 1= = 0 Y o] = SRR 129

4.2 Synthesis and characterisation of poly(phenylphosphinoborane) .............cccccoee e, 131

4.3 CatalySt OPLIMISALION ........veiieiieee ettt e b e e e 135
4.3.1 Different anions and moNOMeEr CONCENTIALION .........ccciiiiiiiiiiiiiiieee et 135
4.3.2 In-situ formation of precatalyst and a screen of different phosphine ligands.................. 137
4.3.3 Catalyst loading Variation .............coovviiiiiiiiiiieeeeeee e 138

4.4 Molecular weight of [H2BPPhH]n versus conversion of HsB-PPhH2 experiments............... 139

4.5 Synthesis, characterisation and molecular weight vs conversion experiments of polymeric

[H2BP (A )H]n [Ar = 3,5-(CF3)2C6HS] ... iteeieeiiiiie ittt e et e e e sntae e e e snnaeaeeans 141

4.6 In-situ *H NMR studies of the dehydropolymerisation of HaB-PPhHz ...........ccccooiveiinennen. 145
4.6.1 Re-charging of HaB:-PPhH2 @XPeriment.........cc.ceiiiiiiiiiiiiiiiesiiieee et 147

4.7 The synthesis of linear dimer H3B-PPhHBH2-PPhH2 and its application in catalysis ......... 148

4.8 Catalyst speciation: in-situ NMR spectroscopy and stoichiometric reactivity .................... 151
4.8.1  IN-SItUNMR STUAIES ...cee e et e e er e e e e s e ee e e e e e s e nnnreneneeees 151
4.8.2 Stoichiometric reactivity with the linear dimer HsB-PPhHBHz2:-PPhHz...........ccccccoviiiees 157

4.9 Proposed mechanism for primary phosphine-borane dehydropolymerisation ................... 166

4.10 Experiments that support a reversible chain transfer mechanism ..............cccccooiiicns 169

4.11 Dehydropolymerisation of HaB-PTHEXH2......ocuiiiiiiiiiiiiie e 173




4.12  Formation of block copolymer poly(phenylphosphinoborane)-b-poly(n-

hexylphosphinoborane), BCP-Ph/MTHEX ........uuuiiiiiiiiiiiiiiee e re e e e e e 176
4121 Synthesis and characteriSation .............cooiiiiiiiiiiee e 176
4.12.2  AQQregation iN SOIULION........cuuiii it 188

T e T ©7o o ol 11 o o O PP RR PR TRP 192

A 14 REFEIEINCES ...ttt e oot e e e e st e e e a bt e e e a et e e e r e e e e e e 194

5 Chapter Five — EXPerimental datal ..........cccceeiiiiiiiiiiie e e et e e e e s st e e e e e s s snnnnnneaeee s 197

51 GeNETAl METNOUS. ... ..eiiiiitiie et e e e e e e e 197

5.2 SYNthesiS Of NEW COMPIEXES .. ..uiiiiieie e e e e e e e e s rraeeaeae s 199
L R O T o (=T G Yo TP TP PP PP P PP POUPPPTOUPPON 199
Lo O 4 - o] (=Y g I o1 == SR 207

5.3 Procedures used in Chapter FOUT ...t 213

54 RETEIBNCES ... e e e s s 216




Chapter One

1 Chapter One — Introduction

1.1 Preamble

Within this thesis, the synthesis, characterisation and structural properties of rhodium complexes of
ortho-substituted diphosphine ligands will be discussed. This will include an assessment of the
structural consequences of ortho-aryl substitution, and an experimental investigation of anagostic
interactions. The final chapter describes the application of rhodium-phosphine complexes as catalysts
in the dehydropolymerisation of phosphine-boranes. To introduce these results and discussion
chapters, Chapter One provides an introduction into the tuneability of phosphine ligands, and how these
manipulations can have a pronounced impact on reactivity and homogeneous catalysis upon
coordination to a transition metal centre, with particular attention paid to ortho-aryl substitution. The
main focus will be on rhodium-phosphine chemistry and the DPEphos ligand. Metal-hydrogen
interactions, specifically, agostic bonds and anagostic interactions, are also introduced, highlighting the
key differences between the two interactions. The developments in dehydrocoupling and
dehydropolymerisation of phosphine-boranes will be discussed, from initial discovery to the current

mechanistic understanding.

1.2 Rhodium-phosphine complexes as homogeneous catalysts

Rhodium-phosphine complexes are of great synthetic importance as they can be used as catalysts for
the synthesis of highly useful compounds.!-® Rhodium-catalysed hydroformylation is used to produce
millions of tonnes of aldehydes and alcohols each year using highly designed, often bespoke, rhodium-
diphosphine complexes.* One of the earliest, and possibly the most famous example of the use of an
organometallic rhodium complex as a homogeneous catalyst is [RhCI(PPhs)s], commonly termed
Wilkinson’s catalyst.> ¢ Wilkinson’s catalyst was shown to catalytically hydrogenate olefins and alkynes
with molecular H2 (Scheme 1.1A). The mechanism of this reaction was separately studied by Tolman”
8 and Halpern,®*! and although it was revealed that the mechanism contained many on- and off-cycle
intermediates, and was very dependent on the reaction conditions, it can be summarised by a core

mechanism (Scheme 1.1A).2 One PPhs ligand is reversibly displaced by a solvent molecule, such as
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Chapter One

methanol, and then dihydrogen oxidatively adds before alkene coordination. The alkene then inserts

into the Rh—H bond and a subsequent reductive elimination step releases the alkyl product.

A - Hydrogenation B - Hydroformylation
Ph3P\Rh/PPh3 Phap_ |
~N
Ph3P/ ~cl /th—PPh3 J\¢O
Ha Y 0 o or
PhsP\Rh/PPhg, onop |
KLAN
Ph.P” I Rh—PPhj
3 PhsP” |
¥ c
R + PPh, 1 — PPhs 0
> -S +S + PPhg3 — PPh;
H H — /\ + /\
PhsP PPh R RT™
S +H RN, R
s” al ‘\ PhsP |
] RH i - , 8 ‘\ =
\[ | _PPhy HL | PPhs PhsP )/
_Rh__ AN PhsP " Rn
PhsP” | el PheP™ | ~Cl SR Yo R PhP” C
S c” “PPh ©
N | W\
Ho _PPh; ;% \X /
PhP.
\\\ R Z R ¥ SRh-co co
S PhsP” | CI Php” |
\ 8
R

Scheme 1.1. A) Catalytic hydrogenation of olefins using Wilkinson’s catalyst and the core, “hydrogen-
first” mechanism for the hydrogenation of olefins.® B) Catalytic hydroformylation of terminal alkenes to
form linear or branched aldehydes using a rhodium-phosphine catalyst (linear aldehyde formation is
shown in the mechanism).

The related complex [RhH(CO)(PPhs)s] was reported to combine Hz2 and CO with olefins to form either
branched or linear aldehydes in the hydroformylation reaction (Scheme 1.1B).1?2 The simplified
mechanism for linear aldehyde formation is shown, as first deduced by Heck and Breslow.'315 An
alkene ligand displaces PPhs, and then insertion of the alkene into the Rh—H bond, before CO
coordination and then CO insertion into the Rh—alkyl bond. Addition of Hz results in the release of
aldehyde.1¢ In both of these reactions, the coordinated phosphine can influence the selectivity in the
products formed, therefore, offering the opportunity for catalyst control by altering the phosphine

design.t’

Today, rhodium-phosphine complexes are used in many industrial scale reactions, such as

asymmetric hydrogenation, which is vitally important in the pharmaceutical industry.® Other highly
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influential applications of this chemistry in the industry and academic settings include C—H activation

reactions,*® and new bond-forming reactions, such as hydrosilylation.1®
1.3 Rhodium-ligand coordination chemistry

Rhodium’s use in catalysis spans a wide range of applications, from the synthesis of 1,4-hexadiene
which is used to make synthetic rubber,2° to the Monsanto acetic acid process.?! One of the reasons
for such a broad range of applications is the rich coordination chemistry of rhodium.22 23 The different
possible ligands include neutral donor L-type ligands, and anionic X-type ligands. Examples of rhodium-
ligand bonds with neutral ligands include, but are certainly not limited to: aromatic compounds, small
solvent molecules (acetone, acetonitrile etc.), gaseous diatomic molecules (Hz, Oz, CO, N2), alkenes,
boranes, amines and phosphines (Figure 1.1). Some of the anionic ligands include: halides, alkyls,
aryls, hydrides, alkoxides, acyls, acetates, phoshides and amidos.? 20 |t is evident from the list in Figure
1.1that there is a complex range of tolerated functional groups, coordinating atoms and bonding modes.

neutral anionic
H _ o
Rh—N, :< PLN Rh—X
Rh—0 R SBR | x= ¢l Br | —\ R Rh_(
\H/ Cl, Br, Rh P .

Rh—CO ah R \ "/
) H—BR _/ R
H R Rh 2 Rh

Rh—| / Rh—Q A%R
H - Rh
Rh O\R Rh—NR, Rh—NR, R -
Rh—J
. Rh—N= Rh—PR; Rh—PR, RN Rh—>

Figure 1.1. Some examples of organic ligands that can bind to rhodium.

Rhodium can adopt an oxidation state of anywhere between —1 and +6.24 25> The most stable oxidation
states in organorhodium complexes, and therefore the most common, are +1 and +3 with a d® and d®
configuration, respectively. Transitioning between these two oxidation states is key to the effectiveness
of organorhodium complexes in homogeneous catalysis.3 A high proportion of organorhodium catalysts
contain phosphine ligands. This is due to the stabilising properties they bring to the organometallic

complex, and in turn, facilitate the key catalytic steps in a cycle (Scheme 1.1).26
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Chapter One

1.4 Phosphines as ligands

Phosphines are compounds with the generic formula PR3, where R is typically an alkyl or aryl group,
but can also be a halide or a heteroatom bound moiety, e.g. P(NEt3)2Cl.2 The phosphorus atom is in
the +3 oxidation state and therefore a lone pair of electrons is available for further coordination to a
transition metal atom. One of the defining features of phosphines is the ability to change and tune the
substituents on the phosphorus atom, with great predictability. This in turn modifies the phosphorus to
metal bonding interaction, affecting the electronic properties of the complex. Different phosphine

substituents can also impact the steric congestion around the metal centre.6

By modifying both electronic and steric influences the overall reactivity of the organometallic
complex and subsequent catalytic activity can be controlled.?” The universal aspect of the phosphine-
metal bonding interaction is lone pair donation from the phosphorus into unoccupied orbitals in the
metal (Figure 1.2). A second component is back-donation from filled metal orbitals into a vacant o*(P—
R) orbital in the phosphine.28 However, this contribution is completely dependent on the mr-acidity of the
phosphine, which is directly related to the substituents present. As the substituent gets more
electronegative the tr-acceptor abilities increase. This is due to two reasons: the P-R o* orbital is lower
in energy which brings the orbital into a better energy match with the filled metal orbitals, and the P-R
o* orbital has more P character and therefore has a greater radial extension. At the extreme end of this

spectrum, PFz is a better m-acceptor than even CO.2°

o - donation 1 - donation o* /) \C
,//—\\\\N
R //,,_\’_\\\\OF
« P— W
R—P — N W—2=C
s "\V——N
R/ D ‘\\\\\ ’/\\)_ e)
o w7 — F
\ i
P lone pair vacant M orbital o*(P-R) filled M orbital h—
P-R bond

Figure 1.2. o and m bonding components of phosphine-transition metal bonds and the molecular orbital
diagram of the o component of the P-R bond. The more electronegative atoms substituents have a
lower o and o* orbital.

A measurement of the electronic contribution from the phosphine to the metal was described by

Chadwick Tolman in 1977.2° In this review, Tolman quantified the electronic effect of the phosphine
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Chapter One

ligand through the change of the symmetric A1 CO stretching frequency [v(CO)] in (PR3)Ni(CO)s
complexes. Stronger electron donors increase the electron density on the Ni centre which in turn
decreases the v(CO). Computational methods have since been developed that can predict the same
properties without the use of toxic Ni compounds.3® Changing the steric bulk on the phosphine
substituent can be as influential to the reactivity of an organometallic complex as the electronic
contributions from the ligand.3! An example of this is the stabilisation of low coordinate intermediates.3?
One descriptive measurement for this influence is the Tolman cone angle.?% 2% 33 This measurement is
determined from the space filling model of MPRs. The cone angle is defined as the apex cone angle,
positioned 2.28 A from the centre of the P atom when the edges of the cone just touch the outermost
part of the R fragments (Figure 1.3). Bulkier groups give a larger cone angle, e.g. PMes = 118°,
compared to P'Prz = 160°.2° NMR spectroscopy has been utilised as an alternative method to determine
the cone angle, and it has been shown that there are direct correlations between cone angle and

reaction and equilibrium rate constants.34

Q3
wi

Figure 1.3. Visual description of the Tolman cone angle (8) for phosphine bulk quantification.

More recently, sophisticated software, such as SambVca, has become publicly available. This software
can be used to measure the steric volume within an organometallic complex, which provides insight

into the most congested regions of the complex as well as the potential catalytic pockets.3%

1.4.1 Diphosphines

One of the opportunities for phosphine modification is the insertion of an organic fragment that bridges
two P(lll) atoms. This forms a diphosphine which can coordinate to a metal with both P lone pairs,
forming a chelating k2 ligand, which drastically effects the resulting organometallic reactivity.16 The first
diphosphine synthesised was 1,2-bis(diphenylphosphino)ethane (dppe) in 1959 (Figure 1.4).36

However, it was several years later when the beneficial use of diphosphines was reported in Fe-
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catalysed co-dimerisation of butadiene and ethene to form 1,4-hexadiene. In this early report, iron-
halides and phosphines of varying backbone length were used as catalysts, with the propyl backbone
bis(diphenylphosphino)propane (dppp) giving the best selectivity and conversion.3” As well as simply
changing the backbone length, more elaborate modifications, such as phenyl bridges (dppbe), ethers
(DPEphos) or ferrocene (dppf) further modify the phosphine’s properties (Figure 1.4).

Phop” M2 Pth @\Pphz N

dppe

p_ B
78° PPh2 oFPh N oF
PhZP PPh2 .
dppp dppbe DPEphos dppf naun?lbne
87° 83° 103° 90° angle (B)

Figure 1.4. Some examples of diphosphines with different backbones. A diagram of the natural P-M—
P bite angle (B) is shown and the values for the different diphosphines are quoted.38 39

The coordination mode of the diphosphine can stabilise or destabilise catalytic intermediates and
transitions states, thus influencing the lowest energy pathway in catalysis.*® One measure of this
influence is in the “ligand-preferred” or “natural” P—M—P bite angle  (example values shown in Figure
1.4), which varies with the ligand backbone and phosphorus substituents e.g. 3 = 78° for dppe and B =
103° for DPEphos.®8 Ligands with natural bite angles close to 90°, 109° or 120° are inherent to
complexes with a square planar, tetrahedral or trigonal bipyramidal geometry, respectively.3® There is
also a measure of the flexibility of the backbone, described as the “flexibility range”, which includes the
bite angles of all of the low energy conformations the ligand can occupy.*! For instance, DPEphos has
a natural bite angle of roughly 103° but a flexibility range of 86-120°.42 An example of the bite angle of
a chelating diphosphine impacting catalysis is observed in the hydroxycarbonylation of styrene to form
either the linear or branched carboxylic acid product under acidic conditions (Scheme 1.2).38 It was
shown that both the conversion of styrene and the regioselectivity of the linear product increased as the
bite angle of the diphosphine increased. This was a result of the greater steric encumbrance of the
larger bite angle ligands (i.e. DPEphos) promoting carbonylation at the least sterically congested alkene

carbon.3
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f A
co COH
dimethoxysthane i diphosphine [ B (°) |[conversion(%)| I:b
X H2C20, inear dppe 78 gy 5347
i CO,H .
2 mol% [PdCl,(PhCN),] 2 ?jppr; gg 329 ;ﬁg
20 mol% diphosphine DPEp;fhos ot o o
branched
~ J

Scheme 1.2. Hydroxycarbonylation of styrene catalysed by Pd(diphosphine) complexes. The table
shows the conversion of styrene and linear:branched selectivity with respect to the different
diphosphines used. B = natural bite angle.38

1.5 Ortho-aryl substitution in phosphines

Another synthetic tool to control catalysis is via variation of the substituent in the ortho-position in the

phosphine aromatic groups (Figure 1.5).

L OO
JO

Figure 1.5. Ortho-aryl substitution in mono- and diphosphines.

An example of this approach has been reported in small bite angle, methylene bridged, diphosphines,
CH2z(PAr2)2 (Ar = 0-R-CsHs, R = H, Me, Et, OMe or Pr) and similar amine-bridged diphosphines,
N(CHs3)(PAr2)2 (i-1-R). Palladium(ll) four-membered chelates of these amine-bridged ligands were
shown to copolymerise ethene and CO to form polyketones (Scheme 1.3). The most bulky ligand,
containing an ortho-aryl isopropyl group (Ar = 0-Pr-CeHa), (i-1-Pr), gave the fastest rate of reaction and
the largest molecular weight polyketone.**i-1-R were also reported as effective ligands in Ni(ll) ethylene
polymerisation catalysts. Once again, the bulkiest, isopropyl variant gave the highest molecular weight
polymer and shortest reaction time.*> Ortho-methoxy substitution was also exploited in i-1-OMe with
CrClz and methyl aluminoxane to catalyse the trimerization of ethene.*¢ The same methodology was
expanded to ligands with different backbones, such as ethyl, propyl, phenyl and Xantphos, which also
effectively catalysed ethylene oligomerisation and polymerisation in Ni(ll) systems [Xantphos = 4,5-

bis(diphenylphosphino)-9,9-dimethylxanthene]. The most bulky substituents prevented formation of off-
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cycle multinuclear species.*” Ortho-aryl methyl substitution was also reported by Roy and Hartwig, who
showed that bulkier monophosphines increased the rate of haloarene reductive elimination in {Pd[P(o-

Me-CesHa)3](Ar)(u-X)}2 complexes (Ar = 2-Me-5-'Bu-CeH3 or 4-'Bu-CeH4, X = CI, Br or 1).48

A~~~ R=0Me

‘\/ R = H, OMe, Me, Et, ‘Pr

[CrCl(THF)3] M

e | e / /Q\)og\
/N\ —_—

Ar2P PAI'2 cO
[Nisrz(DMEW -1-R [Pd(OAC),] n
N/ R = Me, Et, 'Pr

n

Scheme 1.3. Ethene polymerisation, oligomerisation and copolymeriation catalysed by transition metal
complexes of ortho-substituted diphosphines. MAO = methyl aluminoxane. DME = 1,2-
dimethoxyethane.

Extensive investigations into the special effects of ortho-aryl substitution in monophosphines was
conducted by Howell*®-52 and others.53 54 Howell showed that there was a significant energy barrier for
rotation around the P—C bonds in [M(CO)s(P(0-Me-CsHa)3)] complexes (M = Cr, Mo or W) of 36-42 kJ
mol?t, as well as restricted rotation about the M—P bond, compared to the least bulky ortho-H
analogues.®® This geometric constraint resulted in discrete orientations of the aromatic groups in the
solution and solid-state (Figure 1.6). The geometries observed are dependent on the phosphine, the
metal and the other coordinated ligands.*® Rotamers of this form were first reported in
triphenylcarbonium ions in 1965,%5 but the most logical description to date was published by Pringle and
co-workers.56 57 The helical conformations in a range of ortho-substituted monophosphines in trans-
[Pt(diphosphine)Clz] and trans-[Pd(diphosphine)Clz] complexes were described by the M—P—Cipso—Cortho
torsion angle, deduced from the solid-state structures. The calculated values naturally fell into two
groups: values of around +50°, i.e. a gauche-orientation, denoted g* and g-, or roughly +180°, i.e. an

anti-orientation, denoted a (Figure 1.6).
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R =Me or Pr
R R R R
P. P.
10 X
~J
/; "
measured g'g*a gga

torsion angle

Figure 1.6. Conformational arrangements of the g*g*a and g-g-a chiral rotamers of ortho-substituted
trisaryl phosphines, looking down the M-P bond.

Pringle and co-workers also studied the conformational arrangement of a range of ortho-methyl and
ortho-isopropyl substituted monophosphines in monomeric Pt and Pd complexes; trans-[MCl2(PArs)z]
(Ar = 0-Me-CgHas, 0-Me,p-OMe-CsHs, 0-Pr-CeHs, 0-Pr,p-OMe-CsHs, and M = Pd or Pt). The crystal
structure of trans-[PtCl2(P{o-'Pr-CsHa}s)2} (i-2) revealed that the phosphine adopted a gga
conformation (Figure 1.7). Using variable temperature NMR studies, the energy barrier to P-C bond
rotation was estimated to be 80 (£2) kJ mol1. In comparison, the less bulky equivalent trans-[PtCl2(P{o-
Me,p-OMe-CsHs}3)2] also adopted the g-g-a conformation in the solid-state but the P—C bond rotation
energy was calculated to be only 65 (+2) kJ mol. This highlights the greater rotational restriction with
bulkier ligands. Four different isomers were observed in solution for trans-[PtCl2(P{o-Me,p-OMe-
CeHas}s)2], assigned as rac and meso conformations of the two phosphines, and only two in complex i-
2, attributed to the greater bulk making some of the isomers inaccessible. Further detailed studies using
the Cambridge Crystallographic Database revealed that four and six coordinate complexes containing
the P(0-Me-CeHa4)s ligand all have the gga conformation, but two/three coordinate complexes adopt the
more sterically encumbering ggg conformation.5® Other conformations are not observed, possibly due

to steric clash causing the energy of these systems to be too high.

\ iPr
/ iPr Cone angle: 195°
4 Cl i
/ / Pr ; .
i P——pt——pP \\ Pt-P-Cips0-Corino torsion angles:
Pr o of -66.0, -65.6 and 177.5
'Pr
. Conformation: g'g'a
i2 P

Figure 1.7. Depiction of the solid-state structure of trans-[PtClo(P{0-'Pr-CsHa}s)2], showing the gga
arrangement of the phosphines.
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Ortho-aryl substitution in chelating phosphines has also been shown to promote enantioselectivity in
catalytic processes. Specifically, ortho-methoxy substitution was used in the chiral R-R-DIPAMP
diphosphine in the asymmetric hydrogenation of a-acylaminocinnamic acid with a rhodium precatalyst,
[Rh((R-R-DIPAMP)(COD)]BF4 (Scheme 1.4). The S-amino acid was preferred in all cases, with a higher
enantiomeric excess (ee) obtained when the Z precursor was used. It was suggested that the increased
bulk, and potentially coordinating ability of the ortho-methoxy groups, locked the metal complex in a
geometry that favoured the binding of a linear, and flat conformation of the amino acid precursor. This
geometry exposes the re face of the double bond to the rhodium, which subsequently produces the S

isomer upon Hz addition.58

( )
H  COOR [Rh(R,R-DIPAMP)(COD)BF,
z >=< 0.1-0.5 mol% ou
PH NHCOR' 3 atm Hp COOR ©

o P.
H  NHCOR' 50°C NHCOR' PN
MeOH or EtOH
E >—< S-amino acid Me0\©
&

Ph COOR
ee(%) = 93-96% (Z isomers)

) R,R-DIPAMP
R, R' = H, Me or Ph 23-47% (E isomers)

J

Scheme 1.4. Asymmetric hydrogenation of a-acylaminocinnamic acids with a chiral rhodium catalyst
that contains an ortho-methoxy substituted diphosphine ligand.

Regioselectivity can also be induced by ortho-aryl substitution in a metal bound diphosphine ligand.
One example was reported by Weller and Willis on the intermolecular hydroacylation of alkynes
(Scheme 1.5). Diphosphine ligands based upon the dppe scaffold, i-6-R, with ortho- substituents of
differing steric bulk, were used with a rhodium precursor to catalyse the formation of branched (i-4) and
linear (i-5) enone products in the hydroacylation between phenylacetylene and a [(-S-substituted
aldehyde (i-3) (Scheme 1.5). It was shown that the least bulky ligand, when R = H, favoured formation
of the linear product in a 10:1 ratio, whereas when the bulkier ligands were used (R = Cy or Pr), the
branched product was formed preferentially. It was postulated that the irreversible and rate limiting
reductive elimination of the product was the selectivity inducing step, and the more rotationally restricted

bulkier aryl groups had a greater influence on this selectivity.5°
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p
SMe O i-4 diphosphines
> PArz Ar =
SMe O 10 mol% ArgP” " r R
[Rh(NBD),]BF4 linear i-6-R o
H 4 //Ph M R linear:branched
Z acetone SMe O .5 H 10:1
i Me 2.5:1
- Et 1:1
Pr 1:3
branched L Cy 1:2.5 )

Scheme 1.5. Rhodium-catalysed hydroacylation of phenylacetylene and i-3 to form branched (i-4) and
linear (i-5) enone products, using ortho-substituted dppe ligands (i-6-R) of differing steric bulk.

1.5.1 Ortho-fluorine substitution

Fluorinated phosphorus substituents have been known since the 1960’s, when the synthesis of
P(CsFs)3, PPh(CeFs)2 and PPh2(CsFs) were reported by Peacock and co-workers.® 61 |t was soon
discovered that the presence of fluorine in these ligands affected the ligand lability in PtCl.L2 complexes.
The order of complex stability was: P(CeFs)s < PPh(CeFs)2 < P(2-6-F2CsHs)z < PPh2(CsFs) < PPhs.62
Fluorine atoms have a greater covalent radius than hydrogen (0.57 and 0.31 A respectively)® and
therefore 1,2-F2CeH4 substituted phosphines have a greater steric profile than those with CsHs groups.
Electronically, distinctions are more nuanced, as fluorine atoms are o-withdrawing but TT-donating.4
The effects of ortho-aryl fluorine substitution on the structural characteristics of organometallic
complexes with phosphine ligands was investigated by Saunders et al. using PPhx(2,6-F2CeH3s)zx (X =
0, 1 or 2) ligands and platinum complexes thereof: trans-[PtClz(PEtz)(PPhx{2,6-F2CeH3}sx)]. From the
solid-state structures of these complexes, it was shown that the cone angle of ortho-aryl fluorinated
phosphines was much larger than the ortho-H analogues, i.e. PPhs and P(3,4,5-F3CeH2)3 = 145°, P(2,6-
F2CeH3z)s = 176° and P(CeFs)s = 172°. A fluxional process was observed in solution for trans-
[PtCl2(PEts)(P{2,6-F2CsHs}3)] (i-7), attributed to restricted aryl rotation on the NMR timescale. At low
temperature, three 1°F signals were observed in the 1°F NMR spectrum, due to a fixed orientation of the
ortho-substituted ligands in a gaa arrangement (using Pringle’s labelling method¢) (Figure 1.8). The
19F signals coalesced to one signal as the temperature of the sample was increased to 298 K, illustrating

rapid P—C rotation on the NMR timescale. In the solid-state, a gga arrangement was observed.5%
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low temperature solid-state
solution-state

Ar = -g Fb P.
restricted rotation ﬂ k
aboutP-C bond  F Fo Fe FF

Figure 1.8. The conformational arrangement of the ortho-fluorinated phosphine ligand in i-7 in the low
temperature solution state and in the solid-state.

The corresponding trans-[MCI(CO)(PPhx{2,6-F2CsHs}sx)2] (M = Rh or Ir) complexes were also
synthesised, showing a similar dynamic process of restricted aryl-group rotation. The CO stretching
frequency of these complexes was compared with PPhsz and P(CeFs)s equivalents (Table 1.1). Overall,
2,6-CeH3z groups are more electron-donating than CsFs, being very similar to Ph in donation ability
[V(CO) for P(2,6-F2CeHz)s = 1965 cm-1, and 1961 cm! for PPhs]. However, the steric profile of 2,6-
F2CeHz was shown to be more similar to CeFs and much larger than Ph.®® This is shown by the Tolman

cone angles of 184°, 176° and 145° for P(CeFs)s, P(2,6-F2CsHs)s and PPhs respectively.?®

Table 1.1. CO stretching frequencies [v(CO) / cm-1] within trans-[MCI(CO)(phosphine)2].65

Phosphine v(CO)/cmt(M=Rh)| v(CO)/cm?1(M=lIr)
PPhs 1961 1951
PPh(2,6-F2CsH3)2 1961 1952
P(2,6-F,CeH3)3 1965 1952
PPh;(2,6-F2CgHs) 1967 1953
PPh2(CeFs) 1982 -
P(4-F-CsHa) 1984 1960
PPh(CsFs)2 2002
P(CsFs)3 2008 1996

The application of ortho-aryl fluorine substituted dppe ligand, Ar.PCH2CH2PAr2 (i-8) (Ar = 2,6-F2CsH3),
was reported by Saunders and co-workers. When this ligand was reacted with [{Rh(Cp*)Cl2}] (Cp* =
pentamethylcyclopentadiene), C—F activation occurred at two of the ortho-positions, forming C—C bonds
with two of the methyl groups on Cp* (Scheme 1.6).%6 This demonstrates the potentially reactive sites

at the C—F bonds and the ortho-substituents are not always innocent in reactivity.
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A~ _PAr [RhCIx(Cp*)l2
. 2 —
Ar = § Ar2P CGHG
. i-8 NH4BF4
-HF

Scheme 1.6. Formation of a C—F activated complex i-9 by addition of i-8 to [RhCI>(Cp*)]2 (Ar = 2,6-
F2CeH3).

A series of fluorinated dppe ligands were studied in the reductive elimination of biphenyl from
Pt(diphosphine)(Ph). complexes (Scheme 1.7) (i-10-R). It was shown that the ligands containing ortho-
fluorine atoms promoted the reductive elimination of biphenyl, and the kinetics were measured over a
temperature range to determine AS* and AH*. It was shown that the ortho-F ligands strongly influenced
the conformation of the starting Pt(ll) complex and this in turn explained the lower AS* values calculated
for the substituents bearing more fluorine atoms (Scheme 1.7), although these values were all small.
These differences were predominantly dictated by restricted aryl group rotation influencing the phenyl
ligand positioning. Smaller AH* values were also calculated for the more fluorinated groups, which was
attributed to the electron-poor ligands lowering the energy of the transition state prior to reductive
elimination.®” The enthalpic component dominates, leading to an overall faster reaction with the more

fluorinated substituents.

( Ar AHE ASt  AGH100°0))
éfz Ph Ar, Ar, Ph 38 12 34
\_ .~ ' toluene-Dg ot + P P by | 4-F-CeHs 37 12 33
P Npp P/Pt\Pj+[] 35-F,CeHs 35 11 32
Ar Ar, Ar, 2,6-FoCeHs 32 1 30
i-10-R CeFs 29 1 28

- J

Scheme 1.7. Investigation of the effect of fluorinated dppe ligands in the reductive elimination of
biphenyl from Pt(diphosphine)(Ph)2 complexes, i-10-R. Activation parameters were determined from
the Arrhenius plots from the thermolysis of the [Pt(diphosphine)(Ph)2] complexes. Units of AH* are kJ
mol! and AS* are J K1 mol™.

Ortho-aryl fluorine substitution has also been used in Cr-catalysed ethene oligomerisation to form 1-
hexene and 1-octene (with a small proportion of longer hydrocarbons) (Scheme 1.8).58 69 The
diphosphines explored (i-11-R) contained the rigid C=C backbone and were varied via different

backbones substituent and ortho-fluorine substitution in one of each of the phosphorus aromatics.
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Irrespective of whether a fluorine atom was present in either or both aryl groups, a higher productivity
of the catalyst was observed (in terms of kg of product/g Cr/h). It was proposed that C—F---H-C

interactions stabilised intermediates for the formation of Cs and Cs products.®8

i-11-R  diphosphine
R3 R1 H R2

AN o Q
Crely(THR) 2 Hex P P‘@ Rt N Feoy

stabilised intermediate

/ /\Bu

diphosphine
C10-C14 R' ="Bu, 'Pr, Ph or Bu
R?=HorF

R®=HorF ~ 7

Scheme 1.8. Cr-catalysed ethylene oligomerisation utilising fluorinated diphosphines to promote
catalyst productivity. MAO = methylaluminoxane. A proposed stabilised intermediate is also shown.

Evidently, ortho-aryl substitution can have a pronounced influence on reactivity. It would be an
oversimplification to attribute this purely due to increased steric bulk. Pringle and co-workers revealed
the greater restriction in P—C bond rotation for the bulkier ligands,%¢ which could in turn, influence the
selectivity inducing step,%® or stabilise low coordinate intermediates.”® However, the electronic
differences upon the introduction of alkyl groups or fluorine atoms in the ortho-aryl position must not be
discounted,”* and as has been demonstrated in the last example, potential intramolecular interactions

may stabilise catalytic intermediates.8

1.6 POP-type ligands

The backbone in traditional k?>-bidentate diphosphines can be modified by addition of a bridging donor
ligand, forming a pincer ligand, once bound k® to a transition metal centre. This can include a
coordinated carbon, “PCP”; nitrogen, “PNP”; or oxygen; “POP” (Figure 1.9). Pincer-type ligands have
been used in a wide variety of transition metals catalysts,”? with particular success in Pd-catalysed
organic synthesis,”® and the iridium catalysed dehydrogenation of alkanes.” POP-type ligands have
been of increasing interest as k® ligands in the past decade.” The first example of a ligand coordinating
to a transition metal via two phosphorus atoms and a bridging ether was [P(Ph)2CH2CH:]20 (Figure

1.9), in a Rh(l) complex: {Rh(CO)(k3-P,0,P-[P(Ph)2CH2CH:].0)}.76
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Figure 1.9. Examples of POP-type ligands.

Aryl-bridging POP ligands such as Xantphos-R, DBFphos and DPEphos (Figure 1.9) have since been
synthesised and are popular due to their larger natural bite angle in the k? geometry (DPEphos, B =
103° and Xantphos, B = 111°).38 75 Xantphos and DPEphos were originally prepared as wide bite angle
k2 diphosphines for use in rhodium hydroformylation catalysis.”” However, more recently, interest has
grown in POP-type ligands due to their ability to form a k3-P,0,P bonding mode, giving rise to a range

of coordination geometries with a transition metal.

1.6.1 Hemilability and coordination modes

Depending on the ligand bite angle, metal, oxidation state and other coordinated ligands, different
coordination modes are possible with POP-type ligands (Figure 1.10). These include p2,k%,k-P,P with
the phosphorus atoms bridging two metal nuclei, or k2-P,P and k3-P,O,P arrangements with the chelating
phosphorus atoms bound either cis or trans to one another. One of the defining characteristics of the
chelating arrangements is the P-M—P bond angle, which is typically 130-180° for trans-k? and mer-k3,
and 90-130¢ for cis-k? and fac-k3. The M:--O distance defines ether coordination. Distances shorter than
2.4 A suggests either a fac-k® or mer-k3 geometry whereas longer than 2.5 A is indicative of the k2
geometries, trans-k? or cis-k2.7®> The oxygen linker can reversibly coordinate, i.e. hemilability, which
facilitates the transition between these geometries.” Hemilability is a process which leaves the metal
centre operationally unsaturated upon ligand decoordination, but the donor ligand (i.e. the ether linkage)
is still within the coordination sphere due to constraints imposed by binding of other parts of the ligand

(i.e. the phosphines).”® Coordination flexibility allows for a ligand that is responsive to metal oxidation
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state, coordination geometry and the binding and elimination of substrates and products, essential for
many catalytic processes.”® 80 Specific examples of the implication of hemilability in the DPEphos ligand

are discussed in the next section.

/’\O/\\] . </_PR2 </—FiR2
2

AP P

PR, PR, 7 <p=M O M oM 0—M

,\|,| | o Re < I </ ({ /
M \_PR2 \.__—o \\_PRZ

p-x' '-P.P cis-«<?-PP  transx?-PP facx3-PO,P mer«3-P,O,P

Figure 1.10. Different coordination modes of POP-type ligands with transition metals. M = transition
metal.

1.7 DPEphos

First synthesised for use as a k2-P,P wide bite angle diphosphine ligand in hydroformylation catalysis
in 1995 by van Leeuwen,”” DPEphos has since received significant attention in homogeneous transition
metal catalysis (649 hits in Reaxys on 26/05/22). This is attributed to the wide bite angle of 103° in the
cis-k2 geometry but also the hemilability of the oxygen atom facilitating the transition between a range
of coordination geometries.” In a review by Weller and Adams, the coordination geometry of chelating
DPEphos in 290 transition metal complexes were collated. It was shown that 93% of all DPEphos
containing complexes existed in the cis-k?-P,P conformation, with the rest in fac-«k3-P,0,P or mer-k3-

P,O,P (Figure 1.11).75:81

Dominant
coordination mode QTPhZ
th 5 TPhZ O0—M
’P\M q > /
Pha p—"
O 2 Ph, PPh,

cis-k2-P,P fac-«3-P,OP  mer«3-P,O,P

Figure 1.11. DPEphos ligand and the coordination modes adopted in transition metal complexes.
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1.7.1 Metal-DPEphos complexes in catalysis

The conformational flexibility of DPEphos was exploited by van Leeuwen et al. in [Pd(DPEphos)]
catalysed methanolysis (Scheme 1.9). The initial Pd(ll) complex i-12 exhibited a mer-«k3-P,0O,P
arrangement of the DPEphos ligand. Addition of methanol resulted in the Pd—O bond breaking, and a
cis-k2-P,P geometry was adopted, allowing a molecule of MeOH to bind (i-13). This step was shown to
be rate limiting, and therefore DPEphos rearrangement was crucial to the reaction rate. The activation
energy (AG?) for this step was shown to be +83 kJ mol, which is 9 kJ mol! lower than the Xantphos
equivalent, highlighting the benefits of the greater flexibility in DPEphos. Reductive elimination of methyl

propanoate under a CO atmosphere irreversibly afforded a palladium dimer (i-15).82

i-12 i-13
2 2
(|3 +2 MeOH o _2H*
+ —_— -
Ph,P—pi—PPh, =——— Ph,P PPh, =——=
2P Rd 2 2MeOH 2 >+~ . /
Pd +2H
H\O/ Me e
0% e e Y
Me o) H*, CO Me

i-15 )/8/
PPh, thP )J\
% @
PPh, O Ph,P

Scheme 1.9. Proposed mechanism of methanolysis catalysed by [Pd(DPEphos)]. OTf~ anion omitted
for clarity (OTf = SO3CF3).

There is an abundance of metal-DPEphos complexes used as catalysts for important synthetic
reactions, such as: ruthenium catalysed regioselective alkylation of indoles (Scheme 1.10A),%
palladium catalysed cross-coupling of difluoromethyl and aryl boronic acids (Scheme 1.10B)®* and
platinum-catalysed amination of allylic alcohols (Scheme 1.10C).85 In the latter example, it was shown
that the electron donating ability of the oxygen linker in DPEphos increased the product yield, not solely
the wide bite angle, shown by a comparison with diphosphines with similar bite angles but no bridging

oxygen giving poorer conversion.
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B
5 mol% [RuCly(PPhs)] B(OH),10 mol% [Pd(PPh3)4] CF,H
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Scheme 1.10. A) Ru-DPEphos catalysed benzylation of indole. B) Pd-DPEphos catalysed
fluoromethylation of aryl boronic acids. C) Pt-DPEphos catalysed amination of allylic alcohols.

1.7.1.1 Schrock-Osborn precatalysts

The combination of rhodium 2-electron catalytic processes and DPEphos hemilability are combined in
the popular [Rh(DPEphos)]* system. A common precursor, [Rh(DPEphos)(diene)][anion], is based
upon the original Schrock-Osborn precatalyst, i.e. [Rh(phosphine)x(diene)][anion] (Figure 1.12).86. 87
Within this class of precatalyst, two n2-C=C alkene moieties bind to the rhodium centre, these can be
chelating dienes: such as 1,5-cyclooctadiene (COD) or norbornadiene (NBD), as well as monoenes,
such as cyclooctene, or ethene. A plethora of mono- and diphosphines are tolerated,® which makes
this complex type so popular.8? The anions are weakly-coordinating, and examples include: [PFe]-,8®
[BF4]~,%° [BArF4]-,88 carboranes, such as: [CB11H12]-,%t or even more recently [B(3,5-(SFs)2-CesHs)a]~ (ArF
= 3,5-CF3-CgH3).92
[anion]

_-PI, || :
“p RN H

R

Figure 1.12. General structure of Schrock-Osborn type precatalysts. A range of mono- and
diphosphines, dienes and non-coordinating anions are applicable.

1.7.1.2 Rh-DPEphos complexes and catalysis
The [Rh(DPEphos)(diene)]* system can be used directly as a drop-in precatalyst or it can be made in-

situ with [RhCI(diene)]z / anion salt / DPEphos, or [Rh(diene)z][anion] and DPEphos added into the

catalytic mixture.®® An example of the former is the application of [Rh(DPEphos)(COD)|BF4 as a
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precatalyst in the rhodium-catalysed anti-Markovnikov hydroamination of vinylarenes (Scheme
1.11A).%0 In-situ formation of [Rh(DPEphos)] was used in the diastereoselective cycloaddition of allenyl-

sulfonylcarbamates (Scheme 1.11B).%

A B
5 mol% j\ 2 mol% [Rh(COD)Cll,  ©
_Ts

©/\ [Rn(DPEphos)(COD)IBF 4 NRRY TS 5 mois DPEphos_ )J\ Ts
—> H
HNRR )\/X additive W
R R

toluene DCE

Scheme 1.11. A) Hydroamination of vinylarenes with a [Rh(DPEphos)(COD)]* precatalyst. B)
Diastereoselective cycloaddition of allenyl-sulfonylcarbamates with an in-situ formed [Rh(DPEphos)]
catalyst.

Schrock and Osborn reported that pre-activating the [Rh(Lz2)(diene)][X] complex via hydrogenation of
the diene moiety in a coordinating solvent, such as acetone or methanol, produces a more reactive
precatalyst.8 87 [Rh(DPEphos)(NBD)][BArF4] (i-16) has been exposed to an atmosphere of Hz in arange
of coordinating solvents, including o-xylene, acetone and CsHsF. This resulted in the hydrogenation of
NBD to norbornane and subsequent coordination of local solvent molecule(s) to form [Rh(k2-P,P-
DPEphos)(né-o-xylene)][BArF4] (i-17),%° [Rh(k?-P,P-DPEphos)(n!-O-acetone):2][BArF4] (i-18)°% % and
[Rh(k?-P,P-DPEphos)(n®-CsHsF)][BArF4] (i-19)°7 respectively (Scheme 1.12). NMR spectroscopy is a
good tool for detecting a solvated complex due to the large J(RhP) values observed (~200 Hz for this
system) in the 31P{*H} NMR spectrum, which are indicative of weakly binding solvent ligands, compared
to a chelating NBD ligand (~ 160 Hz).°! The solvent molecules are more easily displaced than the NBD

fragment, allowing for substrate binding and further reactivity.®®
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Me H
Ph 2 Ph ‘
Py, + O Me o-xylene ’F’"'ZR PaANES F206H4 th TMeHz
—\ ,’Rh B — — - . + _~NMeH,
é( P -NBA ,_E,’h ~~ NMeH, h_
o Phy 2 _NBA
i-17 th
acetone -NBA -NBA Cs H = -20
Ph J\ :
2
Prrs, 4 O B,
=\ P’ e -2 ,’RhAO
/= Ph © > P
o Fhe o0 Phy
i-18 i-19

Scheme 1.12. Resultant solvated complexes after the hydrogenation of [Rh(DPEphos)(NBD)][BArF4] in
various coordinating solvents and the formation of [Rh(DPEphos)(NMeH2)2(H)z2][BArFa] upon
hydrogenation in the presence of NMeH.. [BArF4]~ anions are omitted for clarity.

These more active precatalysts have been employed in a range of catalytic reactions. Firstly, i-18 was
used in the intermolecular alkyne hydroacylation of B-carbonyl substituted aldehydes to form the linear
(i-22) and branched (i-23) enone products as well as a small proportion (10%) of the cyclotrimerized
product (i-24, Scheme 1.13). A detailed mechanistic investigation was conducted on this system —
revealing the delicate balance of substrate concentrations with product selectivity, resulting in low
catalyst loadings (0.1 mol%) giving the best selectivity for enone products (99%) and linear to branched

ratios of up to 15:1 with no excess of either reagent.%

i21 o o

N)%H 0.1-5 mol% N)W
oi\) Me Me [Rh(DPEphos)(acetone),] O Me Me Hex
[BArT4] (i-18) X Q

* acetone, 25 °C o i-23 |

Hex/ (\NM /\Hex
O Me Me i-24

Scheme 1.13. [Rh(DPEphos)]* catalysed intermolecular alkyne hydroacylation of [(-carbonyl
substituted aldehydes.
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/P/,, J\
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- FiPhg /

O Me
i-22 O—R#
E / o Me
PPh, NR;
i-21
i-25
Hex

@ F’“2|
th +/H
/Rh PF;]/ \o
th 2
. 0 NR;
i-28 i-26
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\
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P o)
Ph,
9) NR,
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Scheme 1.14. Proposed mechanism of [Rh(DPEphos)]* catalysed hydroacylation of i-21 and

phenylacetylene. [BArF4]~- anions omitted for clarity.

The mechanism of this hydroacylation reaction exploits the flexibility and hemilability of the DPEphos
ligand and highlights a few key catalytic steps (Scheme 1.14). Firstly, the k2-P,P arrangement in the
starting precatalyst, i-18, transforms to a mer-k3-P,0,P geometry to stabilise the oxidative addition of
the aldehyde (A) forming a Rh(lll) centre (i-25). The oxygen linker then decoordinates to allow 1-octyne
to bind (B), reforming the k2-P,P bonding geometry in i-26. Hydride insertion into the alkyne (C), forming
an alkenyl ligand is followed by oxygen coordination and the formation of fac-k3-P,0O,P, i-27. Reductive
elimination of the product then follows (D), forming product bound Rh(l) k2-P,P complex i-28, until

another aldehyde molecule oxidatively adds and the product is released (E).%®

[Rh(k?-P,P-DPEphos)(n®%-o-xylene)][BArF4] (i-17) was also shown to be an effective precatalyst

for the hydroacylation reaction.®® Initially, however, the complex was synthesised as a precatalyst for
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carbothiolation of aryl methyl sulfides (Scheme 1.15).% A range of different alkyl and aryl groups gave
product of high yield. It was shown that the rate of reaction was far quicker when the pre-activated
complex i-17 was used instead of [Rh(DPEphos)(NBD)][BArF4] (i-16). When 1-SMe-2-C(O)Me-CesHg i-
29 and phenylacetylene were used as the substrates in o-xylene at 130 °C, i-16 yielded 90% isolated
product after one hour, compared to 98% after 0.25 hours when i-17 was used. The transition between

cis-k2-P,P and mer-k3-P,0,P bonding modes was shown to facilitate catalysis.%

R2
SMe O 0
_ 5;?1°;/° Mes” Xy O
Me + 2// _—
R o-xylene Me
60-130 °C
i-29 i-30

Scheme 1.15. [Rh(DPEphos)]* catalysed carbothiolation of aryl methyl sulfides. R! and R? = alkyl and
aryl groups.

Other coordinating molecules can be added before hydrogenation of the diene, which then preferentially
coordinate to the rhodium centre over the solvent. Examples of complexes formed include c-amine-
borane complexes®” (see section 1.8) and amine bound species (Scheme 1.12).81 For example, the
Rh(lIll) complex [Rh(H)2(NMeHz)2(DPEphos)][BArF4] (i-20) was prepared by hydrogenation of i-17 in the
poorly-coordinating solvent® 1,2-F2CsHa in the presence of NMeHz. This complex was then used to
study the mechanism of methylamine-borane dehydropolymerisation to form poly(methylaminoborane).
Unlike other related precatalysts, there was no observable induction period, with a simple 15t order
kinetic profile observed. Variation of the catalyst loading, Hzsoy concentration and addition of NMeH:

gave control of the polymer molecular weight.%”

/:\\ 0.2-1.0 mol%
. ) o
Ph NMeH,
~_Fh2
P_|+_NMeH,

P/|\H

20 Phy | H, n
n H3B:NMeH, » B
1,2-F,CeHy N
MeH
-Ho

Scheme 1.16. [Rh(DPEphos)]* catalysed methylamine-borane dehydropolymerisation, starting from a
cationic precursor. [BArF4]- anion omitted for clarity.
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Further investigations revealed that the catalyst resting-state was in fact a neutral complex. Addition of
HsB-NMeH: to [Rh(NMeH2)2(DPEphos)][BArf4] (i-31), which could be formed upon degassing of
[Rh(H)2(NMeH:)2(DPEphos)][BArF4] (i-20), gave the same neutral dimeric-tetrahydride product [Rhz(u-
H)3(H)(DPEphos):] (i-32) as starting from the neutral precatalyst [Rh(n3-H2CPh)(DPEphos)] (i-33)
(Scheme 1.17). It was proposed that fast and reversible dissociation of the dimer to a monomeric
hydride gets the catalyst onto the catalytic cycle. This allowed development of multigram-scale

poly(aminoborane) synthesis, a key development in this field.

oo
,E?,Z + NMeH, H3B-NMeH; \th no B ph, H3B-NMeH, Ph,
&/ P’“Rh‘; — P\Rh/ \th/P - X Rh
NMeH + — “H-— — - N\
1 = 2 -[H,B(NMeH P ~ & P
O Ph2 [ 2 ( 2)2] Ph \H/ / = 0 th
2 Ph,

i-31
3 i-32 i-33

ui

Scheme 1.17. Formation of neutral [Rh(H)2(DPEphos)]2 from either cationic or neutral precursors.
[BArF4]- anion omitted for clarity.

1.7.1.3 Au-DPEphos complexes

The DPEphos ligand has also been used as a bridging k! ligand in bimetallic gold complexes.100. 101
[AuzBrz2(pt-kt,k!-P,P-DPEphos)] (i-33-Br) was synthesised by Gray and co-workers, who reported a
linear P—Au—Br geometry.1% j-33-Br was shown to contain a close Au---Au contact [2.976(1) A]
assigned as an aurophilic interaction.192 Similar aurophilic interactions were observed in [Au2Bra(ut-
k1,k1-P,P-Xantphos)] [2.9233(6) A] but not in [Au2Br2(ul-ki,k!-P,P-DPFphos)] [> 7.2 A] (Figure 1.13).100

This is an example of how ligand design can be used to control organometallic structural properties.

i-33-Br Me  Me
sYs Il e¢ :
Ph,R PPh; Ph,R PPh; Ph2P PhoP—aAu—
\ ANy \ e
Au----- Au Au----Au Au
\ E Y 3 \ Au--Au>7.2 A
2.976(1)A Br Bf 2.9233(6) A Br Br Br

Figure 1.13. Depictions of the solid-state structures of [Auz2Brz(ut-k!,k!-P,P-diphosphine)], diphosphine
= DPEphos, Xantphos or DBFphos.
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The chloride analogue, [Au2Clz2(ui-kt,k*-P,P-DPEphos)] (i-33-Cl), has been employed catalytically in
the heterocyclisation of 1-(ethynylphenyl)urea (Scheme 1.18). This complex exploits the o and T
activating properties of bimetallic Au(l) complexes, i.e. one Au(l) coordinated to the 1-bonds in the

alkyne.101
i-33-Cl
2.5 mol% o
z el @3
(0] Cl clI _ N

J\ Ph 5 mol% AgSbFg
H DMF PhHN

Scheme 1.18. Heterocylisation of 1-(ethynylphenyl)urea with [Au2Cl2(u*-k*,k*-P,P-DPEphos)].
1.7.2 Ortho-substituted DPEphos
Ortho-aryl substitution (discussed in section 1.5) at the phosphorus substituents has also been studied

with the parent DPEphos ligand, albeit with only a handful of examples and limited to ortho-methyl and

ortho-methoxy substituted ligands (Figure 1.14).103-106

A
(S Y

Figure 1.14. Ortho-substituted DPEphos ligands: o-Me-DPEphos and o-OMe-DPEphos.

The first example of this ligand design was reported by Hartwig and Hamann. They reported that using
the bulkier, o-Me-DPEphos variant in a palladium catalyst system gave higher yields of monoarylated

amine and a faster rate of reaction in the Buchwald-Hartwig amination of aryl halides (Scheme 1.19).106
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5 mol% [Pd(dba)2] % yield

R Br + HNRZ 2 MO% DPEphosR _ - , R" R? DPEphos-H DPEphos-Me
2 toluene > R @NHR Bu Bu 11 25
90 °C NMe, Ph 26 76

Scheme 1.19. Aryl halide amination catalysed by palladium catalysts of DPEphos and ortho-methyl
DPEphos.

0-Me-DPEphos was used by van Leeuwen and co-workers in the hydroformylation of 1-octene (Scheme
1.20). They showed that the ortho-methyl version gave better conversion of the alkene but poorer
selectivity for aldehyde formation due to alkene isomerisation. The linear to branched selectivity was

also less with the methyl variant compared with standard DPEphos.10%

0.15 mol% [Rh(acac)(CO)] aldehyde I/b
I 0.45 mol% DPEphos-R= ~_-CHO CHO % conv. selectivity ratio
Hex CO/M Hex H )\ DPEphos-H 67 100 6.7
2 ex DPEphos-Me g9 42 14

Scheme 1.20. Rh-DPEphos-R catalysed hydroformylation of 1-octene.

0-OMe-DPEphos has been used in Pd-catalysed C3 benzylation of indoles (Scheme 1.21A),194 in which
the DPEPhos catalyst yielded 82% of the desired product, whereas the modified ligand only achieved
49%. The same ligand was used in the synthesis of biaryls using polyfluoro magnesium species
(Scheme 1.21B). Once again, the parent DPEphos returned a higher product yield (53% compared to
35%) but the selectivity for monosubstitution was much higher in the ortho-methoxy substituted ligand

(17:1 and 45:1 respectively).103

diphosphine = 0-OMe-DPEphos

A F B
Me F H
AN 10 mol% i F
Me b Ph 5 mol% [Ni(COD)] o
N [Pd(allyl)(COD)]BF4 Me H F 6 mol% diphosphine
H diphosphine F , >
T i
+ toluene )—Me * oTf PrMgCl, THF H F
80 °C

P NCo,Me N ©/ F

Scheme 1.21. Application of 0-OMe-DPEphos in: A) Pd-catalysed C3 benzylation of indoles and B)
Polyfluorobiaryl synthesis using Ni catalysts.
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There is scope for a wider exploration of ortho-aryl substituted DPEphos ligands, including ortho-
isopropyl and ortho-fluorine substitution, which have proved to beneficially influence catalysis by other

metal-diphosphine complexes (vide-infra).45 46. 59

1.8 Sigma and agostic complexes

Sigma complexes are described as organometallics that contain non-classical, 3-centre-2-electron
bonds, in which two electrons are donated from a o(E—H) bond (E = H, B, C, P, Si or Sn) into vacant
metal orbitals. This interaction is augmented by back donation into the o*(E—H), although this is normally
only a minor component. Characteristic changes upon sigma coordination of the E-H bond include
elongation of the E—H bond and a concurrent reduction in the J(EH) coupling constant.2° Sigma-bonds
are often considered to precede E—H oxidative cleavage, a key bond breaking step in alkane activation
(E = C)18 and the dehydrocoupling of amine-1°7 and phosphine-boranes.1°¢ There are now many
reported sigma complexes, despite their inherent instability,1%° including H2,11° silanes,!!! alkanes,!?
amine-boranes!!® and phosphine-boranes!'4 115 (Figure 1.15). E-H sigma bound ligands can bind either
through solely the hydrogen atom, in a n! fashion, characterised by a wider M—H—E angle and a longer
M---E distance, or via a n? bonding mode, that adopts a tighter M—H—E bond angle and a shorter M---E
distance. Sigma-borane complexes often coordinate via two B—H bonds, i.e. n2n2, defined by two close
M---H and one M---B contacts.116 Agostic ligands also contain the same M—H-E 3c-2e bond but differ
in the fact that they contain a secondary coordination site, so the M—H—E bond creates a chelating, and

stabilising, motif (Figure 1.15).

H. H H L
T T ™ M
M— ~ ~ 5~ E
/ R
Ho wm—H R H ‘H\/
n*-H, n'-H3ER n’n%-H;ER n?-agostic E-H

E = C, R = carbon chain E=CorB,L=C,P
orE=B, R=NR'30r PR'3 or N ligand

Figure 1.15. Sigma and agostic complexes.
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1.8.1 Phosphine-borane sigma complexes

P-B bonds are valence isoelectronic with C—C bonds. Therefore, n! and n? sigma M---H-BH2PR3
interactions are a useful model for C—H coordination prior to oxidative cleavage, a synthetically
important step for alkane activation.1% 117 Moreover, sigma n'-(BH) and n2n2-(BHz) phosphine-borane
complexes have been shown as key intermediates in metal-catalysed phosphine-borane
dehydrocoupling and dehydropolymerisation (see section 1.10).198. 115 The most commonly reported
complexes are of tertiary phosphine-boranes (HsB-PR3, R = Me or Ph). The first reported phosphine-
borane sigma complexes were reported by Shimoi and co-workers. They synthesised [M(CO)s(n-
H3B-PR3)] (M = Cr or W, R = Me and Ph) complexes (i-34) via the photolysis of [M(CO)e] in the presence
of H3B-PRs (Figure 1.16).114 In the 'H NMR spectra, broad resonances were assigned as bridging and
terminal BHs hydrogens, rapidly exchanging on the NMR timescale with a calculated energy barrier of
only 30 kJ moll. A computational study on these systems showed the lowest energy bonding mode is
n!-(BH), but exchange occurred via an n2n2-(BH) intermediate. The bonding contribution was found to
come from the o(B—H) with minimal T back-donation due to the high energy o*(B—H).118 This is one
reason for end-on coordination rather than side-on, in contrast to that observed in sigma complexes of

H2. Increased steric bulk also encourages end-on coordination.

n'(B-H) n*n*(B-H),
R H y - t
2 | H | + 0\ H H'Bu,P H P'BuyH
e “H _Mn ‘B\ //Ru\ B N N
c”/ N\,”°\ Me;P 2N o oo I B
Oc\l\l/I/CO O H PMe3 Me3P H Pl\/'e3 H BUZP H
1N i-35 i-36 i-38
oC é Co R
0 Ph,
M = Cror W o)'\\o R H H P HPAdoH
O I NG N
R = Me or Ph | .o-I=o _B LN
i-34 v PHIBUPh :
of Lo | u Phy
0O OMe i-39
0D G
R CF3

Figure 1.16. Examples of n-(BH) and n2-(BHz) coordinated phosphine-borane complexes. [BArfs]-
anions omitted for clarity.
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Other examples of n!-(BH) bonding modes include: [CpMn(CO)2z(n!-HsB-PMe3)] (i-35),'t° and
[CpRu(PMesz)2(n'-HzB-PMes)][BArF4] (i-36).12° Secondary phosphine-boranes (HsB-PHR2) have also
been shown to coordinate via n!-(BH) in [Ru(Xantphos)(PPhs)(n!-HsB-PHPh2)H][BAr-4],1?* and a Rh(ll)
paddlewheel complex (i-37) to help determine phosphine-borane chirality via NMR analysis.1?2 The
n2n2-(BHz) bonding mode in secondary phosphine-borane sigma complexes has been highlighted as a
key bonding mode in the mechanism of secondary phosphine-borane dehydrocoupling, which can be
used as a model for primary phosphine-borane dehydropolymerisation.1% 123 The solid-state structure
of [Rh(PH!Bu2)2(nn?-HsB-PHBu2)][BAr-4] (i-38) shows two close Rh---H contacts [1.87(3) and 1.90(3)
A], as well as a short Rh---B distance of 2.188(3), highlighting the n2n2-M-(BHz) bonding motif.115 There
are no reported examples of primary phosphine-borane sigma complexes. It should be noted that M—
H-B sigma bonds are reasonably weak {~ 20 kcal mol in calculated [M(CO)s(HsB-PHs)] complexes, M
= Cr and Mo}.118 However, a chelating moiety can stabilise this interaction, namely, an agostic B-H

complex.t?*

1.8.2 E-H Agostic complexes

1.8.2.1 Phosphine-borane B—H agostic complexes

The borane adduct of dppm [bis(diphenylphosphino)methane], Ph2PCH2PPh2-BHz, has been used as
a chelate ligand to form five-membered metallocycles in [Rh(COD)(n?n2-HzB-dppm)][PFe] (i-40),12

[Cr(CO)4(n-H3B-dppm)] (i-41), and [Cp*Ru(n?n3-HsB-dppm)][PFs] (i-43) (Figure 1.17).1%5

A B MesR  H c
H o 1 BNy, @ @
C E +
—B H +
Ph P/B\H’H\ OC\C| A “pph N <0 Ph p/R\U\U L L RU~y
2 QAT _ I 2 Cr 2 H\- \ \ H
A g o s—n e Lo
P ¢ Phy o ¢ © p” P~ H
2 O i-41 O i42 Ph, Ph,
i-40 Stable in solution Decomposes i-43 i-44
and under vacuum L = CO or PMej3

Figure 1.17. Metal complexes of HsB-dppm. A) [Rh(COD)(n?n2-HsB-dppm)]* (i-40). B) [Cr(CO)4(n*-
HsB-dppm)] (i-41) in comparison with an equivalent non-chelating phosphine-borane sigma complex, i-
42. C) Addition of CO or PMes to [Cp*Ru(n?n2-HsB-dppm)]* (i-43) to form [Cp*Ru(L)(n*-HsB-dppm)]* (i-
44). PFs~ anions omitted for clarity.
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Within this set of complexes both n!-(BH) and n2n2-(BHz) bonding motifs are observed. The enhanced
stability associated with the chelate ring is highlighted in the comparison between Cr(CO)a(n-
H3B-dppm) (i-41) and the sigma complex Cr(CO)s(n*-HsB-PMes) (i-42); the metallacycle complex was
stable in solution and under vacuum, whereas the sigma complex decomposed under both
conditions.*?5 Only one signal relating to the BHs group was observed in the H NMR spectrum of i-41
at & —2.71 at all temperatures, suggesting a rapid exchange between bridging M---H-B and terminal B—
H, on the NMR timescale. In i-43, a transition from n2n?2 to n! bonding was forced by addition of CO or
PMes. This was highlighted by the 'H NMR spectrum that showed two distinct signals for the two
bridging (& —8.0, integral 2H) and one terminal (& 5.2, integral 1H) B—H signals in i-43 at room
temperature and only one signal for the rapidly rotating BHz in [Cp*Ru(PMes)(n2n3-HsB-dppm)][PF] (i-
44) (6 —-3.41), which split into three at low temperature, showing arrested fluxionality. In all three of
these examples, the B—H agostic proton signals are shifted upfield compared to the BHz in free

HsB-dppm (& 0.99).

Several other B—H agostic complexes have been observed in-situ during the investigation of
rhodium-catalysed phosphine-borane dehydrocoupling. These include chelating phosphine-borane
ligands, coordinating via phoshine/phosphido moieties as well as sigma B-H bonds, such as
[Rh(H)(dppp)(Ph2PBH2PPh2BH3)][BArfs] (Scheme 1.22). This complex was synthesised via the
stoichiometric addition of Ph2PBH2PPh2BHs to [Rh(dppp)(n®-CsHsF)][BArF4] and was shown to be the

catalyst resting state in the dehydrocoupling of HsB-PPh2H (more detail in section 1.10).1%6

£ lBATy Hz H, T BAR,
Ph, HPh,P” “P7" 2 ppp” RPhy
& P HIL s
C,;/Rh _RhZ P>y
th 1 ,2-F206H4 Ph2P |

(PP s

Scheme 1.22. Formation of [Rh(H)(dppp)(Ph2PBH2PPh2BH3)][BArF4], i-45.
1.8.2.2 Other examples of metal B—-H and C—-H agostic complexes

Two further examples highlight the upfield *H chemical shift observed for the interacting E-H groups in

B-agostic complexes: [Ru(H)2(PCysz)2(HB(N'Pr2)CeHa(0-PPh2)] (i-46)127 and [Ni(Et)(dbpe)][BF4] (i-47,
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Figure 1.18).1%28 The 'H NMR spectrum of i-46 showed a broad signal at & —6.4, assigned to the agostic
B—H signal. At room temperature, the coordinated CHs group in i-47 was shown to rotate on the NMR
timescale, once cooled to 173 K, a distinct signal for the agostic C—H was observed at & —5.8. This was
corroborated by the solid-state structures of i-46 and i-47 which showed close agostic M---H contacts

of 1.79(3) and 1.64(2) A respectively.127.128

5-6.4
NP |[BF]
CyP y_/ Bu, CHz
N )
u
| e P 5-5.8
Cy3P Ph2 BU2
i-46 i-47

Figure 1.18. Examples of metal B-H and C—H agostic complexes.

1.8.2.3 Defining and characterising agostic bonding

Agostic complexes are important intermediates prior to E-H bond activation, as well as providing
essential stabilising interactions. Therefore, it is important to define and characterise them. In 2009,
Brookhart and co-workers defined a M—H—C 3c-2e interaction as an agostic bond,2° but there are many
examples of other bonds being involved in similar interactions, such as C-H, B-H, C-C or Si-C
bonds.™3° This thesis focuses on M-H-B 3c-2e bonds, in both fundamental bonding, and catalytic
investigations. Structural characterisation of C—H agostic bonds was summarised by Brookhart and co-
workers.129 In this report, they characterise an agostic bond to have a relatively short M---H distance (=
1.8-2.3 A) and a small M—-H-C bond angle (=90-140°) in the solid-state structure (Figure 1.19).
Spectroscopically, distinctive traits include a lower 1J(CH) value as well as an upfield shift of the H

signal compared to the free ligand.*?°

Q ) 3c-2e interaction
L ' ' ~
~_| /L ’\ d(M-H) = 1.8-2.3 A
/M Q E Z(M-H-E) = 90-140°
%" \/ upfield shift in "TH(E-H)
]
empty o*(M—L) H mainly o(E-H) — M

orbital

Figure 1.19. Simple depiction and summary of agostic bonds.
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The precise electronic character of E-H agostic bonds can be complicated, and can be sensitive to the
ligand and the metal d-orbital occupancy. However, commonly, the main electronic contribution is from
the o(E—H) bond into vacant orbitals on the metal. There can also be a small contribution from filled
metal orbitals into the o*(E—H) and typically a non-negligible interaction between the metal and the E

atom, hence the non-linear E-H—M coordination geometry,130. 131

Upfield shifted signals in the 'TH NMR spectrum compared to the free ligand are characteristic of
agostic bonds, but there are also reports of close M---H interactions resulting in downfield shifted 'H

signals. A different electronic and magnetic environment must therefore be influencing these protons.

1.9 Anagostic Interactions

1.9.1 Definition and characterisation

C d(M---H) = 2.3-3.0 A
H w Z(M-H-E) = 110-170°
L\ /L axially positioned
L/ \L downfield shift in TH(C-H)

mainly M(d,2) - c*(C-H)

Figure 1.20. Description of an anagostic interaction in d®-ML4 complexes.

A somewhat less explored and less reported M---H contact is an anagostic interaction. These
interactions have been reported in d® complexes,'32 but by far the most common examples are of
square planar d® complexes,29 133 and this will be the focus within this thesis. The M---H-C interaction
arises when a C—H bond is positioned in the apical position of a square planar ML4 complex, giving rise
to distinctly different geometrical, spectroscopic and electronic characteristics to agostic bonds (Figure
1.20). Anagostic interactions are geometrically characterised as having a much wider M—H-C bond
angle, defined by Brookhart et al. between 110-170°, and a longer D(M---H) (2.3-2.9 A).13* The
spectroscopic signature of this interaction is a downfield shift in the 'H NMR signal, in the opposite
direction to an agostic bond. There has been much discussion on the electronic character of this
interaction.'35137 The prevailing theory is that the main contribution comes from a filled metal dzz orbital

into the vacant o*(C—H), with a smaller contribution from o(C-H) into vacant metal orbitals.3® However,
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the current descriptions of the electronic arrangement are complicated and something this thesis hopes

to shed light on.

1.9.2 What causes the chemical shift changes in agostic and anagostic interactions?

An in-depth computational study was conducted by Scherer and co-workers on the 'H chemical shift of
agostic and anagostic interactions.13® Why do the two interactions result in a *H chemical shift in
opposite directions? Scherer computed the 8(*H) of the protons in M:--H-C interactions in a series of
[RhCI(CO)(L)] complexes (L = a range of NHCs with differing backbones) (Figure 1.21). Through the
use of charge density maps, he deduced that if the proton approaches the metal through a region of
topological charge concentration, such as a filled metal orbital, then the proton would experience a
downfield chemical shift [i.e. AS(*H) is positive for an anagostic proton]. If the proton approaches
through a region of charge depletion an upfield shift was observed [AS(*H) is negative for an agostic

proton] (Figure 1.21).

charge
concentration

charge
depletion

g B 7 >H(1)
74/ -0.30 ppm

Figure 1.21. Left — some examples of the Rh(l)-NHC complexes analysed by Scherer. Right - a
modified figure taken from Scherer’s analysis (reference 138), showing the charge density map of the
Rh-NHC complex in the box on the left. If the proton approaches through a region of charge
concentration (red lines) a downfield shift is observed. If the M---H interaction approaches via a charge
depletion zone (blue lines), an upfield shift is observed in the H NMR spectrum.

Scherer expanded on this concept by analysing the computed 'H chemical shift in a hypothetical d@
NiMez complex at varying positionings of the approaching hydrogen to the Ni centre. Two angles were
highlighted as influencing the chemical shift change, 6 and ® (Figure 1.22A). If the proton approaches

in the axial direction (i.e. an anagostic interaction) Ad(*H) was positive. AS(*H) was negative if the proton
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approached from the equatorial direction (i.e. agostic). The reason for this was shown to be due to the
induced magnetic current (the blue ring in Figure 1.22B) and the concurrent induced magnetic field (red
ring) experienced in the complex when in the large magnetic field from the NMR spectrometer. Protons
in the apical position are in regions of induced magnetic field that deshield the proton and therefore are
observed shifted downfield. Protons in the equatorial position experience a shielded effect and are
consequently observed shifted upfield. Summarised, it is the topological placing of the proton which
dictates the change in chemical shift,'38 rather than the differences in M---H-C bonding electronics.
Brookhart’s definition of C—H anagostic interactions and agostic bonds, presented via the geometric
differences in D(M---H) and «(M---H-C), perhaps oversimplifies the situation, and subsequently, does

not account for the differences in observed *H chemical shift.12°

A B anagostic H
H
\ }T' induced magnetic
.' « field
1
u\ 1
\e?\ HaC ﬂb agostic H
D Ni
ch/ \CH3 7

induced magnetic
current

Figure 1.22. Adaptions of Figures in reference 138 showing the topological placing of the protons which
dictates the change in chemical shift.

1.9.3 Examples of anagostic interactions

There are a growing number of examples of anagostic interactions in the literature, which are dominated
by square planar d® complexes. Bergman and co-workers reported a downfield shifted aryl proton in
[RhCI(Pr2POXy)(PPhs)]2 (Xy = 2,3-xylyl) (i-48, Figure 1.23). An aromatic proton was geometrically
positioned in the apical position of the rhodium square planar complex and was observed shifted 3.2
ppm downfield compared to the free ligand. The Rh---H distances in the dimer were measured as 2.77
and 2.84 A and the Rh—H-C angles as 141.3 and 139.3°.13° A rarer alkyl anagostic interaction was
reported by Hor and co-workers in trans-[NiX2(N-RBzTh)2] complexes (X = Br or I, BzTh =
benzothiazolin-2-ylidene). In the R = isopropyl complex (i-49, Figure 1.23) the methine proton in both
NHC ligands interact with the Ni centre placed 2.63 A from the Ni centre, shifting the protons downfield

by = 1.5 ppm.14° Palladium(ll) complexes of bidentate cycloimmidate ligand systems (i-50) were shown
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to contain both aryl and alkyl anagostic interactions by Dyker et al., resulting in the downfield shift of
both signals by 3.3 and 4.1 ppm respectively, compared to the free ligand.4!

i-48 i-49 i-50

8(H) =7.12 §(H)=11.2
AS(H)=1.58  Me AS(H) = 3.3 R
% AN R
I'\\N . / o
szP >_N' Cl—Pd—N
c’ N\

PhsP” \ ‘(»(Me
H
e
H) = 6.99 Me
=10.0 A(S(I)-|) = 1.45 5(H) =86
A5( )=32 AS(H) = 4.1
Bergman Hor Dyker

Figure 1.23. Examples of complexes containing anagostic M---H-C anagostic interactions. R = p-
anisole.

Ortho-aryl substituted ligands have been shown to sterically encourage aromatic protons to lie in the
apical position of square planar complexes. Downfield shifted signals were reported in the
aforementioned [PtCl2(PArs)2] complexes (Ar = 0-Me,p-OMe-CsHz and 0-Pr-CeHs, i-2-Me and i-2-'Pr)
between & 8.5-9.5. When cooled these signals were observed as doublet of doublets, comprising 23J(PH)
and 3J(HH) consistent with an ortho-protons on the substituted aromatic rings.5¢ This was corroborated
by the crystal structure of [PtCl2(PArs)2] (Ar = 0-Pr-CsHa) (i-2-Pr), in which two crystallographically
equivalent ortho-hydrogens are located 3.01 A from the Pt centre (Figure 1.24). Two isomers were
observed in the low temperature *H NMR analysis of i-2-'Pr, both exhibiting downfield aromatic signals
(6 9.25 and 8.74). Although not assigned as an anagostic interaction, they have the same spectroscopic
and structural characteristics. This highlights the lack of proper assignment of anagostic interactions in

the literature.
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Figure 1.24. Diagram of the solid-state structure of [PtCl2(PArz)z] (Ar = 0-Pr-CeHa) (i-2-'Pr). The Pt---H
interactions were not mentioned in the publication but we suggest they are the cause of the downfield
1H chemical shifts observed at & 9.25 and 8.74.

Despite numerous experimental examples and Scherer’'s pioneering analysis, the field is lacking a
systematic experimental and computational investigation on anagostic interactions which allows for

easy assignment in organometallic complexes.

1.10 Catalytic dehydrocoupling and dehydropolymerisation of phosphine-boranes

1.10.1 Properties and applications of poly(phosphinoboranes)

Main group polymers are of increasing interest due to their distinctly different properties to those made
of olefins, i.e. hydrocarbons.142 143 Polymers with alternating P-B backbone units are formally valence
isoelectronic with polyolefins, but possess different electronic and materials properties to the ubiquitous
organic analogue.1°8 Transition metal catalysed dehydropolymerisation of primary-phosphine boranes
to form poly(phosphinoborane) is one method in which to form such polymers (Scheme 1.23).144 The
polarised P-B bond in poly(phosphinoborane) is > 1.9 A, compared to a typical non-polar C—C bond of
1.54 A in polyolefins. This gives rise to application as etch resists in lithography,145: 146 in flame retardant
materials,'*” and as ceramic precursors to boron-phosphide.**® The remaining P—H bond in the polymer
backbone can be exploited for post-polymerisation manipulation. This has been done via thermally
induced cross-linking to form gel-like materials,**® as well as hydrophosphination with alkenes.t50

However, the field of poly(phosphinoboranes) is still in its relative infancy.15?
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n
R
n H3B-PRH, —> formally valence /Cz
isoelectronic c
RH Ro

poly(phosphinoborane) polyolefin

Scheme 1.23. Transition metal catalysed dehydropolymerisation of primary phosphine-boranes.

1.10.2 Discovery and early catalysts

The first attempts to form macromolecular materials containing P-B repeat units come from attempts to
dehydropolymerise the secondary phosphine-borane adduct, HsB-PPhzH, using thermal conditions
(150-250 °C). This resulted in ill-defined mixtures of trimers, tetramers and low molecular weight
polymer.152.153 |n 1999, Manners and co-workers published the first transition metal catalysed approach
to the dehydrocoupling of HsB-PPhz2H and dehydropolymerisation of H3B-PPhHz (Scheme 1.24). This
was the first example of isolated, soluble and fully characterised high molecular weight
poly(phosphinoborane), which was obtained as a white, air-stable powder. Analysis by static light

scattering revealed the polymer had a weight averaged molecular weight of 31,000 g mol! (My).144

! P, Hzp—pPhy

2 PR

HgB-PPhH  ————— P/B\P BHs o MBTBH2 th'ID BH2
H> Ph, H2

[Rh( COD )21[0Tf]
nHyB-PPhHy ——
PhH

Scheme 1.24. The dehydrocoupling of HsB-PPh:H and dehydropolymerisation of HsB-PPhH2 using
Rh(l) catalysts [Rh(COD)(u-Cl)]2 and [Rh(COD)2][OTH{].

The catalysts used were: [Rh(u-Cl)(COD)]2 and [Rh(COD):][OTf], and neat, melt conditions were
employed (90-130 °C). Dehydrocoupling of the secondary phosphine-borane at 90 °C yielded linear
dimer, and at 120 °C the cyclic trimer and tetramer products were formed (Scheme 1.24).154 In terms of
polymerisation of primary phosphine-boranes, these early catalysts suffered with poor selectivity,
forming polymer of very wide dispersity (Mw/Mn > 5).14% Moreover, using neat melt conditions hindered
the exploration of mechanistic studies and overall less control of the transition metal catalyst and the

resultant  poly(phosphinoborane). Primary phosphine-boranes undergo thermally induced
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dehydropolymerisation in the absence of a catalyst, however, only low molecular weight polymer and

ill-defined oligomeric material are formed.*%*
1.10.3 Different phosphorus substituents in poly(phosphinoboranes)

From 2000-2005 Manners and co-workers reported the dehydropolymerisation of primary phosphine
boranes with different substituents on the phosphorus atom, HsB:-PRH2, to form poly(R-
phosphinoborane) of high molecular weight using the same Rh(l) catalysts (90 °C, neat conditions).
These included 'Bu, p-"Bu-CeHa, p-dodecyl-CeHs and p-CFs-CeHa substituents.146: 149 H3B-PBuH:
required harsher conditions (120 °C, 15 hours), ascribed to the alkyl group reducing the polarity of the
P—H bond and thus activity in P—H activation.'>® Since then, different catalysts have been employed
and the range of different substituents has grown to include ferrocenyl substituents,!%® and a wide range
of aryl’#® and alkyl groups (Figure 1.25).157. 158 These different polymers exhibited a diverse range of
spectroscopic characteristics, glass transition temperatures, thermal stability (Table 1.2), and surface
properties as thin films.157. 158 The general pattern is that the glass transition temperature increases with
bulkier phosphorus R groups. Poly(alkylphosphinoboranes) also lose mass more readily at higher

temperatures than poly(arylphosphinoboranes), i.e. a lower ceramic yield.

- OO @7 Q O

% aj\gky\/\z(\/\/\ N é

Figure 1.25. A range of the published poly(phosphinoboranes) with differing phosphorus substituents.
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Table 1.2. Summary of the thermal properties of some poly(phosphinoboranes).145 157

[H2BPRH]n, R = M, (g mol™) Ty (°C) Tsw (°C)?
Ph 45,000 38 180
3,5-CF3-CeHs 209,000 52 150
2,4,6-(CHa)s-CeH> 95,000 >135 160
iPr 18,000 -22 135
‘Bu 31,500 36 129
"Hex 57,000 -76 140

@ Temperature at 5% weight loss.

The P atoms in poly(phosphinoboranes) are chiral, therefore, there is potential for tacticity within the
polymer. This has most clearly been observed via 3P NMR spectroscopy in which different 3P
environments are assigned as different tactic environments. The observation of tacticity is dependent
on the R group. The most commonly used phenyl variant only exhibits a single broad resonance,4
however, for 1Bu,'® Ad, "Hex,'” and 3,5-(CFs)2-CsHz3 variants tacticity is observed (Figure 1.26).245 The
different geometric possibilities that give rise to tacticity are best described in triads containing adjacent
P atoms of the same configuration meso (m) or different configurations racemo (r) (Figure 1.26). This
brings about four theoretical possibilities: syndiotactic rr, heterotactic mr and rm (which are equivalent)
and isotactic mm.157 159 While there have been reports of different synthetic methods selectively

producing polymer of different tacticity,157. 159 there is no controlled and rational methodology to control

tacticity.
mm T
RHRHRH| RHHRRH[ H, \N
AR o AT T 2
B/P\B/P\B/P B’P\B/P\B/p <
Ho  Hy Hp Hy Hz Hy RH
R =Ph R = 3,5-(CF5),-CgHs
equivalent

RHRHHRI HRRHRH| !
¥ ¥ ¥ Y ¥ / 31P{1Hy NMR
P _P___P___P
a-~g-"g N {"H}
Ho  Hx Hp Ho  Ha Hj

Figure 1.26. Left — the hypothetical tacticity triads of poly(phosphinoboranes). Right — the 3'P signals
of [H2BPRH]n (R = Ph and 3,5-(CFz)2-CsHs respectively) in the 3!P{*H} NMR spectra.145 154
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1.10.4 Rh-based catalysts and mechanistic investigations

For many years, very little was known about the mechanism of the initially reported Rh(l) catalysts,
[Rh(COD).][OTf] and [{Rh(u-Cl)(COD)}:], and neat conditions made it hard for any in-situ reaction
monitoring. One report concluded that the reaction mechanism proceeded homogeneously by a series
of tests to distinguish between heterogeneous and homogeneous catalysts. These included the lack of
observation of metal particles using transmission electron microscopy (TEM) and UV-vis, as well as
analysis of kinetic data, and attempted catalyst poisoning using mercury or PPhs and filtration of the

reaction mixture.160

The Wilkinson catalyst analogue [RhCI(PHCyz2)3] was also shown to dehydrocouple Hz:B-PPhzH
in neat conditions at 90 °C to form exclusively the linear dimer product, HsB-PPh2BH2-PPhzH.
Dissociation of the phosphine-borane adduct was evident by observation of HsB-PCy2H in the catalytic
mixture by NMR spectroscopy. Additional information on the likely catalyst came from the fact that free

phosphine is likely formed in the reaction that may coordinate to the rhodium centre.161

A mechanistic investigation was conducted by Weller and Huertos using secondary phosphine-
borane dehydrocoupling as a model for dehydropolymerisation. Interrogation of the catalytic mixture of
the dehydrocoupling of HsB-P'Buz2H with the precatalyst [Rh(COD)z][BArF4] in melt conditions was
conducted by dilution of the neat mixture in 1,2-F2CeH4. After partial conversion the reaction was
stopped and analysed by NMR spectroscopy and electrospray ionisation mass spectrometry (ESI-MS).
The n2n2-(BH2) linear dimer bound sigma cation [Rh(P'Buz2H)2(n2n2-HsB-PBuzBH2-PBu2H)]* (i-53-'Buy)
was observed. This highlighted P—B dissociation of the phosphine-borane and thus the potential for
phosphine-bound intermediates. The monomer bound complex [Rh(PBu2H)2(n2n2-HsB-PBu2H)][BArF4]
(i-51) was also prepared, and addition of Hz to this resulted in oxidative addition to form a Rh(lll)
species, [Rh(P'BuzH)2(n2n2-HsB-PBuzH)(H)2][BArFs] (i-52). Linear dimer bound i-53-'‘Bu, was also
formed via addition of excess HzB-P!BuzH to [Rh(COD)][BArF4] in 1,2-F2CsHas at 75 °C. In light of these
results, a mechanism was proposed which coupled two phosphine-boranes via rhodium sigma

complexes of the monomer and linear dimer (Scheme 1.25).115
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H,'BuP .
i-52 H""F|g+-“""\ ,FPBuzH
I-
Ht(| \H/ \H
Hy'BuP HsB-PBuH  Hy
+H21L'H2
t . ‘Bu, _P'BuzH
e+ || H3B-PBusH H,'BuP,, + WHo P BuzH H'BuPs,, + WH_ ,P~B
|/Rh\| ta, p? T~ T N tn o7 R~ -By Ho
H,'BuP H™ My H,'BuP H” “H
i-51-4Bu, W i-53-Bu,
tBUz t
_B___BHj HsB-P'BusH
HPhP” TP
BU2
LD-'Bu,

Scheme 1.25. Proposed mechanism for the rhodium-catalysed dehydrocoupling of HsB-P'BuzH.
[BArF4]- anions omitted for clarity.

A more extensive study was conducted with the precatalyst [Rh(dppp)(né-CsHsF)][BArF4] (i-54) which
was shown to quantitatively dehydrocouple HsB-PPhzH under melt conditions to form the linear dimer,
HsB-PPh2BHz-PPh2H (LD-Phy), in 4 hours at 5 mol% catalyst loading. Stoichiometric addition of two
equivalents of HsB-PPhzH to the precatalyst, i-54, resulted in dissociation of the fluorobenzene and
coordination of two phosphine-borane units, one of which is P-H activated to form a Rh(lll) complex,
[RhH(dppp)(0,n-PPh2BHz3)(n!-HsB:-PPh2H)][BArF4] i-55-Ph, (Scheme 1.26). The two phosphine borane
units couple together at room temperature, forming [RhH(dppp)(g,n?n?-PPh2-BH2PPh2-BH3)][BAr-4] i-
56-Ph,. This was shown to be an overall first order process. The same complex could also be formed
via addition of diphenyl linear dimer, LD-Phy, to i-54. When D3B-PPhzH was added to i-54, incorporation
of D was observed at all of the B, P and Rh sites, suggesting rapid and reversible B-H and P-H
activation was occurring. The KIE of the overall reaction was determined to be 1.9(1), suggesting either
B—H or P—H activation are involved in the rate determining process. The bound linear dimer was

displaced by dppe, illustrating that the product can be removed and thus catalytic turnover is possible.

H H

F \ /s E‘z
Ph Ph, B 25°C 7~ PPh,
P/3+ H3B-PPhoH H P” 4 16 hours ﬁh27+ dppe Phy . Phy
/Rh —_— U+ H, —_— \Rh/H\B CP/, Rh wP
P Phyp—~ h\H ~ Phop = T>H 77>y P NN
2 PPh PPhoH PPh, LD-Ph, Phz Phs
i-54 i-55-Ph, i-56-Ph,

Scheme 1.26. Speciation experiments in the [Rh(dppp)]* catalysed phosphine-borane
dehydrocoupling. [BArF4]~ anions omitted for clarity.
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A mechanism for dehydrocoupling was subsequently proposed (Scheme 1.27). Displacement of the
fluorobenzene by HsB-PPhzH gives the n2n2-(BHz) sigma complex [Rh(dppp)(n2-HzB-PPh2zH)][BAIF4] (i-
51-Ph,). A second HsB-PPhzH unit binds, forming [RhH(dppp)(c,n!-PPh2BHz)(n!-HsBPPh2H)][BArF] i-
56-Ph; after P—H activation. The Rh—H unit undergoes exchange with the agostic B—H to form i-57. The
B—H activation and then Hz formation form a five coordinate Rh species (i-58) which would rapidly lose
Hz and couple the activated B and P fragments to form bound linear dimer. The n2n2-(BH2) linear dimer
bound Rh(l) complex [Rh(dppp)(n?n?-HsB-PPh2BH2-PPh2H)][BArF4], i-53-Ph2, was never observed and
suggested to be in equilibrium with the off-cycle P-H activated complex, [RhH(dppp)(o,n?n?-
PPh2-BH2PPh2:BH3)|[BArF4] (i-56-Phy), which was the observed resting state during catalysis.
Displacement of the linear dimer with monomer was proposed to be turnover limiting for catalysis.126 A
chain transfer mechanism has also been proposed for amine-borane dehydropolymerisation, but it is
irreversible.’®? However, these discoveries were limited by the use of melt conditions for catalytic
turnover and due to rapid H/D exchange at B and P, the exact order and rate of the B—H/P—H activation

steps could not be deciphered.

P/,

th
LD-Ph .
turnover limiting Ph 2 H3B+PPhaH
for catalysis P 2 _PPhaH
Hs8” B Phy
H, P2 4 H. /PPth
C; Rh B,
H3B-PArRH Ph, H™
i'51'Ph2 H3B'PAI’RH
HH
Ph 2
Pt M /P\B/PPhZH Phap”™\
— ~., .7 \ H H 1+~ H2
Ehz H 2 thp/Rh _B
i-53-Ph, d SHT S pphyt
-H Pn
y \K 2 2 j-55-Ph,
H\B,th o M /,7
H
B H™ P B\Ph,
PhoP”  RPh2 2 RDS  H._ | _H
el Phop RN, H PPhoH (2 "N\ 14" H,
SRAZT=BL [ —B thp/l ~,~B<
Phyp~ RN~~~y P H H PPh,H
| Ph, 2 P
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Scheme 1.27. Proposed mechanism for the [Rh(dppp)]* catalysed dehydrocoupling of H3B-PPhzH.
[BArF4]- anions omitted for clarity. RDS = rate determining step.
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The rhodium-mediated dehydrocoupling process described above was investigated further with a range
of phosphine-boranes with different substituents with electron-withdrawing and electron-donating aryl
groups. The electron withdrawing substituents underwent the dehydrocoupling process faster than
more electron rich phosphine-boranes, e.g. for HsB-PArz2H, when Ar = 3,5-(CFz3)2-CsHs the reaction took
six hours at 25 °C and when Ar = p-OMe-CeH4 the reaction took 16 hours at 35 °C. P-H bond weakening
was suspected to be the cause of this. Furthermore, a side reaction was observed with the more
electron-withdrawing substituents, in which the formation of [Rh(dppp)(PArz2H)2][BArF4] was observed,
due to a greater propensity for P—B adduct dissociation. The same dehydrocoupling reaction with
primary phosphine-borane, H3B-PCyH: revealed the inherent chirality at the coordinated P atom. Two
complexes were observed in a 1:1 ratio when HsB-PCyH2 was added to [Rh(dppp)(n8-CesHsF)][BArF4]
(Scheme 1.28), assigned as two diastereomers of [RhH(dppp)(o,nt-PCyHBHs3)(n!-H3B-PCy2H)][BArF4],
i-55-CyH, formed upon P—H activation of the prochiral P. Both isomers underwent dehydrocoupling at
room temperature to form two diastereomers of [RhH(dppp)(o,n2-PCy2BH2PCy2BHz3)][BArF4] i-56-CyH
in a 1:6 ratio. The diastereomeric pair, i-56-CyH, could also be prepared via addition of the linear dimer,
H3B-PCyHBH2-PCyH2, (LD-CyH) directly to [Rh(dppp)(né-CsHsF)][BArF4] (i-54), forming in a 1:1
diastereomeric ratio after five minutes and settling at a 1:6 ratio after 18 hours at 25 °C. It was suggested
that the reductive elimination of P—H, rotation about the P—B bond, then oxidative addition of the other
P—H occurs, with an observed thermodynamic ratio of 1:6 for the two isomers. It was not determined

which isomer was preferred. Excess dppe was shown to displace the linear dimer ligand.123

y i-55-CyH !
i-54 F I—l \ /H . Cy \ /H
Cy&" /B\ 1:1 H\ B
P/ 2 HsB PCyH, T P~
N e N
Phop—~RN  _B Phop— B
Ph | HTEN I Sp-B~
Ph, Ph,
Hy 1 hour: 1:6
/B\ /BHB
H,CyP” P
CyH H He % Cy Ha Oy
LD-CyH Cy(-P/ ~p«~H H\:-p/ \P"“H
5 minutes: 1:1 Hol+ Ho Hol+ He
18 hours: 1:6 PhZP/Th\H/B\H * thp/Th<H/B\H

Scheme 1.28. Observed chirality in the rhodium-mediated dehydrocoupling of H3B-PCyH>. [BArt4]-
anions omitted for clarity.
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[Cp*Rh(Me)(PMes)(CH2Cl2)][BArF4] (i-59) has been reported to dehydropolymerise HsB-PPhH:z in
toluene solution (1 M) at 100 °C over 72 hours. A high catalyst loading of 5 mol% was required. The
resultant polymer was shown by GPC analysis to be of moderate chain length and dispersity (Mn =
13,000 g mol?t, PDI = 2.2). Monitoring of the reaction by B NMR spectroscopy revealed complete
conversion of monomer after 4 hours but only to short chain oligomers and the linear dimer
HsB-PPhHBH2-PPhH:z (LD-PhH), which was present in a relatively large proportion (= 30 % mixture
after one hour). The linear dimer was isolated and shown to undergo polymerisation to form low
molecular weight polymer with further added rhodium precatalyst (5 mol% in toluene, 100 °C) (Scheme
1.29). However, H3B-PPhH2 was also observed during catalysis, suggesting P-B bond scission of

oligomer/polymer or linear dimer.

5 mol% i-59 H
1 hour 2 Hy, \N
. n H3B-PPhH, ———— > -B<_.BHs B
i-59 \@( toluene, 1M H2PhP PEH * p”
+ 100 °C PhH
M P/Rh LD-PhH
€3 e
Me ) gz BH, B Mmol% cat. Hy \N
CI” )N HPhP” " Yp7 72— I\ B
PhH toluene, 1M
100 °C PhH
LD-PhH

Scheme 1.29. Dehydropolymerisation of HsB-PPhH2 and LD-PhH with the precatalyst i-59.

Stoichiometric addition of secondary phosphine-boranes HsB-PPhzH, H3B-PCy2H and HsB-PBuzH to
complex i-59 was studied to explore role of the catalyst in dehydropolymerisation. The resultant -B
agostic phosphido-borane complexes, [RhCp*(PR2BHzs)(PMesz)][BArF4] (i-63-R) were fully characterised
(R = Ph, Cy or 'Bu) and suggested to be key intermediates in the P—-H/B—H activation process.
Computational and deuterium labelling studies were used to determine the mechanism of phosphido-
borane formation. It was shown that initially B—H activation occurs at a sigma n*(BH) complex (i-60-R)
to form a base-stabilised a-B agostic boryl complex with concomitant loss of CHa4 (i-61-R), then
subsequent P—H activation to a hydrido-phosphino-borane intermediate (i-62-R) before hydride
insertion into the Rh—B bond and formation of the phosphido-borane (i-63-R, Scheme 1.30).162 This

shows that P—H activation actually occurs via an initial B—H activation.
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Scheme 1.30. Formation of [Cp*Rh(PMes)(PR2BHs3)][BArF4] phosphido-borane complexes. [BArF4]-
anions omitted for clarity.

1.10.5 Iron-based catalysts

An iron-based catalyst, specifically [Cp(CO)2Fe(OTf)] (i-64), was shown by Manners and co-workers to
selectively, and quantitatively convert HsB-PPH:2 into high molecular weight [H2BPPhH]n (Mn = 59,000
g mol?, PDI = 1.6) with low catalyst loadings (0.1 mol%, toluene, 100 °C, 24 hours). It was discovered
that variation of catalyst loading allowed for molecular weight control, with low loadings giving higher
molecular weight polymer (0.1 mol%: Mn = 78,000 g mol?t) compared to higher catalyst loadings (10
mol%: Mn = 40,000 g mol1). A chain growth mechanism was postulated for this system (Scheme 1.31),
which was supported by further experiments: the catalysis was stopped after only 35% conversion of
the monomer (HsB-PPH2) and high molecular weight polymer was observed (Mn = 40,000 g mol-1)
alongside free monomer. The polymer chain length did not increase after 100% conversion of the
monomer, suggesting no further coupling was occurring. The catalytic mechanism was shown to be
homogeneous, via a lack of catalyst poisoning with a substoichiometric addition of PMes and no polymer
was formed when Fe nanoparticles were added at the start of the reaction instead of [Cp(CO)2Fe(OTf)]

(i-64).163 However, very little in-situ data was obtained and the proposed mechanism is very speculative.
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Scheme 1.31. Proposed chain growth dehydropolymerisation mechanism with [Cp(CO)zFe(OTf)]
precatalyst. [Fe] = [Cp(CO)xFe].

The high activity of i-64 in this reaction was exploited to expand the reported substrate tolerance of the
phosphine-borane dehydropolymerisation, with a broad range of aryl*4> and alkyl'5” substituents shown
to polymerise (Figure 1.25). Cross-linking through activation of internal P—H bonds, using HsB-PArH:
[Ar = 3,5-(CF3)2-CeHs] was proposed to cause gel-like substances formed at 5 mol% catalyst loading,
which was not observed with any other substrate. Relatively deactivated alkylphosphine-boranes
(compared to arylphosphine-boranes) subsequently required a much longer reaction time (96 hours) to
fully convert all of the monomer in a toluene solution at 100 °C. It was shown that the polymer molecular
weight could be controlled by addition of ‘BuPH: as this capped the terminal BHs of the polymer, as

shown by ESI-MS, and prevented further dehydrocoupling.5”
1.10.6 Other transition metal catalysts

[CpRu(CO)2(PPh2BH3)] has been used in the dehydrocoupling of HzB-PPhzH, although neat conditions
at 120 °C were required for only 60% conversion.'%4 Iridium bis-phosphinite pincer complexes,
[(BUPOCOP)IrHz] (i-64) and [(‘BuPOCOP)IrHPh], have been reported by Radius and co-workers as
catalysts for HsB-PArH2 dehydropolymerisation (Ar = Ph, p-tolyl or mesityl), (Scheme 1.32). 5 mol%
catalyst loadings of i-64 in toluene gave longer polymer by GPC analysis, Mw = 66,000-300,000 g mol*
but with very wide polydispersity (PDI = 13.2-30.0). Reducing the catalyst loading to 2.5 mol% gave
lower Mw with much reduced PDI (2.6). 0.5 mol% gave even shorter polymer. A two-stage

polymerisation mechanism was proposed, whereby an initial dehydrogenation from the phosphine-
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borane by i-64 occurs slowly. The resultant phosphinoborane H2B-PArH then undergoes rapid chain
growth polymerisation to form [H2BPArH]n.1%® This similar to the dehydrogenation-polymerisation
mechanism proposed for metal catalysed methylamine-borane dehydropolymerisation,% but is
different to the Rh studies on phosphine-borane dehydropolymerisation.115 126 |t was suggested that the
concentration of H2B-PArH would be the rate limiting factor and explained the polymer length
dependence on catalyst loading. However, no evidence of dehydrogenation or chain propagation steps
was presented.165

i-64 O—P'Bu,

\\\H

Ir
~H

Proposed two-step mechanism:

0—P'Bu, Hy \" Hy \N
nHyB-PArH, ———— B Ho 2
P HgB-PArH, ——3= H,B—PArH ——> _B
0.5-5 mol% ArH T2 Tow 2 ™ Tast Nt

Ar = Ph, p-tolyl toluene
or mes 100 °C

Scheme 1.32. Iridium-catalysed dehydropolymerisation of primary aryl phosphine-boranes.

1.10.7 Transition metal free routes

There are also reports of metal-free dehydropolymerisation routes, using cyclic(alkyl)(amino)carbenes
as hydrogen acceptors!®’” and head-to-tail polymerisation of transient phosphino-boranes (Scheme
1.33). Lewis base stabilised monomeric phosphanylboranes were synthesised from the free phosphine,
which could then undergo thermally induced oligomerisation/polymerisation with concurrent release of
the Lewis base. Only oligomeric material was formed via this method with H and Ph substituents, but
polymeric material was formed with the R! = 'Bu, R? = H substrate with M, = 27,800-35,000 g mol! and
polydispersity of 1.6-1.9. At the time of publication, this was the only method to form
poly(phosphinoboranes) with bulky P-R groups.'®® The 3P NMR of [H2BP'BuH]» formed via this
manner, revealed three tactic environments, compared to the Fe-catalysed route, for which only one

tactic environment was reported.%7
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Scheme 1.33. Synthesis of Lewis base stabilised organosubstituted phosphanylboranes and the
thermally induced polymerisation.

The most recent development in the field of phosphine-borane dehydropolymerisation is the use of
calix[4]pryyrolato aluminates (i-65) as catalysts for the synthesis of high molecular weight
poly(phenylphosphinoborane) (Scheme 1.34). This is the first example of a non-transition metal
catalysing the dehydropolymerisation reaction. Polymer of up to Mn = 43,000 g mol-! was formed over
72 hours in a 1:4 mixture of 1,2-Cl.CsHa/toluene. This method overcomes the issue of residual transition

metal in the isolated polymer but limited mechanistic information is known.68

0.3-10 mol%

. Hy, \N
i-65 .
n H3B-PPhH, > P/B i-65 =
1,2-CIZCGH4/tquene PhH

105 °C

Scheme 1.34. Dehydropolymerisation of HsB-PPhH:2 using i-65.

1.11 Summary

This introduction has only briefly touched upon the vast field of transition metal-diphosphine chemistry,
in particular, focussing on rhodium, the impact of ortho-aryl substitution in metal-phosphine complexes
and the POP-type ligand, DPEphos. There are a vast number of examples of how diphosphine design,
via manipulation of the backbone and substituents, can have a pronounced effect on reactivity and
homogeneous catalysis.3 17-43 One particular approach is ortho-aryl substitution, which has been shown
to increase productivity in a range of catalyses. This has been largely attributed to restricted rotation

about the P—C bond with bulkier ortho-substituents which influences the catalytic activity.56 57

Diphosphine ligands with a bridging ether linkage can be used as wide bite angle «? ligands,””

but they also have the ability to reversibly coordinate via the oxygen as well, giving rise to k3-P,0,P
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bonding arrangements.”® This allows for the stabilisation of catalytic intermediates.® % DPEphos also
features this capability. The number of examples of ortho-substituted DPEphos ligands, however, is
limited, and we believe there is potential in the yet unreported ortho-isopropyl and ortho-fluorine

analogues.

The characteristics of agostic bonds and anagostic interactions have also been introduced,
alongside several examples. One of the defining features of these M---H interactions is the upfield
(agostic) or downfield (anagostic) H chemical shift.12° Pioneering work by Scherer explains these
opposing observations by the topological placing of the proton in difference regions of charge density,
which in turn, gives rise to different local magnetic fields.’®® However, the field is lacking a
comprehensive experimental investigation that relays this detailed computational understanding into

real examples, making it more accessible for the organometallic chemist.

The developments in transition metal catalysed phosphine-borane dehydropolymerisation, since
the initial report in 1999, have been presented. The earliest Rh catalysts, e.g. [Rh(COD)2][OTf], suffered
with poor control over polymer chain length.144. 149,154,169 |ron catalysts, based upon [Cp(CO)xFe(OTf)],
have been used to expand the range of substituents, producing polymer of high molecular weight and
some control via catalyst loading or addition of free primary phosphine.45. 157,163 However, little is known
about the mechanism of these systems. Rhodium catalysts, such as [Rh(dppp)]* and [Cp*Rh(PMes)]*
have been used to provide some important mechanistic insights into the dehydrocoupling of secondary
phosphine-boranes, but dehydropolymerisation was not reported or resulted in low molecular weight
and polydisperse polymer.115.126. 170 There is an absence in the literature of a catalytic system in which
the mechanism is not just understood, but also exploited to give polymer of designed molecular weight.
This also introduces the opportunity for incorporation of two different substrates — namely,

poly(phosphinoborane) block-copolymers.
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2 Chapter Two — Rhodium complexes of ortho-aryl substituted DPEphos
ligands. Reactivity and structural studies.

2.1 Preamble

In Chapter One, the [Rh(DPEphos)]* system was introduced, and several applications of this system in
homogeneous catalysis were highlighted, such as: intermolecular hydroacylation,’® hydroamination,*
carbothiolation® and amine-borane dehydropolymerisation.b® 7 The Schrock-Osborn precatalyst,
[Rh(DPEphos)(diene)][anion] was used as a precursor in all of these examples. Schrock-Osborn
complexes® ° are a popular precatalyst, as they are easily prepared and a wide range of diphosphines
are tolerated.’® These complexes can also be activated by hydrogenation of the diene fragment in
solution, leading to the formation of solvated or hydridic species, the nature of which is dependent on

the solvent and the diphosphine ligand used.!!

Ortho-aryl substituted phosphines were also presented in Chapter One, with many examples
highlighting the effect that ortho-aryl substitution can have on fundamental coordination chemistry? and

homogeneous catalysis.13-16

Within Chapter Two, a detailed investigation on the structure and reactivity of a range of
Schrock-Osborn complexes with different ortho-aryl substituted DPEphos ligands is described. This
Chapter will focus on the fundamental coordination chemistry of these ortho-aryl substituted complexes,
with particular attention paid to M---H-C anagostic interactions observed. Following this, an
investigation of the reactivity of these complexes, which gave rise to some previously unreported
coordination chemistry, is described. The resultant products are highly influenced by the ortho-aryl

substituent.

2.2 Ortho-aryl substituted DPEphos ligands

Four DPEphos-based ligands, which vary only by the ortho-aryl substituent, are used in this study

(Figure 2.1). The four ligands are: o-H-DPEphos (1-H), o-Me-DPEphos (1-Me), o-OMe-DPEphos (1-

OMe) and o-Pr-DPEphos (1-Pr). 1-H and 1-Me are commercially available, and were used as
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received, whereas 1-OMe was prepared via a literature procedure.'” 1-Pr is a novel ligand, newly

PR 4

Me
OMe
ipr

synthesised for this investigation.

1-OMe)

(
(1-Me)
(
(1-Pr)

Figure 2.1. Ortho-aryl substituted DPEphos ligands used in this study.

2.2.1 Synthesis and characterisation of ortho-'Pr-DPEphos

1-'Pr was prepared via addition of in-situ formed Li[2-Pr-CeH4] to 2,2'-(PCl2)2(CsHa4)20" at —78 °C
(Scheme 2.1). The resultant air-stable phosphine was isolated via an aqueous work-up and
recrystallised from pentane, yielding 1-Pr as an analytically pure, white, crystalline material in a
moderate yield (30%). 1-'Pr was fully characterised by NMR spectroscopy and single-crystal X-ray
diffraction. C1 symmertry is observed in the solid-state structure which also revealed no remarkable
bond lengths or angles (Figure 2.2). At 298 K, a single 3P environment is observed in the 3P{tH} NMR
spectrum at & —37.6 (CDCIs), shifted upfield compared to the parent o-H-DPEphos, 1-H (6 —16.4), but

similar to 1-Me (6 —34.6).18

—_—
© Et,0
PCl, PCl, _78°C R R

R = Pr (1-Pr)

Scheme 2.1. Synthesis of 1-'Pr.
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Figure 2.2. Crystallographically determined structure of 1-'Pr. Ellipsoids at the 50% probability level.
Hydrogen atoms omitted for clarity. Key bond lengths (A) and angles (°): P1-C13,1.828(3); C13-C18,
1.403(4); C18-01, 1.386(4); O1-C19, 1.390(4); C19-C24, 1.396(5); C24-P2, 1.839(3); C18-01-C19,
1.218(4).

Interestingly, at 298 K, there is only one isopropyl methyl environment observed (6 1.06, integral 24H)
in the TH NMR spectrum, despite the diastereotopic nature of the isopropyl groups in the solid-state
structure. This suggests low-energy inversion at the P atoms and rotation about the P—C(diphenylether)
and C-C(isopropyl) bonds is accessible at room temperature, which makes the methyl groups
equivalent on the NMR timescale (Scheme 2.2). Phosphorus inversion has been shown to be promoted
by ortho-isopropyl substitution, for example, the energy barrier for planarisation of P(2,6-(1Pr)2-CesH3)3
was calculated to be 37.5 kJ mol1.1® For 1-Pr at 203 K in CD2Cl,, multiple 3!P environments are
observed and the 'H spectrum becomes much more complex, consistent with the freezing out of
different isomers. Multiple isomers could arise from restricted rotation about the P—C bond, giving
different arrangments of the ortho-substituted aryl groups, similar to the gauche (g) and anti (a)

arrangements observed for trans-[MCl2(P{o-Pr-CsHa}s)2] (M = Pt and Pd).1?
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Me®
O ean.:
: P——@ mirror plane through

page Me? = MeP
Me®,

Me?
“ inversion

R~ MeP Me?
Me3> Me P—C rotation (0] e? C—C rotation ) €713
PArZ P: —_— PArz ) —_— PAr2 . P‘@
g MeP
2\ e Meb,@ Me?
/Mea z

Ve Me? = MeP Meb

Scheme 2.2. Inversion and rotation process that makes the methyl groups in 1-'Pr equivalent.

2.3 Schrock-Osborn complexes of ortho-aryl substituted DPEphos ligands

2.3.1 Synthesis and solid-state characterisation

The respective Schrock-Osborn complexes of these ligands, [Rh(o-R-DPEphos)(NBD)][BArF4] (2-R)
were synthesised via addition of the appropriate ligand to a suitable Rh precursor in 1,2-F2CsHa solution
at ambient temperature (Scheme 2.3). For 1-H, 1-Me and 1-OMe, the precursor used was [Rh(NBD)(p-
Cl)2, followed by the addition of Na[BArf4, acting as a halide extractor, to give [Rh(o-R-
DPEphos)(NBD)][BAr4] (R = H, 2-H; R = Me, 2-Me or R = OMe, 2-OMe). The bulkiest ligand, 1-'Pr, did
not coordinate via this method and only 31P signals relating to free ligand were observed in the 31P{1H}
NMR spectrum. Instead, stoichiometric addition of 1-Pr to the precursor [Rh(NBD)2][BAIF4] resulted in
the formation of [Rh(o-Pr-DPEphos)(NBD)][BArFs] (2-'Pr). All four complexes were isolated as
analytically pure orange microcrystalline solids in good yields (65-85%). Crystals suitable for single
crystal X-ray diffraction were obtained via slow diffusion of pentane into 1,2-F2CsH4 solutions of 2-R at

room temperature.
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F
R = H, Me or OMe Ar ~[BA
|

,PII,, ot
i) [Rh(NBD)(1-Cl)], P RNQ

i) Na[BArF,] =0 An

2-H (85%), 2-Me (75%)
o 1,2-F,CgHy or 2-OMe (78%)
P R
~BArT

[Rh(NBD),][BArF 4]

oSil

Ar2 |
PII, o

‘Rh
p= ~
Ar2

Q-

R="Pr
2-Pr (65%)

Scheme 2.3. Synthesis of Schrock-Osborn type complexes 2-R.

Complex 2-H has been published previously,? but the solid-state structure was not reported, and thus
is included in this study. The solid-state structures of 2-R all show a cis-k?-P,P bonding arrangement of
the 0-R-DPEphos, and a n2n2 NBD fragment, producing an overall pseudo square planar geometry
around a Rh(l) centre for all for complexes (Figure 2.3A). In all cases, the oxygen atom is not
coordinated to the rhodium [D(Rh---O) = 3.498(8)-3.5545(18) A]. However, there is a difference in the
P-O-P backbone arrangement. Closer inspection of the structures of 2-H, 2-Me and 2-OMe reveals that
the oxygen linker sits off the P1-Rh1-P2 plane with an O1 to P1-Rh1-P2 plane distance calculated at
~ 1.5 A (Figure 2.3B). This backbone geometry has previously been described as envelope-like2° and
would result in overall C1 symmetry if retained in solution. In contrast, the oxygen linker of the o-Pr-
DPEphos ligand in 2-Pr, sits closer to P1-Rh1-P2 plane (~0.4 A). This also results in a non-

crystallographic C: axis presumably forced by the bulky isopropyl groups.
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2-OMe 2-pr

Rh1 Rh1 Rh1
P2 . P2 P1 P2
P1 P1
01 01 01
B
o1 01 01 01
P1
Rh1 P2
P1 P1 P1
Rh1 P2 Rh1 P2 Rh1 P2

Figure 2.3. A) Crystallographically determined structures of the cationic portion of 2-R. Ellipsoids are
shown at the 50% probability level. Hydrogen and [BArF4]~ anions are not shown. Selected aryl groups
and NBD ligands are shown in wireframe. B) End-on view of 2-R, highlighting the backbone orientation.

The difference in ligand orientation is also reflected in the Rh—P bond lengths, which are ~ 0.1 A longer
in 2-'Pr compared to the other complexes (Table 2.1). The higher symmetry is also shown in the Rh-
Cnep) bond lengths, which are much more uniform in 2-'Pr. The Rh—P distances of 2.3368(6)-2.4256(5)
A and P-Rh-P angles of 98.58-103.91° within 2-R are similar to those reported for [Rh(cis-k2-

DPEphos)(NBD)][CB11HsBrs]: 2.340(2) and 2.346(1) A, and 100.12(5)° respectively.2 21

Table 2.1. Key bond lengths and angles calculated from the solid-state structures of 2-R.

Bond (A) / Angle (°) 2-H 2-Me 2-OMe 2-Pr
Rh—P1 23392(9) | 2.3514(6) | 2.3813(7) | 2.4482(7)
Rh-P2 23438(7) | 2.3949(7) | 2.3368(6) | 2.4256(5)
Rh—-01 3547(2) | 3.5529(16) | 3.5545(18) 3.498(8)

21793 | 216403 | 216003 | 2.178(2)-
Rh—Cnep) range 2.21 5((3)) 2.236‘5(3)) 2.21 (§(3)) 2.184((2))
P1-Rh-P2 98.58(3) 100.79(2) 100.67(2) 103.91(2)

2.3.2

Solution-state NMR characterisation and behaviour

The room temperature NMR spectra of 2-R in de-acetone solvent reflect the different substitution
patterns on the DPEphos aryl groups. A single, sharp signal at & 16.7 with doublet multiplicity [J(RhP)
= 159 Hz] is observed in the 3P{1H} NMR spectrum of 2-H, which matches the reported 3'P{*H} signal
(3 17.0 in CD2Cl2).2 In the *H NMR spectrum, three NBD 'H environments in a 4:2:2 ratio are assigned

to the alkene, methine and methylene signals respectively, suggestive of time-averaged C2v symmetry,
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different from that observed in the solid-state structure. For 2-Me and 2-OMe, on the other hand, broad
resonances in the 3'P{1H} and 'H NMR spectrum are observed that provided no structural information.
ESI-MS analysis gave molecular ions (m/z) of 789.20 and 853.18 respectively, consistent with the
calculated values of 789.19 and 853.17 respectively and isotope patterns consistent with their
formulations, and in agreement with solid-state structures of 2-Me and 2-OMe. The higher symmetry
observed for 2-H, and the broad resonances observed for 2-Me and 2-OMe, suggest that fluxional
processes are operating at room temperature. Therefore, samples of 2-R were cooled in de-acetone. At
183 K, the previously sharp 3P signal for 2-H had broadened and the doublet multiplicity was lost. The
1H signals were too broad to provide useful structural information. Evidently, any fluxional process is
not frozen out at 183 K for 2-H, so a sample was further cooled to 140 K in CDCIzF solvent (m.p. =138
K).22 This revealed two distinct 3P environments at & 21.5 and 13.8, observed as broad doublets with
coincidentally the same J(RhP) values of 154 Hz (Figure 2.4). P-P coupling was not resolved due to the
broad linewidth of the signals (FWHM = 80 Hz). The 'H signals are still broad and not useful for
assignment at this temperature, however, one aromatic signal was observed shifted downfield
compared to the others, at & 8.32. 2-Me and 2-OMe did not require to be cooled as low for the
observation of the low temperature regime. Two distinct 31P signals are observed in the 31P{{H} NMR
spectrum of 2-Me at 203 K in de-acetone (& 18.0 and 1.8). The signals exhibit doublet of doublet
multiplicity, comprising of coupling to rhodium [J(RhP) = 161 and 152 Hz] and cis-P,P coupling [J(PP)
= 28 Hz].?! Four methyl environments and four NBD alkene signals are also observed in the *H NMR
spectrum, their assignment confirmed by a HSQC experiment at 203 K. These data are reflective of a
complex with C1 symmetry. As the sample is warmed, the two 3P signals broaden, and a new doublet
signal appears at 8 8.5 with J(RhP) = 154 Hz. At 363 K, only one broad 3P signal, centred at & 10 is

observed, suggestive of C2 symmetry.
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208 K l i Cov 363 K
183K 298 K

150 K C,

CDCLF 243K U e “
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CDCI,F J\/\ M 203 K u “
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Figure 2.4. Variable temperature 31P{*H} NMR of 2-H and 2-Me (202 MHz, de-acetone unless specified
otherwise).

The same pattern and changes with temperature were observed with 2-OMe, albeit that the spectrum
at 363 K showed broad doublet multiplicity. It is clear that a fluxional process is occurring, which can be
frozen out at low temperature to give Ci species. For 2-Me and 2-OMe, a species with C2 symmetry is
also observed at intermediate temperatures. As the temperature is raised the dynamic process occurs
on the NMR timescale and the signals broaden, until eventually, at even higher temperatures the signals
coalesce to a single peak with time-averaged Czv symmetry. It is clear that this process is occurring
fastest in the least bulky 2-H. The low temperature regimes of 2-H, 2-Me and 2-OMe reflects the
envelope-like?° arrangement of the 0-R-DPEphos ligands (i.e. C1 symmetry). We propose that there is
an equilibrium between two enantiomers of this Ci1 arrangement in which a ring-flipping process
interconverts the two isomers via a symmetric Cz state (Scheme 2.4). At higher temperatures, this
process occurs faster than the NMR timescale and time-averaged Czv symmetry is observed. The C2
state is seen in the intermediate temperatures in the 3P{*H} NMR spectra of 2-Me and 2-OMe and we
propose this complex is more similar to the solid-state structure of 2-'Pr in which the oxygen sits in the

equatorial plane, giving non-crystallographic C2 symmetry.

Line-shape analysis was conducted by Dr Alex Heyam (University of York) using Spinach??
line-shape modelling software (Figure 2.5). The energy barriers for this process were calculated. Linear

regression of the line-shape modelling of 2-Me and 2-OMe provided AG#(183 K) values of 43 (1) and
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38 (x1) kJ mol* respectively for the exchange between two C1 enantiomers via a ring-flipping process.
The fact that both C1 and C2 symmetry species are observed for 2-Me and 2-OMe suggests that they
must be in slow equilibrium with one another, and on raising the temperature to 363 K, all of the isomers
start to rapidly interconvert. This equilibrium was incorporated into the line-shape fitting (Figure 2.5).
For 2-H, the use of unlocked CDCIz2F solvent gave unreliable line-shape modelling data but simple
calculations from the coalescence point at 183 K gave a rate of exchange of 3400 (+100) s and a
corresponding energy barrier of AG*(183 K) = 31 (1) kJ moll. This is consistent with the variable
temperature NMR data, i.e. the rate of exchange is in the order 2-H > 2-Me = 2-OMe. The lowest
energy barrier is with the least bulky ligand. The barrier to fluxionality in 2-Me is slightly lower than 2-
OMe, and we attribute this to the larger steric encumbrance of the hydrogens on CHs compared to
oxygen lone pair on the ether in 2-OMe which has more flexibility to twist the methyl group and reduce

the steric congestion.

Ar @Arz @50 Ar
P, T 0 Pu,, + —Pu,,,

W\ [E— W\

SO = o g ==
o An Ary Ar,
Cy C, Cy

Scheme 2.4. Proposed fluxional process occurring in 2-H, 2-Me and 2-OMe in solution.
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Figure 2.5. Experimental (black) and simulated (red) 3'P{H} NMR spectra of 2-Me at different
temperatures (CD2Cl2, 202 MHz). Line-shape simulation was conducted using Spinach.??
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Similar backbone flipping processes have been reported in [RuHCI(CO)(PPhs)(Xantphos)]. In this
complex, the backbone in the Xantphos ligand flips between above and below the equatorial plane with
a coalescence point at 328 K and an energy barrier of 57 (£5) kJ mol-1.24 Similarly, Thixantphos-based
ligands (Thixantphos = 4,6-bis(diphenylphosphanyl)-2,8-dimethylphenoxathiine) also undergoes a

similar backbone flipping process in Ni(Thixantphos)2 complexes [AG#(293 K) = 60 kJ mol1].?°

2-Pr exhibits a non-crystallographic C> axis in the solid-state structure (vide infra) and this is
carried forward into solution. In the 31P{*H} NMR spectrum in ds-acetone, a sharp doublet is observed
for [J(RhP) = 153 Hz], shifted 58.4 ppm downfield compared to free 1-'Pr, consistent with phosphine
coordination.?8 It is important to note that 2-'Pr exhibited no signs of fluctuation as on cooling to 183 K
there is essentially no change in the chemical shift or line shape. The 3P{!H} and 'H NMR spectra
remained unchanged between 183 and 298 K (Figure 2.6) and therefore we suspect the bulky isopropyl

groups lock the complex into a fixed position.

208K

183 K

26 24 22 20 18 16
S (ppm)

Figure 2.6. 31P{*H} NMR spectrum of 2-'Pr at 298 and 183 K, showing no major change (202 MHz, ds-
acetone).

The C2 symmetry of 2-Pr is also apparent in the *H NMR spectrum. Four CHs and two CH(CHs) signals
are assigned to the isopropyl groups, and four NBD signals in a 2:2:2:2 ratio are observed, which is
consistent with every signal comprising of two chemically equivalent groups (Figure 2.7). Interestingly,
a downfield shifted aromatic signal, integral 2H, was observed at & 9.34, exhibiting doublet of doublet
multiplicity. Selective 3P and 'H decoupling experiments revealed values of J(PH) = 17 Hz and J(HH)
=7 Hz for this multiplet, which suggests this signal corresponds to an ortho-aryl proton, with three-bond

coupling to both a 31P and a tH. This signal was observed at all temperatures for 2-'Pr. Similar downfield
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chemical shifts between & 8.5-9.5 have been reported by Pringle and co-workers in ortho-methyl and
ortho-isopropyl monophosphine ligands in Pt complexes, namely, [PtCl2(PArs)2] (Ar = o-Me,p-OMe-
CesHz and o0-Pr-CsHas, i-2).12 Upon closer inspection of the low temperature NMR data of 2-H, 2-Me and

2-OMe, similar downfield shifted signals are also observable and are discussed in detail next.
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Figure 2.7. 'H NMR spectrum of 2-Pr, highlighting the C2 symmetry and an unusual downfield shifted
aromatic signal (500 MHz, des-acetone, 298 K). * Denotes a pentane or unknown impurity.

2.3.3 Assignment and comparison of Rh---H-C anagostic interactions

Downfield shifted 'H signals are one of the characteristics of M---H-C anagostic interactions?’ (see
section 1.9). Figure 2.7 shows the downfield shifted signal in 2-'Pr, which were not observed in the room
temperature spectra of 2-H, 2-Me and 2-OMe. However, cooling the samples also revealed downfield
signals for these three complexes (Figure 2.8). The temperature required to see these signals could be
correlated to the fluxional processes observed in the 3'P{1H} NMR spectra. 2-H required cooling to 140

K, 2-Me 183 K and 2-OMe 223 K. The same doublet of doublet multiplicity, comprising J(PH) (~ 17 Hz)
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and J(HH) (~ 7 Hz), was observed in all of them apart from 2-H, which is likely due to the low
temperature limit not being reached, even at 140 K. The relative integral of each signal, compared to
the ArF aromatic signals, are not the same: 2-H, 2H; 2-Me, 1H, 2-OMe, 1H and 2-Pr, 2H. Minor isomers
are also present in 2-OMe, these could be due to the freezing out of slightly different aryl group
arrangements which are not observed for the o-methyl variant, potentially due to the increased steric

bulk of OMe compare to Me.

2H
2-H CDCI,F 140K

1H

2-Me 183K ﬂt
1H
2-OMe 183K _Jwﬂ\___
2H

b

2-Pr298K

10.4 10.2 100 98 96 94 92 90 88 86 84 82 80 7.8
5 (ppm)

Figure 2.8. The downfield region of the H NMR spectra of 2-R (500 MHz, ds-acetone unless specified
otherwise).

Returning to the solid-state structures reveals that the integral of these signals coincide with the number
of axially positioned ortho-aryl protons from the o-R-DPEphos ligand that are in a relatively close
approach to the rhodium (Figure 2.9). The coupling patterns observed in the downfield shifted signals
[BI(PP) (~ 17 Hz) and 3J(HH) (~ 7 Hz)], are consistent with the assignment of them as ortho-protons on
the substituted aromatic groups. All of the protons were geometrically placed in calculated positions for
2-R. The solid-state structure of 2-H shows two ortho-protons in the apical position (H1 and H36),
situated 2.92 and 2.97 A from the rhodium centre respectively. The Rh—H-C bond angles are 114.7(2)°
(H1) and 122.6(2)° (H36). 2-Me contains one ortho-aryl proton (H1), positioned 2.57 A from the Rh in

the apical position. Trans to this proton is a methyl proton (H47a), only 2.63 A from the Rh atom. This
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is an example of a rarer alkyl anagostic interaction.?® 2-OMe also contains one ortho-aryl proton (H1)
in a similar apical position to that in 2-Me [D(Rh---H-C) = 2.88 A], whereas 2-'Pr shows two aryl C-H
to be in close approach to the rhodium [D(Rh---H-C) = 2.47 and 2.58 A] (Figure 2.9) with Rh—H—-C bond
angles of 135.5(1)° and 132.7(1)°. These characteristics sit confidently within the definition of an
anagostic interaction.2” These data show that these four complexes contain an ortho-aryl anagostic
interaction, and thus present an excellent opportunity for a detailed study of these interactions in a
coherent set of complexes. 2-'Pr contains two crystallographically inequivalent anagostic protons so we

suggest a very low energy fluxional process makes them equivalent in solution.

2-H 2-Me 2-OMe 2-Pr

c1
H1

P1 ;
P2@ Rh

Figure 2.9. Reduced solid-state structures of 2-R, highlighting the Rh---H-C anagostic interactions.
Ellipsoids are shown at the 50% probability level. Aromatic groups and hydrogen atoms not involved in
anagostic interactions are removed for the sake of clarity. Hydrogen atoms are placed in calculated
positions.

As the downfield shifted H signals can be correlated with relatively close Rh---H-C interactions in the
solid-state, the change in chemical shift of the effected protons between the free ligands (1-R), and the
subsequent rhodium complexes (2-R) can be compared. The ortho-aryl proton signals were assigned
in 1-R via a series of 2D NMR experiments. The change in chemical shift values on coordination to the
metal are summarised in Table 2.2. CD2Cl; was used as the solvent because the not all of the free
ligands are soluble in de-acetone. The sample temperatures for 2-R are 203 K (or 140 K for 2-H) in
order to observe the downfield shifted signals of the anagostic protons, whereas the ligands, 1-R, were
measured at 298 K as different isomers were present at low temperature due to restricted rotation of
the aromatic groups.'? The ortho-protons in question shifted downfield between 0.99 and 2.82 ppm.
These are slightly smaller changes than the aryl anagostic interactions reported by Bergman for

[RhCI(Pr2POXy)(PPh3)]2 (Xy = 2,3-xylyl, i-48) [AD(*H) = 3.2 ppm]*® and Dyker’'s palladium
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cycloimmidate complexes (Figure 2.11) [A8(*H) = 3.3 ppm],?® but consistent in shift direction. A
comparison of the chemical shifts for 2-Me at 203 K and 1-Me at 298 K is shown in Figure 2.10. One
aromatic signal and one CHs signal are shifted downfield by 2.82 and 1.30 ppm respectively, compared
to free 1-Me. Although only one methyl proton is positioned in the region for an anagostic interaction in
the solid-state structure, it is assumed that the CHs group is rotating freely in solution, and we are
observing a time-averaged signal in the 'H NMR spectrum, which is shifted 1.30 ppm downfield at &
3.53. This is a smaller change in shift compared to the methylene anagostic in Dyker’'s palladium
cycloimmidate complexes (Figure 2.11) [AS(*H) ~ 4 ppm]. However, the downfield shifted methyl signal
in 2-Me is a weighted average of one anagostic proton and two terminal protons. Computationally
calculated 'H chemical shifts from a fixed geometry of 2-Me were conducted by Arron Burnage using
nuclear independent chemical shifts (NICS). The chemical shift of the methyl anagostic proton was
calculated to be at 8 6.0, with an average of & 3.9 for all three protons within the methyl group — in good
agreement with the experimental observation (& 3.53) (see later for more computational details). Using
the same weighted average approach in the experimental data produces a rough value for the bridging
Rh---H-C proton, to be 8 6.07 (assuming the terminal C—H 'H signals are at the same chemical shift as
the free ligand, at & 2.26). Moreover, this CHs signal is still shifted noticeably downfield compared to

the other three CHs signals in 2-Me (6 1.80, 1.72 and 1.55).

1-Me
m J . |
57.15 52.26
CD,Cl,
0 3.56
2-Me
09.97
| | \ |
10 9 8 7 6 5 4 3 2 1 0
% (ppm)

Figure 2.10. 'H NMR chemical shift changes of the anagostic protons in the free ligand, 1-Me, and in
the rhodium complex, 2-Me (500 MHz, CD2Cl> measured at 298 K for 1-Me and 203 K for 2-Me).
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Figure 2.11. Previously reported examples of anagostic interactions.?8: 2°

Scherer’s pioneering work on the chemical shift changes in agostic and anagostic protons (see section
1.9) describes the influence of the topological orientation of the interacting C—H group on chemical
shift.30 In light of this, we have analysed the same geometrics as Scherer’s investigations using the
solid-state structures of 2-R (Figure 2.12) and compared them with the spectroscopic observations
(Table 2.2). These geometrics include: D(Rh---H), the C—H-Rh angle (8), the Rh---H to RhP: plane
angle (®) and the Rh—P/C—-H torsion angle (W) (Figure 2.12). Firstly, the magnitude of the change in
chemical shift of the ortho-aryl proton goes as follows: 2-Me > 2-OMe > 2-IPr > 2-H. This trend does

not correlate with the D(Rh---H) values, in which the shortest distance is in 2-'Pr.
0 2C-H-Rh (°)
H\/ D(Rh---H) (A)

® 2H-Rh/RhP, (°) P

Y Rh—P/C-H torsion (°)

Figure 2.12. Geometrics used to structurally analyse the aryl-anagostic interactions in 2-R.

The C-H:--Rh angles (8) are all reasonably wide (114 to 136 °), but once again, do not correlate with
the trend in the AS(*H) values. The angle between the Rh---H bond and the RhP: plane (®) is a measure
of how axial the proton is positioned with regard to the RhP2 plane. Values closer to 90° reflect a more
apical proton, and values nearer to 0° are in the equatorial plane. In all four cases, the protons are

positioned closer to the apical position, with similar ® values of 58.0-64.3°. Lastly, the Rh—P/C—H torsion
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angle (¥), indicates how twisted the C—H bond is compared to the Rh—P vector. Similar ¥ values
throughout 2-R (-8.2° to 1.7°) suggest that there is minimal twisting of the phenyl group and does not
appear to affect the chemical shift change observed. One of the protons in 2-H is twisted away
compared to the other complexes [8 = 114.7°, ® = 42.0°] but has a similar D(Rh---H) distance [2.92 A].
The methyl anagostic interaction in 2-Me is positioned in a similar manner, albeit with a slightly wider

C-H-Rh angle (6 = 144.2°) and positioned closer to the ‘perfectly’ axial position (® = 69.3°).

Table 2.2. Solid-state and spectroscopic metrics of the aryl-anagostic interactions in 2-R.

2-H 2-Me 2-0Me 27Pr
. 114.702) 129.8(2) 135.5(1)
e R 1226(2) | (1aa22) | 12180 132.7(1)
® LH-Rh/RhP; (°)* | 63.1,58.0 | 64.3, (69.3)° 63.9 64.3, 64.3
W Rh-P/C—H torsion (°)2| 42.0, 1.7 13 ~6.2 _14,-82
D(Rh---H) (A) 202,297 | 2.57, (2.63) 288 247,258
9.97
1
5('H) (ppm) 8.32 56y 9.19 9.14
AS("H) (ppm)® +0.99-1.11¢ | +2.82 (+1.3)° | +2.34 +1.85

a See Figure 2.12 for diagram of metrics. ° Difference in chemical shift of the ortho-aryl proton in 2-R (500 MHz,
CD2Clz, 203 K) and the free ligands 1-R (CD2Clz, 295 K). ¢ Numbers in parenthesis associated with anagostic
methyl group. ¢ The ortho-protons could not be unambiguously assigned.

One noticeable relationship is between the Rh---H distance and the Rh—H-C angle of the aryl anagostic
interactions. The shortest contacts are observed in 2-Pr [2.47 and 2.58 A] which also reflects with
widest Rh—H-C angles [135.5(1) and 132.7(1)°]. 2-Me shows the next closest contact and widest Rh—
H-C angles in this respect, followed by 2-OMe, then 2-H. This also correlates with the steric bulk of the
ligand. This may be a result of the bulkier ligands forcing the aromatic group into the position which
leads to the anagostic interaction. As we have seen in 2-Pr, the steric bulk fixes the ligand into one
position with overall C2 symmetry, compared to the less bulky alternatives that undergo fluxional
processes on the NMR timescale with C1 symmetry observed at low temperature and time-average Cav

symmetry at higher temperature.

With no clear correlations between chemical shift and structural positioning of the Rh---H-C in
the experimental data, we turned to our computational collaborators, Arron Burnage and Professor
Stuart Macgregor (Heriot-Watt University) for a deeper study of the anagostic bonding interactions
within 2-R. Beginning from the experimental solid-state structures, as determined by single-crystal X-
ray crystallography, the cationic portion of 2-R, [2-R]*, were optimised with the heavy atoms fixed at

their observed positions and the H atoms optimised. This resulted in slightly shorter calculated Rh---H
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distances. The electronic structures were then interrogated by Quantum Theory of Atoms In Molecules
(QTAIM) and Non-Covalent Interactions (NCI) plots. The molecular graph showing the contour plot of
the charge density and the non-covalent interactions plot of [2-Me]* are shown in Figure 2.13, and is
used as example of the anagostic interactions observed in all of [2-R]*. There is a clear critical bond
point between the Rh and H1 (ortho-aryl proton) and H47a (methyl proton) with small electron densities
[o(r)] calculated at these bond critical points, indicative of weak interactions (0.022 and 0.020 au
respectively). For all of [2-R]*, only minimal electron density was calculated at thee bond critical points
[o(r) = 0.011-0.026, Table 2.3]. Notably, both of the bonding pathways pass through regions of charge
concentration around the Rh (red contours). This is consistent with Scherer's work, which stated that
anagostic protons approach a metal centre through regions of charge concentration,3° quite often filled
d-2 orbitals, which results in a downfield shift of the H signal.3! The non-covalent interactions plot
suggests that there is some hydrogen-bonding character, as there are weakly stabilising (turquoise
regions) interactions between Rh and H1 and H47a. These observations are consistent across all four

cations, [2-R]".

stabilising " destabilising

Figure 2.13. A) Molecular graph of [2-Me]* showing the contour plot of the charge density. BCP = bond
critical point. Blue contours show areas of charge depletion and red contours show areas of charge
concentration. B) Non-covalent interactions plot, highlighting the weakly stabilising interactions between
Rh and H1 and H47a. The NBD ligand is removed for clarity. Key shows isosurface colouring.
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The computed chemical shifts of these protons match well with the experimental data, albeit calculated
to be slightly more downfield (Table 2.3). The largest difference between experimental and
computational is observed in [2-H]* (~ 1 ppm) which is attributed to the low temperature regime not
being fully frozen out, as shown by the broadness of the 'H signal. As previously mentioned, the
experimental methyl anagostic shift in [2-Me]* (0 3.56) is an average of a freely rotating methyl group.
The specific shift for the methyl proton in contact with the rhodium, H47a, is calculated to be & 6.0. This
equates as a change in chemical shift of AS(*H) = 2.7 ppm, which is similar to Dyker’s report of an alkyl

anagostic interaction (Figure 2.11, A5(*H) = 4.1 ppm).28

The electronic contributions of these interactions, as shown by a natural bonding orbitals
analysis, were the same in all four cases. The main bonding contribution is from filled Rh orbitals,
namely a dzz orbital, into the vacant o*(C—H). Although the main contribution, these donations are still
weak, with the strongest being in [2-'Pr]* (8.98 and 6.70 kcal mol) and the weakest in [2-H]* (1.33 and
1.22 kcal mol?t) (Table 2.3). A minor component was calculated to be donation from the o(C—H) into

vacant metal orbitals, although this was only between 0.5 and 2.1 kcal mol-2.

Table 2.3. Calculated bonding metrics for the anagostic interactions in 2-R.

[2-H]* [2-Me]* [2-OMe]* [2-Pr]*
D(Rh--H)calc. 2.83,2.87 | 2.45, (2.51) 2.79 2.33,2.45
Rh — o*(C-H) (kcal mol")*®| 1.33,1.22 | 4.38, (4.29° 1.91 8.98, 6.70
o(C-H) — Rh (kcal mol")>¢ | 0.57,0.52 | 0.69, (0.49)° 0.33 2.08, 1.71
8("H)caic.® 9.5, 9.1 10.6, (3.9)= 9.6 9.9,9.8
8("H)exp. 8.32 9.97, (3.56)¢ 9.19 9.14
p(n) (au)? 0.012,0.011 | 0.022, 0.020 0.013 | 0.026,0.021

a QTAIM and natural bonding orbitals data are based on the experimental crystal structures. ® Sum of donation into
the two 0*(C—H) natural bonding orbitals. ¢ Sum of donation from the Rh lone pairs and 6(Rh—P) bonding orbitals.
d Data are weighted averages taking into account all low energy conformations. € Data in parenthesis is for alkyl
anagostic. f Average for all three methyl hydrogens.

A plot of these different orbital contributions against the Rh--- H distances in [2-R]* reveals a correlation
between the two (Figure 2.14). The closer the proton is situated to the metal, unsurprisingly, the stronger
the electronic contributions are. The extremes of this correlation are exhibited in [2-'Pr]* and [2-H]* that
possess Rh:-- H distances of ~2.4 and ~2.9 respectively, and subsequent Rh — o*(C—H) contributions
of ~1 and ~ 8 kcal mol%, respectively. The bulkiest ligands result in the ortho-aryl protons coming into

closer contact with the rhodium. However, there does not appear to be a correlation between Rh--- H
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distances with the observed or calculated chemical shifts (Figure 2.14). Therefore, we can conclude

that the orbital interactions are not directly related to the *H chemical shift.

10 1
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Figure 2.14. Left - plot of the electronic contributions in the anagostic interactions in [2-R]* compared
to the calculated Rh---H interatomic distances. Energy values calculated by natural bonding orbital
calculations. Right - comparison of the calculated chemical shift change and the D(Rh---H) in [2-R]*.

Turning back to Scherer's computational studies, we are reminded that it is the induced magnetic fields
within the complex that influence the change in chemical shift of protons in close approach to a metal
centre (Figure 2.15).3° Consequently, the precise positioning of the proton, which encompasses a
complex interplay of different structural metrics, is the likely cause for the changes in chemical shift.
The definition of anagostic interactions can thus be dissected into two different observations: structural
and spectroscopic. Firstly, the structural metrics can be indicative of the strength of the interaction, with
closer metal-proton contacts resulting in stronger interactions in which the major the electronic
contribution comes from Rh — ¢*(C-H) donation, albeit weak. Scherer has previously described these
interactions as a consequence of the ligand framework which puts the proton into this position or
observed chemical shift, and it is not the stabilising effect of the interaction itself that determines the
geometry.3! Secondly, we have shown that the characteristic downfield *H chemical shift of an anagostic
interaction is not directly related to the strength of the interaction. Rather these spectroscopic
observations are more like a ring current effect,32 as a similar downfield chemical shift is observed when
a proton is positioned above an aromatic moiety in an area of charge concentration.®® Scherer also
noticed that anagostic protons approached through regions of charge concentration (i.e. towards filled
orbitals), whereas agostic protons approached through regions of charge depletion. This results in a

chemical shift change in opposite directions. A useful tool for the comparison of these two motifs would
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be a complex that contains both an anagostic interaction and an agostic bond. This would allow for
direct comparison of the topological placing and subsequent magnetic environments of the two motifs.

In search of this, the reactivity of 2-R was explored.

anagostic 'H

H induced magnstic
! « field
1

H.C ﬂp agostic 'H
/

induced magnstic
current

Figure 2.15. Adaption of a figure from reference 30, which illustrates the topological placing of the
protons which dictates the change in chemical shift.

2.4 Reactivity of Schrock-Osborn precatalysts

2.4.1 Hydrogenation in de-acetone

The activation of Schrock-Osborn complexes via hydrogenation of a NBD fragment in the presence of
a coordinating solvent is a common method to form more active precatalysts.> 6 ° This methodology
has previously been reported with 2-H in ds-acetone solvent, which resulted in the hydrogenation of
NBD to NBA and concurrent formation of [Rh(o-H-DPEphos)(ds-acetone):][BArf4], 3-H (Scheme 2.5).2
Application of the same procedure with other complexes containing POP-type ligands has resulted in
the formation of rhodium-hydride complexes, such as the preparation of [Rh(mer-k3-P,0,P-
Xantphos)(H)z2][BArF4].11 3¢ Whether a Rh(I) or a Rh(lll) dihydride is formed is dependent on the bite

angle of the P-P chelate, the cone angle and donating ability of the phosphine substituents.35

H>
Ph
,Pn,z +.\\| dg-acetone Ehz . OJ\
SN RIS s AP, o
é( Ph —-NBA c( p~ ~0
o 2 ' =X5  Ph,
2-H 3-H

Scheme 2.5. Hydrogenation products of 2-H after application of Hz in acetone solvent. [BArF]- omitted
for clarity.

We have used the same activation method with complexes 2-Me, 2-OMe and 2-'Pr, and very different

products result depending on the ortho-aryl substituent of the ligands. When a sample of 2-Me in ds-
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acetone exposed to 15 PSI of Hz, the solution immediately changed from orange to yellow (Scheme
2.6). The subsequent complex, 4-Me, could not be isolated, as persistent vacuum required for the

removal of the solvent resulted in decomposition, therefore, 4-Me, was characterised by in-situ NMR

spectroscopy.
orange
2-Me y QPAQ )\
2
B de-acetone 9" degas B 40
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Scheme 2.6. Hydrogenation of 2-Me in de-acetone. [BAr4]- omitted for clarity.

The 3'P{*H} spectrum of 4-Me revealed complete conversion of 2-Me and only a single broad resonance
centred at & 26.0 was observed for 4-Me (Figure 2.16). Signals corresponding to free NBA and broad
aromatic and methyl signals are observed in the IH NMR spectrum. An upfield broad signal at 5 —19.51
(FWHM =99 Hz), integral 2H compared to all of the aromatic signals, is also observed indicative of two
equivalent metal-hydrides.3®¢ The hydride signal was broad at 298 K. Cooling the sample to 183 K
(CD2Cl2) resulted in sharper signals being observed, suggestive of a fluxional process at room
temperature. At this temperature, the 3P signals separated into two doublet of doublets, comprising
large J(PP) of 343 Hz and smaller J(RhP) of 121 and 114 Hz (Figure 2.16). These data are suggestive
of a trans-P,P arrangement on a Rh(lll) centre.?! Four hydride resonances are observed, as two sets
of two, in a 5:1 set ratio at 183 K, both coupling to one 1%Rh, two cis-31P and one cis-hydride (30, 12
and 8 Hz respectively, Figure 2.17). Four corresponding methyl signals are also observed for each
complex. As only one set of 31P signals are observed, it is likely the signals relating to the two species
are coincident in the 31P{*H} NMR spectrum. In light of this data, 4-Me is assigned as a Rh(lll) dihydride
complex: [Rh(mer-k3-P,0,P-0-Me-DPEphos)(acetone)(H)z2][BArFs] (Scheme 2.6), similar to the
previously reported complex [Rh(mer-k3-P,0,P-Xantphos)(acetone)(H):][BArF4] for which, two hydride
signals were observed at & —19.25 and —20.27 at 223 K in ds-acetone.3” The two complexes observed
in the 'H NMR spectra are attributed to two isomers of the same complex, related by restricted P-C

bond rotation of the substituted aromatic groups.'2 38
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Figure 2.16. 31P{*H} NMR spectra of 4-Me before degassing. Top, 298 K, middle, 183 K. The bottom
spectrum is representative of the same sample after six successive freeze-pump-thaws, i.e. 3-Me (202
MHz, ds-acetone).
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Figure 2.17. *H NMR spectrum of 4-Me (500 MHz, ds-acetone, 298 K). Integrals relative to the total
aromatic signals integral. * Denotes a pentane impurity and 1 denotes free NBA. The inset shows the
hydride signals at 298 K, 183 K and with 3'P-decoupling at 183 K.

Page 74



Chapter Two

Upon degassing a sample of 4-Me by successive freeze-pump-thaws the solution turned dark red and
the NMR signals completely changed. Notably, the hydride signals are no longer observable and the
31P NMR signals changed to two broad doublets, J(RhP) = 194 and 199 Hz, which are much larger than
those observed in 2-Me (~ 160 Hz) and 4-Me (~120 Hz), being indicative of weakly binding solvent
molecules on a Rh(l) centre trans to the phosphine.?! Therefore, 3-Me is assigned as [Rh(cis-P,P-o-
Me-DPEphos)(acetone)z][BAr-4] formed upon loss of Hz from 4-Me, with a similar bonding arrangement

to 3-H.2.3

The same methodology was applied with the methoxy variant, 2-OMe (Scheme 2.7). The
solution turned from orange to dark red when Hz2 was added to 2-OMe in ds-acetone. Free NBA was
observed in the 'H NMR spectrum and no metal-hydride signals were observed. The resultant complex
is tentatively assigned as [Rh(cis-P,P-o-OMe-DPEphos)(acetone)z][BArFs] (3-Me). The room
temperature 'H and 3'P{1H} spectra show broad signals that do not allow for definitive characterisation.
Cooling to 183 K resulted in the observation of multiple isomers as shown in the 3!P{*H} NMR spectrum
(Figure 2.18). Although difficult to individually assign, the symmetry of the o-OMe-DPEphos ligand
within some of the isomers can be identified. C2 symmetric arrangements do not contain observable
J(PP) coupling. The asymmetric, C1 isomers appear as doublet of doublets, containing large J(cis-PP)
of ~ 60 Hz. The central isomers, observed between & 39-28, all exhibit large J(RhP) values (205-223
Hz), very characteristic of weakly bound acetone ligands and similar to 3-H (209 Hz) and 3-Me (~ 200
Hz). The isomers observed at & 45-43 and & 21-18 contain smaller J(RhP) and J(PP) constants of ~160
Hz and ~35 Hz respectively, and could potentially be mono-acetone complexes, but this is very
speculative. Multiple isomers were also observed in the *H NMR spectrum. Analysis by ESI-MS only
gave a mass value that corresponds to [Rh(o-OMe-DPEphos)]* (observed 761.11, calc. 761.11 m/z).

Degassing of the sample resulted in ho change in solution colour or spectroscopic signals.

Hz
,é/r,z +.\\| dg-acetone ér2 + OJ\ degas
=X~ p=—Rh e 2 SIS ——> nochange
28N e
(6] 2 [ = O AI'2
2-OMe 3-OMe
orange red

Scheme 2.7. Hydrogenation of 2-OMe in de-acetone. [BArF4]- omitted for clarity.
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Figure 2.18. 31P{*H} NMR spectra of in-situ formed 3-OMe at 298 K (top) and 183 K (bottom) (202 MHz,
de-acetone). Three different isomers have been highlighted by different symbols.
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Scheme 2.8. Hydrogenation of 2-Pr to form C—H activated product, 4-Pr. [BArF4]- omitted for clarity.

A different product was produced when this methodology was applied to 2-Pr. The hydrogenation
product of 2-'Pr in ds-acetone is assigned as a Rh(lll) cyclometallated complex, formed upon reversible
C-H activation at one of the isopropyl groups, giving a yellow solution of either 4-'Pr-a or 4-'Pr-b
(Scheme 2.8). Unfortunately, crystals suitable for X-ray diffraction could not be obtained, thus we cannot
definitively state whether C—H activation has occurred at the methyl position to produce a six-membered
metallocycle (4-'Pr-a) or at the methine position to give a five-membered metallocycle (4-Pr-b)
(Scheme 2.8). There are examples in the literature of methyl activation of isopropyl groups,*? such as

[OsH(n>-CoH7)(k?-P,C-CH2CH(CH3s)PPr2}(PPr3)]OTf,3® and  [Rh{PBu2(CH2CHCHsCH2)}(PBus)(u-
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Br)J2[BArf4]2,4° and methine activation has been reported in dimeric, chloro-bridged platinacycles [(k?-
P,C-0-PBu2,CMe2-CeHa4))Pt(u-Cl)]2.41 However, it is important to note that C—H activation has not

occurred at the aryl C—H bonds that were involved in the anagostic interactions.

The 31P{*H} NMR spectrum of 4-'Pr is broad at 298 K, but cooling to 183 K revealed at least
three different isomers with large J(PP) (~ 360 Hz) and small J(RhP) (112-121 Hz), typical of a trans-

P,P arrangement at a Rh(lll) centre (Figure 2.19).36

298K

183K h ii ot

T T T T T T

50 40 30 20 10 0
6 (ppm)

Figure 2.19. 31P{*H} NMR spectra of in-situ formed 4-'Pr at 298 K (top) and 183 K (bottom) (202 MHz,
de-acetone). Three different isomers have been highlighted by different symbols.

In the *H NMR spectrum of 4-Pr at 298 K, free NBA, broad aromatic and isopropyl groups and a sharper
hydride resonance at & —19.81 are observed (Figure 2.20). The hydride signal integrates to 1H
compared to the total aromatic signals, and is observed with observed doublet of triplet multiplicity.
Selective decoupling revealed this comprised of two equivalent J(cis-PH) 15 Hz and one J(RhH) 29 Hz.
Upon cooling to 183 K, this signal split into at least three different signals. We discount the formation of
a dihydride, as seen in 4-Me, as the integral of the hydride is 1H (even when a long delay of 20 seconds
is used in the acquisition), no apparent hydride-hydride coupling is observed, and there is no change in
the signals upon removal of the Hz atmosphere. Moreover, H/D exchange occurs in 4-'Pr but not 4-Me,

as discussed later.
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Figure 2.20. *H NMR spectrum of 4-'Pr (500 MHz, ds-acetone, 298 K). Integrals relative to the total
aromatic signals integral. * Denotes a pentane impurity and 1 denotes free NBA. The inset shows the
hydride signals at 298 K, 183 K and with and without 3!P-decoupling.

Evidently, a fluxional process is occurring in 4-'Pr. However, J(RhH) is observable between 183-298 K
and therefore Rh—H is not broken on the NMR timescale.*?** Therefore, it is proposed that the fluxional
process is caused by restricted rotation of the bulky aromatic groups, as previously reported,!? 38 and
also suggested in Rh(l) complexes 3-Me, 4-Me and 3-OMe. It is also important to note that the same
hydride signal and 3P{*H} characteristics of 4-'Pr were observed when 1,2-F2CesHa4 or 0-xylene solvents
were used instead of de-acetone, so reversible solvent binding is unlikely the cause of the fluxional
process. We also suggest methyl activation has occurred in 4-'Pr (i.e. isomer 4-Pr-a) due to evidence
of close (< 5 A) contacts between the hydride and methyl, methine and aryl protons deduced from a
NOESY NMR experiment at 183 K (Figure 2.21). Methine activation, to form 4-'Pr-b, is unlikely to show
methine/hydride correlations.36 We also suggest the hydride is trans to the more weakly bound oxygen
in the o-Pr-DPEphos backbone rather than the P atoms, based upon its relatively upfield chemical

shift.4s
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5 (ppm)

Figure 2.21. 'H/*H NOESY spectrum of 4-'Pr (500/500 MHz, ds-acetone, 183 K). Region highlighted
shows interactions between the hydride signals and alkyl and aryl protons that are within close proximity

(<5A).

2.4.2 Reactivity of C-H activated product 4-Pr

2.4.2.1 Deuterium incorporation

While C-H activation was not reversible on the NMR timescale, on the laboratory timescale it is
reversible. When D2 (15 PSI gauge pressure) was added to a sample of 4-'Pr in o-xylene (Scheme 2.9)
a signal due to Rh-D at & —20.21 in the 2H NMR spectrum appeared within two hours, at a similar
chemical shift to the equivalent hydride in 4-Pr (5 —19.81). Multiplicity could not be observed in the 2H
spectrum. Acetone solvent was initially used for these studies but H/D exchange was observed in the
solvent which suggested additional C—H activation processes were occurring. Thus, o-xylene was used
as a solvent for subsequent H/D exchange studies. A small amount of deuterium was also observed to
be incorporated into the methyl position of the isopropyl groups after two hours, which then greatly
increased over a two-week period and multiple D2 recharges (Figure 2.22). Incorporation into the
methine position was also observed after two weeks. These observations suggest that there is initial
formation of a deuterated isopropyl group and a Rh—D which then enriches the isopropyl group on
successive D addition. A proposed mechanism for H/D exchange is discussed in section 2.4.2.3. No

2H signals were observed in a blank sample of o-xylene under a D2 atmosphere. This complex was
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tentatively assigned to 4-'Pr-Dx and suggests that H/D exchange via C—H activation occurs on the

laboratory timescale.

S Me oxylene Z E C(H/D)s NBD : \é/r,z

O Rh H O Rh H/D
two weeks Ar2 \

PAr2 PAr 2
4-pr 4-Pr.D, 2-Pr-D,
yellow yellow orange

Scheme 2.9. Evidence for reversible C—H activation in 4-'Pr: addition of D2 to 4-'Pr to form deuterium
incorporated 4-'Pr-Dyx and addition of NBD to form 2-'Pr-Dy. [BArF4]- omitted for clarity.
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Figure 2.22. 2H NMR spectra of a sample of 4-'Pr-Dx under an atmosphere of 15 PSI D2 for 2 hours,
43 hours and two weeks compared to a blank sample of o-xylene also under 15 PSI D2 (61 MHz, o-
xylene, 298 K).

C—H activation in 4-'Pr was also shown to be reversible by the addition of excess NBD (10 equiv.) to 4-
'Pr, which resulted in the formation of 2-'Pr on time of mixing, as shown by multinuclear NMR

spectroscopy and ESI-MS. This reaction was exploited to ascertain the deuterium incorporation within
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4-Pr-Dy. Attempts to analyse 4-Pr-Dy by ESI-MS did not produce the expected mass values as
decomposition occurred. Instead, excess NBD was added to 4-Pr-Dy which resulted in the formation of

2-IPr-Dy (Scheme 2.9), which is air stable and could be analysed by ESI-MS.

The isotope pattern of 2-'Pr-Dy from these ESI-MS studies revealed that isotopologues of up to
D14 had formed and the distribution was centred at De/D7. This illustrates that multiple CHs or CH groups
must undergo C-H activation at the rhodium. A coding script, produced by Dr Timothy Morgan Boyd,
was used to plot the isotopologues in terms of % of total distribution (Figure 2.23). The 'H NMR
spectrum of 2-'Pr-Dy showed that the methyl and methine signals had lost intensity compared to 2-'Pr.
Using BArf; as an internal standard, revealed a deuterium incorporation of 40% in the methine position
and 20% into the methyl positions. This equates to roughly 6 out of 28 of the total isopropyl protons had
exchanged for deuterium atoms, consistent with the ESI-MS data. It is important to note that no
deuterium incorporation is observed in the aromatic region. This highlights the fact that anagostic
interactions do not necessarily precede C—H activation in this system, unlike agostic bonds which are

known to do s0.26. 46

18% T
16% +
14% +
12% +
10% +
8% T+
6% T

4% +

% of isotope distribution

2% T

0% f f f f f f f } } } } } } } |
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D atoms incorporated

Figure 2.23. Deuterium isotope distribution calculated via a coding script of the ESI-MS data of 2-Pr-
Dx.

A repeat of this experiment was stopped after just 48 hours under 15 PSI D2 and an almost identical

isotope distribution pattern was observed. A closer inspection of the *H NMR of 2-Pr-Dy revealed that
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two of the CHzs signals (which each correspond to two chemically equivalent CHs groups, i.e. integral
6H) have reduced in intensity by ~ 40% whereas the other two signals have only reduced by a few %.
Both methine 1H signals are reduced by ~ 40%, which suggests all four methine environments undergo
H/D exchange if we assume that the chemically equivalent environments undergo the same H activation
processes. In light of this, we propose that predominantly, only four out of the eight CHs groups and all
four methine C—Hs undergo C—H activation and subsequent H/D exchange, which could be due to
geometric constraints only allowing certain structural arrangements to undergo C—H activation. This
would explain why the maximum D incorporation is Disa. Why the distribution centres around D7 is
unclear, but could be caused by a complex interplay of kinetic isotope effects and statistical

probabilities.4”- 48
2.4.2.2 Reactivity with CO to form [Rh(o-Pr-DPEphos)(CO)[BArF,] 5-'Pr

The reversibility of the C—H activation in 4-'Pr, as shown by the reaction with NBD, was also shown to
occur with CO. A sample of 4-Pr was degassed and exposed to 15 PSI of CO. This led to the
guantitative formation of [Rh(k3-P,0,P-0-Pr-DPEphos)(CO)][BArF4], 5-Pr (Scheme 2.10), which was

characterised by NMR spectroscopy and single crystal X-ray diffraction.

Qﬂp H QPAQ
\+ Me CO \ +

O—Rh=H —_— O—Rh—CO
/ 1,2-F,CgH, /
PAI’2 PAI"2
4-pr 5-Pr

Scheme 2.10. Formation of 5-'Pr by addition of CO to 4-'Pr.

The solid-state structure of 5-Pr, as determined by x-ray crystallography, reveals a P-Rh—P bond angle
of 162.41(4)° and an Rh-O distance of 2.128(3) A (Figure 2.24). This is diagnostic of a mer-k3-P,0,P
arrangement of the o-'Pr-DPEphos ligand. A CO ligand is also bound, confirmed by the observation of
a CO stretch in the IR spectrum at 2023 cm! collected in the solid-state. This gives the complex overall
pseudo square planar geometry on a Rh(l) centre. There are reported examples of [Rh(mer-k3-P,0O,P-

diphosphine)CO][X] complexes with Xantphos,*® 0-H-DPEphos! and [P(Ph)2CH2CH2].0.5° The P-Rh—
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P bond angle in [Rh(mer-k3-P,0,P-Xantphos)CO][BF], was reported to be 164.42(5)° and the Rh—
O(backbone) distance is 2.126(3) A,5! which is similar to 5-'Pr. The CO stretching frequency in [Rh(mer-
k3-P,0,P-Xantphos)CO][BF4] was reported to be 1999 cm2,5! reasonably similar to 5-Pr. In the solid-
state structure of 5-'Pr, two methine protons are positioned in the apical positions to the rhodium within
reasonably close contact [2.67 and 2.82 A]. These are reminiscent of the anagostic interactions
observed in the Schrock-Osborn complexes, 2-R. A non-crystallographic C: axis is also present, which
is retained in solution: a single 3P peak at 8 19.9 is observed in the 3'P{IH} NMR spectrum as a doublet
with a small J(RhP) value of 123 Hz. In the *H NMR spectrum of 5-'Pr, however, only three broad CHs
signals in a 1:2:1 ratio are observed at 298 K. Cooling to 183 K revealed four signals in a 1:1:1:1 ratio,
i.e. C2 symmetry. Two methine environments are observed at all temperatures at & 4.74 and 3.10.
Clearly, one of these signals is shifted slightly more downfield than the other, which is shift of AS(*H) =
1.1 ppm compared to the free ligand. We therefore suggest the presence of two methine anagostic
interactions in 5-'Pr, as well as a dynamic process at room temperature that makes two CHs groups
equivalents on the NMR timescale, but is frozen out in an overall C2 geometry at 183 K, which reflects
the solid-state structure. Methyl groups on an isopropyl moiety cannot interchange via rotation (they are
diastereotopic), and therefore a small movement that creates a time-averaged local mirror plane
through the isopropyl group is more likely. Local mirror planes have been described before in
isopropylchloroformate and isopropylcyanoformate,5? as well as in the intermediates of alkyne reduction

by nitrogenase.5?
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5-Pr

Figure 2.24. Left — crystallographically determined structure of 5-'Pr. Hydrogens and [BArF]- anion
omitted for clarity. Right — reduced solid-state structure of 5-'Pr, highlighting the close Rh---H contacts.
Ellipsoids at the 50% probability level. Key bond lengths (A) and angles (°): Rh1-P1, 2.3145(7); Rh1-
P2, 2.3027(8); Rh1-02, 2.128(3); Rh1-C37, 1.819(4); C37-01, 1.135(5); Rh1-H47, 2.67; Rh1-H38,
2.82; P1-Rh1P2, 162.41(4); O2-Rh1-C37, 177.0(1); Rh1-C37-01, 177.8(3).

2.4.2.3 Mechanisms of reactivity

We consider several different mechanisms for the reactivity observed in 4-'Pr (i.e. C—H activation).
Firstly, an equilibrium between 4-Pr and a low-coordinate 14-electron Rh(l) complex, [Rh(k3-P,0,P-o0-
iPr-DPEphos)]* (A), via reductive elimination of the alkyl and hydride to reform the C—H bond (Scheme
2.11-Route I). Similar “masked” rhodium-phosphine complexes have been reported before, such as
[Rh(H)(k?-P,C-CH2CH(CHz)CH2P'BuiBu)(P'BUBU2)][BArF4], which was shown to be in rapid equilibrium
with the 12-electron Rh(l), reductive elimination product, [Rh(PBu'Bu.)2][BArF4].>* Others have also
reported examples of reversible H-C(sp?) activation within organometallic complexes.5557 Most notably,
Caulton showed that [(‘Bu2PCH2SiMez)2N]Rh is in rapid equilibrium with a Rh(lll) hydride,® and reacted
as a ‘masked’ 14-electron complex with NO to form [(BuzPCH:SiMe2)2N]JRh(N2) and
[(‘Bu2PCH2SiMe2)N]Rh(NO).5° Such reversible reductive elimination and oxidative addition (Route )
would explain the reactivity with NBD and CO, which reforms Rh(l) complexes, 2-'Pr and 5-'Pr.

However, this would not facilitate H/D exchange.

H/D exchange and CO/NBD coordination could also occur via ligand assisted reductive
elimination®. 61 (Scheme 2.11-Route 1l). A vacant site is suggested to be present on 4-Pr. A small

molecule, such as NBD or CO, could bind at this site, and promote reductive elimination, forming 2-'Pr
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or 5-'Pr respectively. This small molecule could also be Hz, and a subsequent o-CAM mechanism®2 (i.e.
a rearrangement of o-ligands without a change in metal oxidation state) could interchange the hydride
and o-bound D-D ligand and then reductive elimination/oxidative addition of the deuteride into the

isopropyl group could occur, leading to the formation of 4-'Pr-Dy.

A third mechanism pathway is via B-hydrogen elimination at the coordinated alkyl to form an
alkene moiety (intermediate B) with concurrent loss of Hz (Scheme 2.11 - Route Ill). B-hydrogen
elimination has been reported before in [Rh(P'Prs)s][BArF4] to form an alkene bound ligand and
concomitant loss of H2.%% D2 coordination and insertion into the alkene moiety followed by reductive
elimination would explain for D insertion at both the methine and methyl sites. A reversible reductive
elimination step to reform A, and flexibility within the ligand must be accessible to account for multiple
isopropyl groups incorporating deuterium (Dx > 7, bottom of Scheme 2.11). The observation of HD [d
4.39, J(HD) = 43 Hz] is consistent with either Route Il or Route Ill. Route Il provides an explanation
for incorporation into both the methine and methyl positions via formation of the alkene moiety.
Deuterium incorporation into the methine site is also possible via the 0-CAM and reductive elimination
route (Route Il) if the methine proton C—H activates, however, C-H activation was not observed at the
methyl group in the ortho-methyl variant 4-Me, therefore, methine activation is considered less likely.

Furthermore, B-hydrogen elimination is impossible at 4-Me and therefore Route Il is inaccessible.

Why D incorporation into 4-'Pr is only available up to D14 is not completely clear, but most likely
due to geometric constraints preventing half of the CHz groups from approaching the rhodium centre in

the required manner.
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Scheme 2.11. Potential reactivity pathways for the formation of 2-Pr, 4-Pr-Dy and 5-'Pr from 4-Pr. The
bottom scheme shows the required flexibility in the ligand to allow for D insertion into multiple isopropyl
groups. [BArF4]~ anions omitted for clarity.

2.4.2.4 Formation and characterisation of Hs;B-NMes incorporated product, [Rh(o-Pr-
DPEphos”)-n>-BH:NMes)][BArF,] 7-Pr

Further support for the dehydrogenative route (Route Ill) being a plausible pathway comes from
reactivity with the well-known hydrogen acceptor, tertiary butyl ethene®* 65 (TBE) in the presence of
HsB-NMes with 4-Pr in 1,2-F2CsHa solvent.®6 67 HsB-NMesz has previously been shown to undergo

rhodium-catalysed hydroboration with alkenes®® 69 and therefore a useful chemical trap to ascertain
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whether Route Il is operating (albeit in the presence of TBE). There was an immediate colour change
from yellow to dark blue when 4-'Pr, TBE and HzB-NMes were combined. NMR spectroscopy confirmed
guantitative conversion of 4-Pr to what is tentatively assigned as a sigma bound n2(BH)-HsB-NMes
complex: [Rh(k2-P,P-0-Pr-DPEphos)(n2n2-HsB-NMes)][BArF4], 6-'Pr (Scheme 2.12). Upon the addition

of TBE to 4-'Pr without HsB-NMes, a complex mixture of unknown hydrido complexes were observed.

Ar
g
\+ Me 3 eq. H3B-NMe; élfz « H. )
~F1,, " ~

O—Rh=H E—
= P' Rh‘H/B\
/ 4 / ! = o Ar2
PAr, eq. /><
4-Pr 1,2-F,CgHy 6-Pr
yellow upon mixing blue

Scheme 2.12. Formation of sigma complex 6-'Pr and agostic complex 7-'Pr by the addition of HsB-NMes
and TBE to 4-Pr, upon mixing and after 7 days respectively. [BArF4]- anions omitted for clarity.

Dark blue/green colours are unusual for Rh—Phosphine complexes, but have been reported previously
for Rh(l)-Xantphos and Rh(l)-DPEphos sigma and agostic B-H complexes.® 768 A broad !B signal at &
21.4 was observed in the 1B{*H} NMR spectrum (Figure 2.25), which is very similar to the previously
reported o-H-DPEphos equivalent [Rh(o-H-DPEphos)(n?n?-HsB-NMes)][BArF4], 6-H (& 20.7),” and
[Rh(PPr2(CHz2)3PPr2)(n?n2-HsB-NMe3z)][BArFs] (8 24.5).7° A sharp singlet at & —6.4 was also observed
which corresponds to [BArF4]~. A very broad 'H signal centred at & —2.8, integral 3H, in the H NMR
spectrum of 6-'Pr is observed, which sharpened upon !'B-decoupling, that is diagnostic of a rapid
exchange between Rh---H-B and terminal B—H. A similar characteristically upfield signal has been
observed in 6-H (& —-1.74, 3H)”® and [Rh(PPrz2(CH2)sPPrz2)(n2n3-HsB-NMes3)][BArF4] (-1.9, 3H).7°
Unfortunately, the 1,2-F-CsHa solvent aromatic signals overwhelmed the aromatic signals in 6-'Pr, and
the alkyl region is complicated with the presence of free NBA and excess HsB-NMes and TBE. In the
31P{1H} NMR spectrum, two 3P signals are observed for 6-'Pr at & 31.4 and 19.4 as broad doublets
[J(RhP) =209 and 176 Hz] (Figure 2.25). This is indicative of a cis-k?-P,P arrangement of the DPEphos-
type ligand bound to a Rh(l) centre, with a reasonably weakly binding co-ligand.? This is in contrast with
6-'Pr and [Rh(P'Pr2(CH2)3sPPr2)(n2-HsB-NMes)][BArF4], which both showed a symmetric arrangement of
the diphosphine by 3P NMR spectroscopy.” 7° Therefore, we suggest that restricted rotation of the

bulky aromatic groups*? locks the o-Pr-DPEphos ligand.
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Figure 2.25. 31P{1H} NMR spectra of in-situ formed 6-Pr (202 MHz, 1,2-F2CsHa4, 298 K). The inset
shows the selected regions of the 1B{*H} NMR spectrum (128 MHz, 1,2-F2CsHa, 298 K).

Attempts to isolate 6-'Pr led to decomposition of the complex. However, after leaving the reaction
mixture for several days, the solution started to turn dark green and the spectroscopic analysis revealed
a new complex had quantitatively formed after seven days. NMR and single crystal X-ray
crystallography showed that this new complex has undergone C—-H activation followed by a double
dehydrogenative borylation with HsB-NMes to form a vinyl borane moiety within the o-Pr-DPEphos
ligand (Scheme 2.12). Rhodium catalysed borylation”* and dehydrogenative borylation”? are known.
Simple precatalysts such as RhCI(CO)(PPhs). have been shown to form vinyl borate esters from
substituted alkenes and diboron reagents via dehydrogenative borylation.” However, this is the first
example, that we know of, that this has occurred within the ligand framework. The resultant product is
assigned as [Rh(k2-P,P-(0-Pr-DPEphos”)-n2-BH2NMes)][BArF4], 7-Pr which is isolated as a green
analytically pure solid in good yield (88%) (Scheme 2.12). A solid-state structure was obtained via
single-crystal X-ray crystallography (Figure 2.26). This revealed that one HsB-NMes incorporated o-Pr-
DPEphos” ligand binds to the rhodium centre via two P, an n?(C=C) ethenyl moiety [D(Rh1-C37),
D(Rh1-C39) and D(C=C) = 2.266(3), 2.152(3) and 1.392(6) A respectively] and an agostic B—H
[D(Rh1-B1) = 2.391(6) A and D(Rh1-H1B) = 1.99 A). The tight Rh1-H1B-B1 angle of 87.8(2)° is
suggestive an n?(BH) agostic coordination.” The P atom trans to the more weakly bound B—H agostic

bond is ~0.1 A closer to the rhodium that the P trans to the ethenyl moiety due to the stronger trans
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influence of alkenes.” Overall there is a pseudo square planar geometry in the solid-state at the metal

centre.

Figure 2.26. Crystallographically determined structure of 7-Pr. Selected aryl groups in wire frame and
[BArF4]~ anion omitted for clarity. Only key hydrogens are shown. Ellipsoids at the 50% probability level.
Key bond lengths (A) and angles (°): Rh1-P1, 2.3361(9); Rh1-P2, 2.270(1); Rh1-H1B, 1.99; Rh1-B1,
2.391(6); Rh1-C37, 2.266(3); Rh1-C39, 2.152(3); Rh1-H46, 2.47; Rh1-H49, 2.75; C37-C39, 1.392(6);
C39-B1, 1.557(6); B1-H1B, 1.41(4); Rh1-H1B-B1, 87.8(2); P1-Rh1-P2, 100.59(4); C37-Rh1-C39,
36.6(2).

The NMR spectroscopic data (CD2Clz, 298 K) are fully consistent with the solid-state structure. Two 3P
environments at d 29.5 and 8.5, both observed as doublet of doublets, reflect the C1 symmetry of 7-'Pr
in the solid-state (Figure 2.27). The J(RhP) values of 187 and 165 Hz also support the fact that one 31P
atom is more tightly bound than the other, and a mutual J(PP) value of 31 Hz suggests a cis-k?-P,P
arrangement. In the *B NMR spectrum, a broad resonance observed at 8 —10.2 is assigned as the BH:
moiety, which sharpened upon 'H-decoupling. A sharper [BArf4]- signal at & —9.1 overlaps with this
broad BH: resonance. In the 'H NMR spectrum, seven isopropyl CHs (integral 3H) and one N(CH3)z (&
2.48, 9H) signals are observed. A broad signal at 6 —7.54 (integral 1H), which sharpened and revealed
ddd multiplicity upon !B-decoupling, is assigned as the agostic B—H proton. Via selected decoupling
experiments the multiplicity of this characteristically upfield shift could be deconvoluted as J(RhH) = 14
Hz, 2J(HH) = 14 Hz and J(PH-trans) = 52 Hz. The terminal B—H signal could also be pinpointed after
11B-decoupling was applied, with the same 2J(HH) of 14 Hz. Interestingly, two of the methine signals of
the 'Pr are observed shifted notably downfield compared to the third (3 4.92, 4.75 and 2.32) (Figure

2.28). Correspondingly, these are shifted 1.29 and 1.12 ppm [Ad(*H)] compared to the free ligand.
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Figure 2.27. 31P{1H} NMR spectrum of 7-'Pr (202 MHz, CD2Clz, 298 K).
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Figure 2.28. 'H NMR spectrum of 7-'Pr (500 MHz, CD2Clz, 298 K). Integrals relative to the meta-H
[BArF4]- signal. The inset shows the signal corresponding to the agostic B-H moiety, with and without
11B-decoupling.
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Closer inspection of the solid-state structure revealed that two methine protons were indeed axially
positioned and in relatively close contact with the rhodium [D(Rh1---H46) = 2.47 and D(Rh1:--H49) =
2.75 A] (Figure 2.29). These are very similar to the methine anagostic interactions observed in 5-Pr.
Therefore, serendipitously, we have isolated and fully characterised the first known complex that
contains both an anagostic C—H interaction and an agostic B—H bond. The anagostic C—H protons are
axially positioned trans to one another, in the apical position on the rhodium with ® values (Figure 2.12)
of 66.2° and 64.8°. The values for this metric are similar to those already measured for the aromatic
anagostic protons in 2-R (63-65°), the methyl anagostic in 2-Me (69.2°) and the similar methine protons
in 5-'Pr (59.0 and 64.0°). The B—H agostic, however, is situated on the equatorial plane of the molecule
(® =6.6°). The resultant difference in chemical shift is dramatic (Table 2.4). The agostic proton is shifted
upfield by A6(*H) = -10.00, compared to the model vinyl borane PhCH=CPh(H2B-NMe3) [6(*H) 2.4],5°
whereas the anagostic methine protons are shifted downfield by 1.29 and 1.12 ppm respectively
(compared to free 1-Pr). This is consistent with Scherer’s analysis, and our own, in which is it the

placing of the C—H bonds that defines the chemical shift.3°

Figure 2.29. Reduced solid-state structure of 7-'Pr, showing only the fragments specifically involved
with rhodium binding, highlighting the agostic B-H and anagostic C—H motifs. Ellipsoids at the 50%
probability level. Structural and electronic data are shown in Table 2.4.

Our computational collaborators, Stuart Macgregor and Arron Burnage, calculated the electronic
structure of the Rh---H-E interactions within 7-'Pr. The methine anagostic interactions, Rh1---H46—-C46
and Rh1.--H49-CA49, are electronically very similar to the aryl anagostic interactions in 2-R. Thus, the

major bonding component was calculated to be from a filled rhodium orbital into a vacant ¢*(C-H)
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orbital. The strength of this interaction is similar to the strongest aryl anagostic interactions previously
calculated in 2-Pr, e.g. 7-'Pr: 10.95 and 9.59 kcal mol! and 2-'Pr: 8.98 and 6.70 kcal mol1. Moreover,
the minor component to the bonding in this interaction is also from o(C-H) to the rhodium. This bonding
description sharply contrasts with the agostic B—H. The major contribution in this Rh—H-B, 3-centre-2-
electron bond, is from the o(B—H) orbital into a vacant rhodium orbital, which was calculated to be five
times stronger than the methine anagostic interactions, at 52.38 kcal mol-'. This is reflected by the E—
H—-Rh bond angle in the B—H agostic bond being much more acute [87.8(2)°] compared to the anagostic
motifs (~160°) to allow for good orbital overlap, as well as the considerably shorter Rh---H distance
(2.47, 2.75 and 1.99 A respectively). A minor component of the agostic bond is donation from the Rh

into the o*(B—H) orbital, but this is ~10% of the electronic contributions.

Table 2.4, Structural and electronic metric of the Rh---H interactions within 7-'Pr.

Rh---H46-C46 |Rh---H49—-C49 | Rh---H1B-B1
0 LE-H-Rh (°)? 167.6(3) 157.4(3) 87.8(2)
® 2H-Rh/RhP; (°) 64.8 66.2 6.6
D(Rh---H) (A) 2.47 2.75 1.99(5)
5("H) (ppm) 4.92 4.75 —7.54
A3('H) (ppm)® 1.29 1.12 ~10.00¢
Rh — o*(E-H) (kcal mol™)° 10.95 9.59 6.71
o(E-H) — Rh (kcal mol')° 0.95 0.73 52.38

E = C or B. @ See Figure 2.12 for diagram of metrics. ° Difference in chemical shift of the methine proton in 7-'Pr
and the free ligand 1-'Pr (500 MHz, CD2Clz, 298 K). ¢ NBO donor-acceptor interactions. ¢ Chemical shift compared
with the model free vinyl borane PhCH=CPh(H2B-NMe3).%°

Utilising the same computational methods as Scherer,3° the current densities within 7-'Pr were plotted
(Figure 2.30). The small arrows describe the direction of the current density that arise from the
implementation of Bo in a fixed direction, mimicking NMR conditions. The dark blue arrows highlight the
direction that the current density is moving and there is clearly a counter-clockwise nature to the current,
or more formally termed: a paratropic ring current. As a consequence, an induced magnetic field, Bing,
manifests perpendicular to the ring current and parallel with Bo.%° This then has the implication that any
protons approaching the metal from the axial direction, i.e. an anagostic proton, will experience a
deshielding effect (Bet = Bo + Bind). Any protons approaching on the equatorial plane (agostic protons)
will experience a shielding effect. This is just one orientation of Bo relative to the complex, and in reality,
when also considering molecular tumbling, there is in fact an extremely complex interplay of topological

placing and experienced magnetic fields.”® However, the observed experimental chemical shifts within
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7-Pr are in good agreement with the proposed theoretical and computational analysis.2° This reinforces
the previous comments on 2-R complexes that the spectroscopic observations of anagostic interactions
are similar to ring current effects, as observed in protons approaching aromatics.32 3377

RN LTS r A
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P@ A

agostic 'H

Figure 2.30. Current densities in 7-Pr induced by a magnetic field, Bo, in the direction of the light blue
arrow coming out of the page. The colour code for the magnitude of the current density is based on a
logarithmic scale (dark blue, light blue, green, yellow and red correspond to 100%, 10%, 1%, 0.1% and
0.01% of the induced current density). A Schematic representation of the induced current and
concurrent induced magnetic field (Bind) is shown on the right.

We propose a mechanism for the formation of 7-Pr that proceeds via an ethenyl bound complex
(intermediate B) formed through B-hydrogen elimination from 4-'Pr and concurrent liberation of Hz,
thermodynamically encouraged by sacrificial TBE (Scheme 2.13).%% 78 H3B-NMes then undergoes
hydroboration with the double bond to form a base stabilised alkyl borane (C). A second
dehydrogenation step must then occur to obtain 7-'Pr. This is most likely to occur via a second C-H
activation/B-hydrogen elimination sequence and is suggested in other dehydrogenative rhodium
catalysed hydroboration reactions.”> 73 No evidence of catalytic dehydrocoupling®® or hydroboration of
TBES®® 79 was observed when 20 equivalents of TBE and H3B-NMes were added to 7-Pr, which suggests

that no further reactivity with either TBE or HsB-NMes occurs.
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Scheme 2.13. Proposed mechanism for the formation of 7-'Pr via a dehydrogenative borylation from 4-
iPr.

2.5 Conclusion

In this chapter, a series of novel Schrock-Osborn type complexes® ° containing DPEphos ligands
varying in steric bulk at the ortho-position, [Rh(o-R-DPEphos)(NBD)][BArF4] (2-R), have highlighted the
influence ortho-aryl substitution can have on solid-state structure, fluxionality, reactivity and anagostic
interactions. A backbone ring flipping process?* 25> was observed on the NMR timescale when R = H,
Me or OMe, and also downfield shifted aromatic signals in the *H NMR spectrum in the low temperature
regime. The bulkiest variant, when R =Pr, was fixed in one position, and a downfield shift, characteristic
of an anagostic interaction, was observed at all temperatures. These downfield shifts coincided with
close Rh:--H contacts, as previously described in metal d® anagostic interactions.27 28 80 \With the aid of
a computational collaboration we deduced that the structural positioning of the proton influenced the
strength of the electronic bonding contributions, which was predominantly Rh(dzz) — o*(C-H) and a
small component of o(C—H) — Rh. However, this did not correlate with the change in downfield chemical
shift.

Distinct reactivities were observed for each of the ortho-aryl substituted DPEphos ligands upon
application of Hz. The least bulky ligands formed Rh(l) solvated complexes, whereas C—H activation

occurred at the isopropyl group of the bulkiest variant (R = Pr), which was shown to be reversible
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through addition of CO, NBD and D2. In search of a mechanism for the reactivity of the C—H activated
product, we synthesised the first complex that exhibits both a C—H anagostic interaction and a B-H
agostic bond. Importantly, C—H activation did not occur at the anagostic proton. With this complex in
hand, we highlighted the reasoning behind the chemical shift changes observed in both metal-H motifs
as well as the vastly different electronic make-up between anagostic Rh---H-C interactions and agostic
Rh—-H-B bonds. The dominant electronic contribution in the B—H agostic bond [o(B—H) — Rh] was
shown to be five times stronger than the Rh---H-C anagostic interactions. When a hydrogen atom is
forced into the apical position (® — 90°), the proton approaches the metal through a region of charge
concentration, and the local magnetic environment creates a deshielding effect on the proton (i.e. an
anagostic proton). When the proton approaches on the equatorial plane (® — 0°), such as an agostic
bond in a square planar ML4 complex, the local magnetic environment has a shielding effect on the
proton. Therefore, it is the topological placing of the proton that influences the observed changes in
chemical shift similar to ring current effects in arenes.32:33.77 This is all consistent with Scherer’s analysis

on [Rh(CAAC)(CO)CI] and [NiMez]* systems (CAAC = cyclic alkyl-aminocarbenes).3°

Further work on this subject could involve a detailed investigation of the influence of anagostic
interactions in catalysis. How much do these relatively weak interactions impact the stabilisation of
catalytic intermediates and rates of reaction? This would be challenging as there would also be a major
influence of the ligand steric bulk on reactivity and deciphering the exact effect of the anagostic

interactions alone would require computational collaboration.
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3 Chapter Three — Synthesis and coordination chemistry of o-F,F-DPEphos
and a comparison with o-H-DPEphos and o-Me-DPEphos

3.1 Preamble

In Chapter Two, Schrock-Osborn complexes of ortho-substituted DPEphos ligands were explored,
including: o-H-, o-Me-, 0-OMe- and o-'Pr-DPEphos. These complexes all contained ortho-aryl Rh---H-
C anagostic interactions in the solid-state and solution. The hydrogenation products of these Schrock-
Osborn complexes in de-acetone varied between Rh(l) solvated and Rh(lll) hydrido complexes,
depending on the ortho-aryl substituent. The question we next asked was, what if both of the ortho-aryl
protons are exchanged for fluorine atoms? Through targeted ligand design we can prevent the formation
of ortho-aryl anagostic interactions and also investigate the influence of ortho-fluorine substitution on

the fundamental coordination chemistry of DPEphos ligands.

Within this chapter, the coordination chemistry of the new ligand ortho-F-F-DPEphos, 1-F,F, is
analysed and compared with the parent DPEphos, o-H-DPEphos (1-H) (Figure 3.1). In some instances,
the equivalent o-Me-DPEphos (1-Me) complexes will also be compared, to ascertain if the effect of

ortho-fluorine substitution is comparable to the bulky ortho-methyl variant.

© [ H ; 0 ; F ; ‘o’; H
PAr, ArP. PAr, ArP PAr, ArP

Ar = Ar = Ar =
1-H H 1-F,F F 1-Me Me

Figure 3.1. The three ortho-substituted DPEphos ligands explored within this chapter.
3.2 Ortho-F,F-DPEphos

The di-ortho-fluorine analogue of o-H-DPEphos, o-F,F-DPEphos (1-F,F) was prepared using the same
method used for the preparation of 1-Pr (section 2.2.1).1 Stoichiometric addition of Li[2,6-F2CsH3] to
2,2’-(PCl2)2(CsHa4)20 at —78 °C resulted in the formation of 1-F,F (Scheme 3.1). An aqueous workup
followed by recrystallization in a CH2Cl2/pentane solution mixture afforded 1-F,F as an analytically pure

white solid in a modest yield (30%).
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THF PAr2
PCl, PCl, 78 °C Ar =
1-FF F

@@E@@

Scheme 3.1. Synthesis of 1-F,F.

1-F,F was fully characterised by multinuclear NMR spectroscopy (CD2Clz). In the 31P{*H} NMR spectrum
a single resonance was observed at & —62.5, coupling to four equivalent 1°F nuclei to give a quintet
[J(PF) = 40 Hz] (Figure 3.2). This was also reflected in the °F{*H} NMR spectrum, which showed a
single doublet signal at & —100.7, with an equivalent coupling constant [J(PF) = 40 Hz]. The 31P signal
is shifted 45.9 ppm upfield compared to 1-H. A similar difference in shift is observed between PPhs (&
—4.7)2 and PPh(2,6-F2CeH3)2 (6 —50.6).2 The fact that only one 3P and one °F environment are
observed indicates that there is free rotation of the aryl groups* and flexibility within the backbone which
makes all of the aryl groups and the 3P nuclei equivalent on the NMR timescale. This is corroborated
by the TH NMR data, which details six signals in an 8:4:2:2:2:2 ratio, corresponding to the meta-H and

para-H on the substituted aryl groups, and the four backbone signals respectively (Figure 3.2).

SR SR

e || J~
— _V_,—\_,-—'—'—/ —_—
-100.0 -100.5 -101.0 -101.5
\_ 5ppm) : M | ?'l:e!_

7573716967 65
NPIH
e \_  5(em /
-45 -50 -55 -60 -65 -70 -75 -80

5 (ppm)

Figure 3.2. 31P{*H} NMR spectrum of 1-F,F (202 MHz, CD2Clz, 295 K). The insets show the *°F{*H}
spectrum and the aromatic region of the 'H NMR spectrum (471 and 500 MHz, CD2Clz, 295 K).
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3.3 Synthesis, characterisation and structural behaviour of [Rh(o-F,F-
DPEphos)(NBD)][BArF]

Intrigued how the coordination chemistry with Rh(l) fragments will change if we remove the possibility
of ortho-aryl Rh---H—C anagostic interactions, the corresponding Schrock-Osborn complex of 1-F,F,
[Rh(o-F,F-DPEphos)(NBD)][BArF4] 2-F,F, was synthesised in a similar manner to 2-'Pr in Chapter Two.!
Stoichiometric addition of 1-F,F to [Rh(NBD)2][BArF4] in 1,2-F2CeHa solvent resulted in the quantitative
formation of 2-F,F (Scheme 3.2), which was isolated as an analytically pure, orange powder. The solid-

state structure does not match the symmetry observed in the solution-state.

Ar
o F [Rh(NBD)z][BArFﬂ /é,rlz R’+H‘\\ o P/,2,,+‘\\
PAr,  ArP 1,2-F,CgHj @o Krz ~ A,
Ar =
1-FF F 2-FF
solid-state geometry solution-state geometry

Scheme 3.2. Synthesis of [Rh(o-F,F-DPEphos)(NBD)][BArF4], 2-F,F. [BArF4]- anions omitted for clarity.

A few crystals suitable for diffraction were obtained by slow diffusion of pentane into a 1,2-F2CsHa
solution of 2-F,F. The solid-state structure revealed a very similar overall bonding structure to 2-H, 2-
Me and 2-OMe studied in Chapter Two, i.e. a cis-k2-P,P arrangement of the o-F,F-DPEphos ligand [P—
Rh-P = 101.48(2)°] with no ether coordination [D(Rh---O) = 3.480(2) A] and the NBD fragment bound
n?n?(C=C) to give an overall pseudo square planar geometry on a Rh(l) centre (Figure 3.3). The
diphenylether backbone is twisted and the oxygen sits off the P1-Rh—P2 plane by 1.67 A in an
envelope-like> geometry, giving overall C1 symmetry. The Rh—P and Rh—C bond lengths and angles
are comparable to 2-H, 2-Me and 2-OMe. There are two close F---F contacts between F2---F3 and

F6---F7 of 2.820(2) and 2.859(2) A respectively (Figure 3.3).
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R

, P2
SR O

Figure 3.3. Crystallographically determined structure of 2-F,F. Ellipsoids shown at the 50% probability
level. Hydrogen atoms and [BArF4]~ anion omitted and substituted aryl groups in stick form for clarity.
Selected bond lengths (A) and angles (°): Rh1-P1, 2.3180(6); Rh1-P2, (2.3757(6); Rh1-01, 3.480(2);
Rh1-F1, 2.876(2); Rh1-F6, 3.147(2); P1-Rh1-P2, 101.48(2). An end on and reduced form of 2-F,F is
shown on the right, emphasising the envelope conformation.

In solution at 295 K, a single resonance is observed in the 3'P{*H} spectrum as a sharp doublet at & —
17.4 with J(RhP) = 163 Hz (Figure 3.4). This is ~34 ppm more upfield than [Rh(o-H-
DPEphos)(NBD)][BArF4] (2-H), but both have similar J(RhP) values (159 Hz in 2-H).® In the 1°F{*H} NMR
spectrum at 295 K, three, very broad signals are observed in an approximate 1:2:1 ratio (Figure 3.4).
The 'H NMR spectrum reveals a time-averaged C2v symmetry of 2-F,F at 295 K, as three NBD signals
ina4:2:2 are observed at 6 4.16, 3.80 and 1.44 respectively, corresponding to the alkene, methine and
methylene protons respectively. The aromatic signals are broad and overlapping and provide no
structural information. Upon cooling to 223 K, the 3P signal in the 31P{*H} NMR spectrum splits into a
doublet of doublets, retaining the original J(RhP) (163 Hz) combined with a new J(PF) of 38 Hz. In the
19F NMR spectrum, four signals are observed in a 2:2:2:2 ratio, three of which are singlets (6 —90.8, —
97.9 and -103.5) and one doublet signal at & —98.1, showing the same J(PF) value of 38 Hz (Figure
3.4). Cooling to 140 K in CDCIzF,” did not reveal any further coupling. In the H NMR spectrum of 2-F,F
at 183 K, four NBD signals are observed in a 2:2:2:2 ratio, suggesting a C2 symmetry. Therefore, the

observation of four 1°F signals implies that there is restricted rotation about the P—C bonds, which makes
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the ortho-fluorine atoms on the same aryl groups inequivalent. This has previously been reported in
trans-[PtCl2(PEts)(P{CeFs}3)].2 Upon warming 2-F,F to 318 K, only one, very broad °F signal is
observed, suggesting multiple isomers are coalescing at higher temperature. There are several
observations to note here: 1) A fluxional process is occurring on the NMR timescale that makes the 1°F
atoms become equivalent at higher temperature. 2) At 183 K, the NBD 'H and 1°F signals show a
complex of C2 symmetry, but at 298 K C2v symmetry is observed. 3) The P-F coupling between one
31p and four '°F nuclei, which gave quintet and doublet multiplicity respectively in 1-F,F, is no longer
apparent, and instead, there is only one observable J(PF) coupling. 4) No through-space 1°F-19F
coupling is observed, despite the close F---F contacts in the solid-state, unlike 6-F,F, which will be

discussed in section 3.6.

P{'H} NMR 19F{'H} NMR

318 K 318K
183 K *
223K h ¢ 1
140 K 140 K CDCI,F
CDCI,F M

14 15 16 -17 -18 -19 -20 90 94 98 102 -106
5 (ppm) 5 (ppm)

Figure 3.4.31P{*H} NMR spectra (left) and 1°F{*H} NMR spectra (right) of 2-F,F at different temperatures
(500 and 471 MHz respectively, CD2Clz unless otherwise stated). * Denotes the one °F signal that
shows J(PF) which is highlighted in the inset.

An unexpected lack of P-F coupling has been reported before by Saunders and co-workers in trans-
[PtCl2(PEts)(P{2,6-F2CsHs}3)], in which only coupling between one 3'P and one °F was observed at low
temperature [J(PF) = 30 Hz] and a fluxional process was attributed to restricted rotation of the aryl
groups. In comparison, a doublet and a septet are observed in the 1°F and 3!P NMR spectra respectively
for free P(2,6-F2CsH3)z [J(PF) = 39 Hz].2 In the report by Saunders, no explanation was given for the
lack of P-F coupling, but potentially the orbital overlap which facilitates the coupling mechanism is

sensitive to slight changes in the bridging bond angles (i.e. the Karplus equation).® The reason why only
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doublet multiplicity is observed in the 3P signal of 2-F,F at 223 K is potentially due to restricted aryl
rotation making the fluorine atoms on the same aryl rings inequivalent but there is still overall Cav

symmetry in the complex, and the 31P nucleus only couples to one 1°F out of the possible four.

Restricted aryl rotation would not account for the change in symmetry observed for the NBD
fragment at different temperatures. Instead, we propose a low energy ring-flipping process between two
C: states is occurring in 2-F,F in solution which gives time-averaged Czv symmetry at higher
temperature (Scheme 3.3). This process retains C2 or C2v symmetry throughout, hence the preservation
of a single 3P signal at all temperatures. We suggest the C2 geometry is similar to the solid-state
structure of 2-'Pr (section 2.3.1), in which the oxygen sits closer to the RhP2 plane than the envelope-
like> C1 structures of 2-H, 2-Me and 2-OMe. The proposed fluxionality within 2-F,F is different to that
suggested for 2-H, 2-Me and 2-OMe (section 2.3.2) which were observed as C: isomers at low
temperatures. Restricted rotation of the partially fluorinated aryl groups is also occurring on the NMR
timescale (Scheme 3.3). Ring-flipping processes are known in metal-Xantphos?? ! and metal-DPEphos
complexes, as discussed in section 2.3.2.1 This dynamic process in 2-F,F tempers the through-space
F---F interactions, unlike 6-F,F, in which no backbone fluxionality was observed, which is discussed in

section 3.6.

Ar Ara
2 Ar Pu,, +
0 IheRhl e Prrr, 4 O Arpe— R
P ~ O N SRhy F
Ar2
F
backbone flipping process restricted aryl rotation

Scheme 3.3. Proposed fluxional processes occurring in 2-F,F in solution.

Returning to the crystal structure of 2-F,F, instead of ortho-aryl protons situated in the apical position to
the rhodium, as seen in 2-R in Chapter Two, two ortho-fluorine atoms are located trans to one another
in similar positions (F1 and F6, Figure 3.5). The Rh---F distance of one of the contacts is similar to
anagostic interactions in 2-H with D(Rh---F1) = 2.876(2) A, and the other is slightly longer; D(Rh---F6)
= 3.147(2) A. However, considering the covalent radius of F is 0.26 A larger than H (0.57 and 0.31 A

respectively),’? the F atoms are closer, relatively, to the rhodium. The angle between the P1-Rh—P>
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plane and the apical fluorine atoms (®) are 65.5° and 58.0°, which are very similar to the protons in 2-

H (& = 63.1° and 58.0°).

- 2-H

Q H1
o 2.9197(3) A

3.147(2) A

Figure 3.5. Truncated structures of 2-F,F and 2-H (section 2.3.1) highlighting the close Rh---F and
Rh---H contacts. Ellipsoids shown at the 50% probability level. [BArF4]- anion, hydrogen atoms and aryl
groups not involved in metal contacts are removed for clarity.

Close metal fluorine interactions have been reported before by Togni and co-workers in
[MCI(COD)diphenyl(5,6,7,8-tetrafluoronapthalen-1yl)] (M = Rh or Ir, COD = cyclooctadiene) for which
one fluorine atom is situated 3.0997(8) and 3.074(1) A from the Rh and Ir centres respectively (Figure
3.6). No J(RhF) was observed in Togni’s rhodium complex, but it is interesting to note that the 1°F NMR
signal corresponding to the fluorine atom in close contact with the rhodium is shifted downfield by ~20
ppm compared to the other signals.'® This downfield shift is reminiscent of a M---H-C anagostic

interaction.14

Togni (2010)
M = Rh: D(Rh---F) = 3.0997(8) A
P/Ph M = Ir: D(Ir---F) = 3.074(1) A

AN
| Ph

Figure 3.6. Diagram of the M---F interactions observed by Togni and co-workers.3
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If we assume a time-averaged Cz symmetry in solution at low temperature, then F1 and F6 are likely to
be chemically equivalent. One of the 1°F signals in 2-F,F, at 8 90.9 (integral 2F), is shifted downfield by
9.8 ppm compared to the free ligand, and is ~10 ppm more downfield than the other signals. No J(RhF)
is observed in any of the signals. However, it would be incorrect to directly compare the anagostic
interactions analysed in 2-R and the metal-fluorine interactions in 2-F,F. Firstly, the covalent radius of
fluorine is 0.57 A, much larger than that of hydrogen (0.31 A).15 Also, C—F bonds are much more
polarised than C—H bonds, and therefore any bonding interaction may well be more electrostatic in
nature.'? Such metal-fluorine interactions have been described as metal-dipole interactions, which can
also be angle dependent,® or defined as closed-shell interactions which are stronger than van der
Waals forces but weaker than most ionic or covalent bonds.” Nevertheless, it is interesting that the
fluorine atoms in 2-F,F are positioned similarly to the protons in 2-H. Computational calculations are
required to ascertain the exact bonding of these metal-fluorine interactions and also ascertain whether
changes in local magnetic fields, dependent on the topological placing of the F atoms, influences the

19F chemical shift.

3.4 Hydrogenation of [Rh(o-F,F-DPEphos)(NBD)][BArF4] in de-acetone

Schrock-Osborn catalysts are typically activated by hydrogenation of the diene fragment in a
coordinating solvent.18 2-H has previously been activated in this way in the present of o-xylene,!®
acetone,® and CsHsF2%, which resulted in the formation of Rh(k?-P,P-DPEphos)(n®-o-xylene)][BAr-4] (i-
17),1° [Rh(k2-P,P-DPEphos)(n!-O-acetone)z][BArFs]  (i-18)® and [Rh(k?-P,P-DPEphos)(n®-
CsHsF)][BArF4] (i-19)%° respectively. Acetone was also employed in Chapter Two with the other mono-
ortho-substituted DPEphos variants. The less bulky variants formed solvated complexes, e.g. [Rh(o-
H,DPEphos)(acetone)z][BArF4] (3-H) and [Rh(o-OMe-DPEphos)(acetone):][BArF4] (3-OMe), whereas,
hydride complexes were formed with the more bulky ligands, such as [Rh(o-Me-
DPEphos)(H)2(acetone)][BArFs4] (4-Me), and C—H activation occurred in the bulkiest, ortho-isopropyl

variant, forming {{[Rh(o-Pr-DPEphos’)(H)][BArF4] (4-'Pr).%

We now extend these studies to 2-F,F. Application of a H2 atmosphere (15 PSI gauge pressure)
to a sample of 2-F,F in ds-acetone solvent resulted in an colour change from orange to red on the time

of mixing, immediately indicative of a Rh(l) solvated complex rather than a Rh(lll) dihydride, which are
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typically pale yellow. The in-situ NMR data confirmed complete conversion of 2-F,F to a new complex,
which is assigned as [Rh(o-F,F-DPEphos)(ds-acetone)z][BArF4] (3-F,F, Scheme 3.4). Attempts to isolate

3-F,F resulted in decomposition of the complex and so it was subsequently characterised by in-situ

Ho
Ar
/érlz, +‘\\\ dG-acetone /P//21 ¥ \‘\O%
R ‘Rh

NMR spectroscopy only (Figure 3.7).

— — ~
=\ P~ ~ NBA A\
@O Ar, L =0 An o
2-FF 3-FF
orange red

Scheme 3.4. Hydrogenation of 2-F,F in de-acetone to form solvated complex 3-F,F. [BArF4]- anion
omitted for clarity.

In the 3P{1H} NMR spectrum of 3-F,F only one signal is observed, at & 3.0, shifted downfield by 20.4
ppm compared to 2-F,F. There is a similar change in shift between 2-H (6 17) and 3-H (5 41.8).6 The
31P signal of 3-F,F contains doublet multiplicity with a very large J(RhP) of 222 Hz, which is suggestive
of weakly bound acetone ligands at a Rh(l) centre. In comparison, the J(RhP) value observed for 3-H
is 209 Hz,5 and 194-223 Hz for 3-Me and 3-OMe.! The lack of hydrides and the presence of free NBA
observed in the 'H NMR spectrum of 3-F,F also suggest the formation of a solvated Rh(l) complex. In
the 1°F{*H} NMR spectrum of 3-F,F, only one signal is observed, which is at & —97.2, with an integral of
8F relative to the [BArF4]- signal (Figure 3.7). This suggests rapid rotation of the 2-6-F2CsHa groups and
time-averaged Cav symmetry, consistent with the single 3P NMR signal. It is interesting to note that
there is no observable J(PF). This is similar to the °F NMR signal previously reported by Saunders and
co-workers for [RhCI(CO){P(2,6-F2CesH4)3}2], which was observed as a singlet at & —96.8.3 No J(PF) is
observed in the 3P NMR signal of 3-F,F either. Rapid P—C rotation is reflected in the aromatic signals
in the *H NMR spectrum of 3-F,F (Figure 3.7), for which only six signals are observed in a 2:2:2:2:8:4
ratio, which are assigned as four backbone signals and meta-H and para-H on the fluorinated aromatics
respectively. The NMR signals corresponding to 3-F,F did not change after removal of the H:

atmosphere.
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Figure 3.7. 'H NMR spectrum of in-situ formed 3-F,F (500 MHz, de-acetone, 298 K). Integrals relative
to one of the o-F,F-DPEphos backbone signals. * Denotes pentane impurity and 1 denotes free NBA.
The insets show the 1°F and 3P signals (471 and 202 MHz respectively, acetone-Ds, 298 K).

Cooling a sample of 3-F,F to 183 K did not result in any change in the 3!P signal in the 3!P{*H} NMR
spectrum, maintaining a doublet multiplicity with J(RhP) = 222 Hz at & 3.0. The !°F signals, however,
changed from a broad singlet at & —97.2 to six broad signals, two of which are twice the integral of the
others (Figure 3.8). We suggest that there are eight 1°F environments, with two sets of two coincident
signals. This shows that P—C rotation can be frozen out at low temperature on the NMR timescale to
give distinct 1°F environments. Eight 1°F environments is indicative of a C1 symmetry complex, however,
only one 3P signal is observed (i.e. C2 symmetry), therefore, either the 3P environments are coincident
or there is a low energy dynamic process?? 1! that makes the 3P chemically equivalent at 183 K but the
phosphine substituents are frozen out. No J(PF) is observed at 183 K. The aromatic signals are broad

in the IH NMR spectrum of 3-F,F at 183 K and not useful for structure elucidation.
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Figure 3.8. Selected region of the 1°F NMR spectrum of 3-F,F, showing the 2,6-F2C¢H3 signals, at 298
Kand 183 K (471 MHz, de-acetone).

3.5 Hydrogenation products in 1,2-F,CeHa

In this next section, the hydrogenation products of 2-H, 2-Me and 2-F,F in 1,2-F2CesH4 solvent will be
compared. 1,2-F2CsHa is known to be a weakly coordinating aryl ligand due to the reduced ability for T-
donation and the partial positive charge,? 22 and the reactivity of 2-H with H2 has not been explored
using this solvent. An atmosphere of 15 PS| Hz was added to a sample of 2-H in 1,2-F2CsHa which
resulted in an immediate colour change from orange to dark red. Analysis by in-situ NMR spectroscopy
revealed that 2-H had completely reacted after 20 minutes and two new 3!P signals were observed at
0 42.9 and 36.2, as well as free NBA in the H NMR spectrum. The new complex, 4-H, was isolated as
a purple solid in a good yield (80%) and characterised using NMR spectroscopy and ESI-MS (Scheme

3.5). Unfortunately, crystals suitable for diffraction could not be obtained.

++ | [BAf D,
@98-1”3 :
85.15
F Ph /
_|[BAr 4] H, H o

P
S 1,2-FCeHa N D
=1, . -
2 =~ ¢ P"Rh\ o NBA PV N, S \\//P
1 =~ Ph Pr, 4y N pPh,
2.H e Ph
55.15
5-1559 ,

Scheme 3.5. Hydrogenation of 2-H to form 4-H.
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In the 3'P{*H} NMR spectrum of isolated 4-H (CD2Cl>), two signals are observed; one as an apparent
doublet of doublets at & 43.3 with second order character? [J(RhP) = 174 Hz and J(PP) = 26 Hz] and
the second at & 36.5 observed as a complex second order multiplet (Figure 3.9). A 3P NMR experiment,
with no 'H-decoupling, showed the signal at 5 43.3 as a broad doublet with J(RhP) = 174 Hz, and the
signal at © 36.5 as a broad doublet of doublets, with the latter comprising of J(RhP) = 154 Hz and a
large J(PH) of 74 Hz. This is indicative of a trans-hydride arrangement. A similarly large J(PH) of 75 Hz
has been reported for the two equivalent bridging hydrides, trans to PPhs, in [(PPh3s)2RhH(u-H)2(u-

CI)HRh(PPhz)2][CB11H12], for which the trans-hydride arrangement was confirmed by crystallography.*

1P | fk AN
mewmemmWWW%WWWMWWMJ PRI W S

31P{1 H}

48 A7 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32
6 (ppm)

Figure 3.9. 3P and 3'P{1H} NMR spectra of 4-H.

In the 'H NMR spectrum of 4-H, two hydride signals at & —11.13 and —15.59 are both observed as
complex multiplets, with the former containing the same large J(PH) of 74 Hz (Figure 3.10). The
hydrides integrate to 1:1:2 relative to the [BArF4]~ anion, and the total aromatic protons sum up to 51H
(theoretically 54H). These data imply the formation of a dicationic dimer with two inequivalent bridging

hydrides, i.e. [Rh(o-H-DPEphos)(u-H)]2[BArFa]2.
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Figure 3.10. H (top) and *H{3!P} (bottom) spectra of 4-H (600 MHz, CD-Cl2, 298 K). The insets highlight
the hydride signals and the agostic C—H. * Denotes pentane impurity.

Spin simulation studies replicated the experimental data best when the hydride corresponding to the
signal at 8 —11.13 couples to two of each of the following: Rh [J(RhH) = 20 Hz], trans-P [J(PH) = 74
Hz], cis-P [J(PH) = 17 Hz] and small cis-hydride/hydride coupling [J(HH) = 2 Hz] (Figure 3.11). The
coupling pattern of the signal at & —15.59 is best simulated when coupling to two: Rh [J(RhH) = 34 Hz],
cis-P [J(PH) = 9 Hz], cis-P [J(PH) = 5 Hz] and small cis-hydride/hydride coupling [J(HH) = 2 Hz]. This is
consistent with the H{3'1P} spectrum (Figure 3.10), that shows the hydride signals as triplets, each
coupling to two equivalent Rh nuclei, with the hydride trans to the strongly coordinating phosphine
exhibiting a smaller J(RhH) (20 Hz and 34 Hz respectively). This also coincides with the difference in
chemical shift between the two hydrides, i.e. trans to a weakly donating ligand gives a more upfield

chemical shift, as previously shown in [Ru(IMe)4(L)H][BArF4] (IMe = 1,3-dimesitylimidazol-2-ylidene).2®

Attempts to spin-simulate the 3!P{{H} NMR spectrum matched less closely but give an
acceptable fit (Figure 3.11). One theory is that improper *H-decoupling of the strong trans-hydride
relationship influences the experimental coupling pattern, which cannot be replicated in the simulation.

Nevertheless, the second order character of these signals, was only replicated when the two chemically
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equivalent 3P, trans to the hydride, couple to one another with J(PP) = 42 Hz. The other coupling
constants were calculated as: J(cis-PP) = 29 Hz, J(proximal-RhP) = 150 and 172 Hz and J(distal-RhP)

= ~4 Hz. The two 3!P signals were also shown to couple via a 3'P-COSY experiment.

TH NMR 31p{1|_|} NMR
MM Simulated
JMM M LA Experimental J \ M

-11.0 -11.2 -11.4 -156 -15.8 45 44 43 42 37 36 35
S (ppm) 5 (ppm)

Figure 3.11. The experimental and spin-simulated AA’MM’NN’XX’ coupling pattern in the hydride
signals of 4-H as well as the complex second order signals in the 3'P{*H} NMR spectrum signals (600
and 243 MHz respectively, 298 K, CD2Cl2).

Another defining feature of the NMR spectra of 4-H is displayed by an upfield shifted aromatic signal at
0 5.15, integral 2H, (Figure 3.10) which is observed as a doublet of doublets in the *H NMR spectrum
[J(PH) = 4 Hz and J(HH) = 8 Hz]. This signal collapses to a doublet upon 3'P-decoupling and is assigned
as an ortho-aryl proton, shifted 2.1 ppm compared to the equivalent signal in the free ligand. Upfield
shifted signals are characteristic of M---H-E agostic bonds, as discussed in Chapter Two.4 26 A
similarly upfield shifted signal was reported for [Rhz(o,u-CH-k2-P,P-0-H-DPEphos)2(o,u—
(H2B)2NHMe)][AI(OC(CFz3)3)4] at & 3.94 (integral 2H) and was assigned crystallographically to two
equivalent agostic bonds between an ortho-aryl C—H and the distal rhodium, forming two bridging
moieties (Figure 3.13).27 Consequently, we propose two similar bridging agostic C—H bonds within 4-H

(Scheme 3.5).

Without a crystal structure, we turned to anaerobic ESI-MS for further support in our
assignment.?® When 4-H was analysed by ESI-MS (positive mode), only mass values corresponding to
[Rh(o-H-DPEphos)]* (obs. 641.2 m/z, calc. 641.1 m/z) and [Rh(o-H-DPEphos)]2?* (obs. 641.2 m/z with
0.5 m/z spacings, calc. 641.1 m/z) were observed, even when a low capillary exit voltage was used
(~90 V) (Figure 3.12). These cations are formed via H2 loss and dimer fragmentation. When a sample
of 2-H was placed under an atmopshere of 15 PSI Dz, formation of [Rh(o-H-DPEphos)(u-D)]2[BArFa)2

(d2-4-H) was confirmed by ?2H NMR and 3P NMR spectroscopy. Deuterides observed at & —10.95 and
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—15.17 in the 2H NMR spectrum of d»-4-H closely resemble the hydrides in 4-H (& —11.13 and —15.59)
and the 31P signals in the 3!P{H} NMR spectrum of d.-4-H at d 43.3 and 36.5 are also very similar to
4-H. Analysis of d»-4-H by ESI-MS revealed mass values corresponding to [Rh(o-H-DPEphos)]* when
the exit capillary voltage was set to 173 V. Using a lower exit voltage of 93 V produced mass values
that correspond to [Rh(o-H-DPEphos)(u-D)]2?* (obs. 643.2 m/z with 0.5 spacings, calc. 643.1) and
[Rh(o-H-DPEphos)]2?* (obs. 641.2 m/z with 0.5 spacings, calc. 641.1) (Figure 3.12). This suggests that
D loss is less facile than H under ESI-MS conditions, which has been observed before in radical
fragmentation studies with ESI-MS.2% % This is an example of a kinetic isotope effect (KIE), which can

be extracted from mass spectrometry fragmentation.s?

Int.
x 10° 641.2 Capillary exit voltage = 173 V: Capillary exit voltage = 93 V:
observe [Rh(DPEphos)]* observe [Rh(DPEphos)]*,
10 [Rh(DPEphos)],?* and
[Rh(D)(DPEphos)],2*
641.2 641.2
softer
ionisation
643.2
642.1 642.2
643.7
06 643.2 J\ 644.2
Simulation of Simulation of
643.6
6571 642.1
0.2 - 644.1
539.4 - 643.1 6446
t.i lu‘h VL TR 00 VPO SR
400 500 600 700 800 900 1000 1100 m/z

Figure 3.12. ESI mass spectrum of a sample of d,-4-H (exit voltage = 173 V, 1,2-F2CeHa). The insets
show the molecular ions with the capillary exit voltage set at 173 V {corresponding to [Rh(DPEphos)]*},
and at 93 V {corresponding to {[Rh(DPEphos)]*, Rh(DPEphos)]-?* and [RhD(DPEphos)]2?*}, along with
a simulation of [Rh(DPEphos)]* and [RhD(DPEphos)].?* for comparison.

Without a solid-state structure, it is difficult to definitively ascertain whether the diphenyl ether backbone
is coordinated via the oxygen, occupying a fac-«k3-P,0,P geometry, or in cis-k2-P,P geometry. Electron
counting with the oxygen bound gives 34 electrons, which then makes 36 with a Rh—Rh bond over two
formally Rh(Il) centres. A Rh(Il)-Rh(ll) bond was also proposed for [Rh2z(o,u-CH-k2-P,P-0-H-
DPEphos)2(o,u—(H2B)2NHMe)][AI(OC(CFz3)3)4], which was supported by the solid-state structure that

showed a close Rh---Rh distrance of 2.6421(4) A (Figure 3.13).27 A Rh—Rh bond within 4-H also
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accounts for the overall diamagnetism observed in the NMR spectrocopy data. Similar bridging hydridic
arrangements have previously been reported in Rh-DPEphos complexes, such as: [Rhz(o-H-
DPEphos)z2(u—H)(u-(H2B=NHMe)][BArF4]?% 27 and [Rhz2(H)(u—H)3(o-H-DPEphos)2].2° A similar dicationic
structure has been shown for [Ir(k3-P,0,P-Xantphos)(H)(u-H)]2[BArF4]2 which contains two chemically

equivalent bridging hydrides (0 —6.68, integral 2H) that was also characterised crystallographically.32

CH
He /
N_ _H
\B,
Ph. Ph  H-IT Ph.  ph
A
P\ / H \+/P
\ Ru

Figure 3.13. The cationic portion of [Rhz(g,u-CH-k?-P,P-0-H-DPEphos)2(0,u—
(H2B)2NHMe)][AI(OC(CFz3)3)4], showing a similar Rh(ll)-Rh(ll) bond and bridging agostic C—H bond that
is proposed in 4-H.

The reactivity with H2 was investigated with 2-F,F, but a very different product is characterised by in-
situ NMR. The addition of 15 PSI Hz to a sample of 2-F,F in 1,2-F2CsH4 was accompanied by a colour
change from orange to light yellow and a quantitative conversion to a new complex, 4-F,F, after 20

minutes (Scheme 3.6).

QPArZ
,’ST? +@> 12F206H4

Rh
/ Y Ar2 — NBA
PAFZ
2-FF 4-FF
orange yellow

Scheme 3.6. Hydrogenation of 2-F,F to form Rh(lll) dihydride complex 4-F,F. [BArF4]- anions omitted
for clarity.

A single 3P environment at & —6.7 is observed in the 3P{*H} NMR spectrum of 4-F,F as a doublet, with
a small J(RhP) of 130 Hz (Figure 3.14). A smaller J(RhP) value is indicative of a Rh(lll) centre with a

trans-P,P arrangement,®® i.e. mer-k3-P,0,P, compared to the larger Rh(l)-P coupling in 2-F,F of 162 Hz.
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In the 'H NMR spectrum of 4-F,F, one hydride environment at & —20.00 is observed as a doublet of
triplets, coupling to two equivalent cis-P nuclei [J(PH) = 17 Hz] and one Rh [J(PH) = 34 Hz], which
simplifies to a doublet upon 3'P-decoupling. The integral of this hydride signal is 2H compared to free
NBA (Figure 3.14). The °F NMR spectrum also reflects this symmetry, as only one broad 1°F
environment is observed at & —100.9 (integral 8F) for the 2,6-F2CsHz groups and the BArF; signal is
observed at & —63.1 (integral 24F). One °F environment for the substituted aromatics suggests rapid
rotation about the P—C bond, faster than the NMR timescale, as well as overall C2v symmetry of the
complex, which is consistent with the 3P and *H NMR data. It is interesting to note that, like 3-F,F, there
is no observable P-F coupling. The aromatic signals are masked by the overwhelming 1,2-F2CsHa4
solvent signals. In light of all of this data, we asign 4-F,F as a Rh(lll) monomeric complex with a mer-
k3-P,0,P-0-F,F-DPEphos arrangement and two equivalent hydrides: [Rh(mer-«k3-P,0,P-o0-F,F-
DPEphos)(H)2][BArF4] (4-F,F) (Scheme 3.6). Removal of the H2 atmosphere by successive freeze-
pump-thaws resulted in decomposition of 4-F,F and so it could not be isolated as a solid. Analysis of 4-
F,F by ESI-MS produced only mass values corresponding to [Rh(o-F,F-DPEphos)]* (m/z = 785.0, calc.

785.0), which is consistent with the decomposition of 4-F,F upon removal of the H2 atmosphere.
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Figure 3.14. In-situ TH NMR spectrum of 4-F,F (600 MHz, 1,2-F2CeH4, 298 K). Integrals relative to the
free NBA signals. The insets show the single 3IP signal in the 3!P{IH} NMR spectrum and the hydride
resonance in the IH NMR spectrum, with and without 3P-decoupling (243 MHz and 600 Hz, 1,2-F2CeHa,
298 K).

Similar Rh(lll) dihydride complexes have been reported previously for POP ligands.3* The hydride signal
in [Rh(mer-k3-P,0,P-Xantphos-Bu)(H)2][SbFs] was reported at 8 —21 with a doublet of triplet multiplicity
[J(RhH) = 40 Hz and J(PH) = 11 Hz] and only one 3!P signal in the 31P{*H} NMR spectrum with doublet
multiplicity of J(RhP) = 111 Hz, which is very similar to 4-F,F.35 [Rh(mer-k3-P,0,P-Xantphos-
Ar)(H)2][BArF4] (Ar = 3,5-CF3-CsHs) has also been shown to exist as the Rh(lll) five-coordinate system
in CeHsCl solution but crystallised as a six-coordinated complex with an added n!-Cl-CsHsCl ligand.34
We do not suspect any coordination of the weakly coordinating solvent 1,2-F2CsH4?? in 4-F,F and
therefore asign it as a coordinatively unsaturated five-coordinate species (Scheme 3.6). It is interesting
to note that without the availability for ortho-CH agostic interactions, as assigned in 4-H, we do not get
the same dimeric complex forming. Although, the different hydrogenation product could also be a

consequence of the larger steric bulk of the partially fluorinated aryl groups.?
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As a comparison for the influence of ortho-fluorine substitution, the same reaction was conducted with
the mono-ortho-substituted DPEphos ligand, o-Me-DPEphos (Scheme 3.7). This ligand contains an
ortho-proton but is also bulkier than the parent o-H-DPEphos due to the methyl group.! When an
atmosphere of 15 PSI Hz (gauge pressure) was applied to a sample of 2-Me in 1,2-F2CesH4 solvent, the
solution changed colour from orange to yellow within the time of mixing, similar to the formation of 4-
F,F. In-situ NMR spectroscopy showed that 2-Me had quantitatively reacted to a new complex (4-MeH)
after ten minutes. In the *H NMR spectrum of 4-MeH, a hydride resonance was observed as a doublet
of triplets [J(RhH) = 40 and J(PH) = 14 Hz] at 6 —19.74 (Figure 3.15), which collapsed to a doublet upon
31p-decoupling. This hydride signal integrates to 2H compared to the 0-CHs signal and the o-BArF,
signal, which is very similar to the hydride observed for 4-F,F. Only one, broad signal corresponds to
the CHz groups (8 1.75) which suggests high time-averaged symmetry (Figure 3.15). In the 31P{1H}

NMR spectrum of 4-MeH, a single broad signal is observed at 6 27.1.

QPArZ
B2 1,2- FZCGH4 Hz A
NN Rh 5/”’Rh
=8~ e TR X *)
(6] 2 o A2

PAI'2

2-Me 4-MeH 5-Me
orange yellow

Scheme 3.7. Hydrogenation of 2-Me in 1,2-F2CsHa. [BArF4]~ anions omitted for clarity.
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Figure 3.15. In-situ H NMR spectrum of 4-MeH (600 MHz, 1,2-F2CesH4, 298 K). Integrals relative to the
ortho-CHz signals. The inset shows the hydride resonance with and without 3'P-decoupling.

Interestingly, upon removal of the Hz atmosphere in a sample of 4-MeH by ten successive freeze-pump-
thaws, a new complex is formed, 5-Me, in a 1:2 ratio of 4-MeH:5-Me. 5-Me is defined by a doublet in
the 31P{*H} NMR spectrum at & 37.1 with a large J(RhP) of 207 Hz (Figure 3.16). This is similar to the
31P signal in [Rh(o-H-DPEphos)(n8-CeHsF)][BArF4] (6 31.8, J(RhP) = 220 Hz]?° and the characteristically
large J(RhP) values observed in other cis-k2-diphosphine Rh(l) complexes with weakly bound n¢-1,2-
F2CeHa ligands, such as: [Rh(Bu2PCH2CH2P'Buz)(n®-1,2-F2CeHa)][BArF4] [J(RhP) = 204 Hz]*¢ and
[Rh(Cy2PCH2CH2PCy2)(n°®-1,2-F2CeHa)][AI(OC(CF3)3)4] (J(RhP) = 199 Hz).?! An aryl signal at 6 6.13 is
observed in the TH NMR as a broad singlet, which is shifted upfield compared to the free solvent and
indicative of a coordinated n®-1,2-F2CsHa ligand,?3 37 which was not observed before degassing of the
sample. A new methyl signal is also observed for 5-Me at 6 1.65, in a 2:1 ratio with the methyl signal
for 4-MeH. The integral of the hydride signal also decreases by ~50% relative to the total methyl signals
and the o-BArFs signal. Therefore, 5-Me is assigned as [Rh(o-Me-DPEphos)(n®-1,2-F2CeHa)][BArF4]
(Scheme 3.7). Addition of Hz back into the mixture of 4-MeH and 5-Me resulted in the quantitative

formation of 4-MeH (Figure 3.16), suggesting an equilibrium between 4-MeH and 5-Me, that favours 4-
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MeH when there is excess solvated Hz but 5-Me is also observed when the equilbrium is pushed in the

other direction by removal of Ha.

4-MeH

—H, 5-Me

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12
6 (ppm)

Figure 3.16. 3'P{*H} NMR spectra of 4-MeH (top), after degassing the same sample by ten successive
freeze-pump-thaws (middle), and after addition of Hz again (bottom) (202 MHz, 1,2-F2CsHa, 298 K).

It has been suggested by Goldman that the weakly coordinating ether linkage encourages the oxidative
addition of H2 compared to PCP, PNP and PONOP ligands,® which typically form dihydrogen
complexes.®® Ligands with wider bite angles, such as Xantphos and DPEphos, have also been shown
to favour Rh(lll) complexes.3* 3% Bercaw and co-workers deduced that whether a Rh(l) or a Rh(lll)
dihydride is formed is dependent on the bite angle of the P-P chelate, the cone angle and the donating
ability of the phosphine substituents.3® Ortho-fluorine substitution influences all of these variables by

changing the electronic and steric properties of the phosphine.

3.6 Synthesis, characterisation and comparison of [Au2Cl,(0-R,R-DPEphos)]

Gold complexes of ortho-aryl substituted phosphines are known catalysts for some important
reactions,*® such as the hydrochlorination of alkynes.#! The previously reported complex [Au2Cl2(o-H-
H-DPEphos)] (6-H) has also been shown to be an effective o and 1 bond activator in gold-catalysed
synthesis of indoles.*2 Moreover, these complexes provide a means to investigate the rarer k! binding
mode of DPEphos ligands.33 43 To further explore the coordination chemistry of the novel ortho-

fluorinated ligand, 1-F,F, the corresponding [AuzCl2(o-F-F-DPEphos)] complex, 6-F,F, was synthesised.
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6-F,F was prepared via the addition of two equivalents of [Au(THT)CI] (THT = tetrahydrothiophene) to
1-F,F in a CH2Cl2 solution (Scheme 3.8), in a similar manner as reported for 6-H.42 6-F,F was isolated
as an analytically pure, white solid after recrystallisation from a pentane/CH2Cl2 solvent mixture in a

modest yield (52%).

cl

F Au\
S—AuCI PAr,

—_ —_—
Ar = E o CH,Cl, Oﬁ
F PAr, PAr, AraP
Au\

1-RF Cl 6-FF

Scheme 3.8. Synthesis of [Au2Clz(o-F,F-DPEphos)], 6-F,F.

The solid-state structure of 6-F,F revealed a single u?,k!,k!-o0-F,F-DPEphos ligand bridging over two
Au-CI groups, both in a linear geometry [CI-Au—P; 175.24(5)° and 177.09(6)°] (Figure 3.17). The Au—
P bonds lengths are relatively uniform [2.225(1) and 2.276(1) A] and standard for Au—P bonds.* The
Au atoms are forced away from one another, in a trans arrangement [D(Au---Au) = 6.1792(6) A], which
is assisted by a twist in the diphenylether backbone by 73° (arene-arene plane angle). This would give
rise to overall, non-crystallographic C2 symmetry, if retained in solution. This trans-Au arrangement is
in contrast to the reported solid-state structure of 6-H (Figure 3.17) in which the diphenylether backbone
of the parent 0-H-DPEphos is twisted by 61° but the Au---Au distance is only 3.0116(4) A.42 This was
assigned as an aurophilic interaction.*> Aurophilic interactions have also been observed in [Au2Brz(o-
H-DPEphos)]; D(Au---Au) = 2.976(1) A, and [Au2Brz(Xantphos)]; D(Au---Au) = 2.9233(6) A. A trans-Au
arrangement, similar to 6-F,F, has been reported for [Au2Br2(DBFphos)] [D(Au---Au) > 7.2 A].44 The fact
that no aurophilic interactions are observed in 6-F,F highlights the structural control ortho-fluorine

substitution can provide.
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Figure 3.17. Crystallographically determined structure of 6-F,F. Ellipsoids shown at the 50% probability
level. Hydrogen atoms are omitted and the terminal aryl groups are modelled in stick form for clarity.
Selected bond lengths (A) and angles (°): P1-Aul, 2.225(1); Aul-Cl1, (2.276(1); P2-Au2, 2.230(1);
Au2-CI2, 2.278(1); Aul—-Au2, 6.1792(6); Cl1-Aul-P1, 177.09(6); Cl2—Au2—P2, 175.24(5). A diagram
of previously reported 6-H is shown in the inset,*? highlighting the aurophilic interaction in 6-H, which is
not present in 6-F,F.

The non-crystallographic C2 symmetry observed in the solid-state structure of 6-F,F is carried forward
into solution. A single 3P environment is observed at 8 —23.1, downfield shifted by 39.4 ppm compared
to the free ligand, 1-F,F (& —62.5). This is notably upfield compared to 6-H (8 21.6).42 The 31P signal is
observed as an apparent 1:2:3:2:1 quintet with J(PF) = 25 Hz, which is similar to 1-F,F, albeit with a
smaller coupling constant relative to the free ligand [1-F,F: J(PF) = 40 Hz]. The °F NMR spectrum of
6-F,F, however, reveals some differences between the Au complex and the free ligand: two 19F signals
at 6 —97.3 and —-97.9, both with doublet of triplet multiplicity are observed at a similar shift to 1-F,F (5 —
100.7). The multiplicity comprises of coupling to one 3P nucleus [J(PF) = 25 Hz] and two 1°F nuclei

[J(FF) = 7 Hz], the latter determined by ®F-COSY NMR spectroscopy (Figure 3.18).
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Figure 3.18. 1F-COSY NMR spectrum of 6-F,F showing the coupling between the two 1°F signals
(CD2Clz, 471 MHz, 295 K).

A total of eight aromatic environments in a 2:2:2:2:2:2:4:4 ratio were observed in the H NMR spectrum.
These are assigned as four backbone, two para-H and two meta-H environments respectively. This
data suggests that there are two sets of distinct aryl groups, all rotating about the P—C bond faster than
the NMR timescale at 295 K, which makes the meta protons on the same aryl group equivalent. C2
rotation about the oxygen atom interchanges each aromatic with one equivalent. Consequently, free
rotation of the aryl groups would result in the °F nuclei on the same ring being chemically equivalent
and the observed °F-19F coupling cannot be attributed to through bond F-F coupling. Therefore, we
propose that through-space F-F interactions are occurring in 6-F,F.46:47 The F---F distance dependence
on the magnitude of through-space °F coupling constants has been computationally studied by Mallory
and co-workers in 1,8-difluoronapthalene complexes. In Mallory’s report, they predicted an F---F
distance of 3.0 A would give a J(FF) of roughly 7 Hz.48 Returning to the solid-state structure of 6-F,F,
the closest F---F distance (F5 and F7) on adjacent aryl groups is 2.894(6) A (Figure 3.17), therefore,
an observed J(FF) value of 7 Hz is consistent with Mallory’s analysis. Rapid P—C rotation in solution

gives a time averaged signal, therefore, from the NMR data we can deduce that two chemically

Page 121



Chapter Three

equivalent 1°F nuclei on one aryl group are coupling through-space to two chemically equivalent 1°F
nuclei on an adjacent aryl group. This would give the C2 symmetry observed in solution and the doublet

of triplet multplicity observed in the °F NMR spectrum.

There are no observable through-space J(FF) observed in 2-F,F, despite the short F---F
distances in the solid-state: D(F---F) = 2.820(2) A between F2 and F3, and 2.859(2) A between F5 and
F6. Moreover, J(PF) of 25 Hz is observable in 6-F,F and 1-F,F (40 Hz), but is not observbed at all in the
rhodium complexes 3-F,F and 4-F,F, and only coupling between one °F and 3P was seen for 2-F,F at
203 K. The exact reasons for this are not completely clear. Potentially, the through-bond orbital overlap
is sensitive to the angles between the P and F atoms (i.e. the Karplus equation).® Considering the 2,6-
F2CeHs groups were shown to rotate rapidly in both 6-F,F and 2-F,F they could be rotating at slightly
different angles. The lone pair on P can overlap with the lone pairs on F, creating a through-space, or
through-lone-pair interaction.*¢ This interaction can dramatically increase the size of the J(PF) value.
For example, the fluorine in the 8 position of Togni’s fluorinated naphthyl phosphine complexes (Figure
3.6), exhibit J(PF) of over 200 Hz in the free ligand, despite the fact they are four bonds apart.13 If we
compare the average D(P---F) in the solid-state structure of 6-F,F and 2-F,F they are almost identical
(both 3.05 A) yet the J(PF) values vary between 40 Hz in 1-F,F, 25 Hz in 6-F,F and unobservable for 2-
F,F. In the free ligand, the P lone pair is available for through-space interactions, whereas they are
involved in o-donation to Rh in 2-F,F. This does not explain the observed J(PF) for 6-F,F, however,
phosphine bonding to Rh d& is very different to bonding with more electron rich Au d°,4° and Au d is
known as being highly Tr-back-donating.®° This could influence the occupied orbitals that are accessible
for through-space coupling and subsequently alter the observed J(PF). Computational studies are
required to ascertain the nature of the coupling constant and if they are dissipated in rhodium complexes

of 1-F,F because of through-space or through-bond effects.

The analogous complex was prepared with the ortho-methyl variant: [Au2Cl>(0o-Me-DPEphos)],
6-Me (Scheme 3.9). 6-Me was isolated as a white solid and then purified by slow diffusion of pentane
into a CH2Clz solution of 6-Me to yield an analytically pure, white crystalline solid in a 59% yield. Very
similar solid-state characteristics are observed between 6-Me and 6-F,F. A bridging o-Me-DPEphos
ligand joining two linear Au-Cl fragments [P—Au—-CIl = 174.7 and 175.7°] and a trans-Au arrangement
[D(Au---Au) = 5.9627(4) A] are observed (Figure 3.19). This gives the complex a non-crystallographic

C. axis, as also observed in 6-F,F.
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cl
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H Au
CS—AUCI \F,Ar
2
_ —_—
Ar = E @\O/Q CH,Cl, Oﬁ
Mé PAr, PAr, AraP
Au
1-Me Nci 6-Me

Scheme 3.9. Synthesis of [AuzClz(0-Me-DPEphos)], 6-Me.

\b Ci1

Figure 3.19. Crystallographically determined structure of 6-Me. Hydrogen atoms and substituted aryl
groups in stick form for clarity. Ellipsoids shown at the 50% probability level. Selected bond lengths (A)
and angles (°): P1-Aul, 2.2365(9); Aul-CI1, (2.2917(10); P2-Au2, 2.2406(9); Au2-ClI2, 2.2864(10); Aul-
Au2, 5.9627(4); Cl1-Aul-P1, 175.73(3); Cl2-Au2-P2, 174.72(3).

The solution-state NMR data of 6-Me however, is less simple (Figure 3.20). Two signals are observed
in the 31P{*H} NMR spectrum at 295 K as broad singlets, in a 0.15:1 ratio at & 21.5 and 1.1 respectively.
The major signal, at & 1.0, is roughly 20 ppm more upfield than that reported for 6-H (& 21.6) but the
minor signal is very similar.*? In the *H NMR spectrum at 295 K, two broad methyl resonances at & 2.83
and 6 2.36 are observed in a ~1:1 ratio (6H relative to the aromatic resonances), as well as broad
aromatic signals. Upon cooling a sample of 6-Me to 203 K in CD2Clz, three sharp 3!P signals are
observed in a 0.15:0.15:1 ratio. Warming to 318 K resulted in all of the signals coalescing, which is
suggestive of a dynamic process that interconverts different isomers that are frozen out at lower

temperatures, and become equivalent at higher temperature.5! The 'H NMR spectrum of 6-Me at 203
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K shows six methyl environments in a 0.15:0.15:0.15:0.15:1:1 ratio, which coalesce to two broad
resonances at 318 K. Twelve major aromatic signals are also observed at 203 K, comprising of four
backbone signals and two sets of four for the different aryl environments. The aromatic signals of the
minor isomer cannot be distinguished. In light of this, we propose that two isomers of 6-Me are observed
in solution at low temperature. The major isomer adopts a geometry with C2 symmetry, with a single
31p and two methyl environments. This geometry is consistent with the solid-state structure and also
the solution-state data of 6-F,F. The minor isomer, which is present in roughly a sixth of the quantity of
the major, exhibits C1 symmetry, as shown by two 3P and four methyl environments. The fluxional
process is most likely a consequence of restricted rotation of the substituted aromatic groups,5* 52 as
seen in rhodium complexes of bulkier DPEphos ligands reported in Chapter Two, such as [Rh(o-Me-
DPEphos)(H)z(acetone)][BArFa4] (4-Me). The minor isomer is likely to be formed via locking of the
substituted aryl groups in an asymmetric manner, potentially a different rotamer, as previously shown
in the low temperature NMR of PO(0-Me-CeHa)3,52 although without a crystal structure we cannot be

definitive.

3P{'H} NMR 'H NMR

318K 318K

205K i 295K

263 K 263 K
t t t
203 K 203 K .
* * * * *
A A A
25 20 15 10 5 0 -5 -10 30 2826 2422201816 1.4 1.2
5 (ppm) 5 (ppm)

Figure 3.20. 3'P{*H} NMR spectra (left) and the alkyl region of the *H NMR spectra (right) of 6-Me at
different temperatures (202 and 500 MHz respectively, CD2Cl.). * Denotes the minor, C1 isomer and t
denotes the major, Cz isomer.

Interestingly, a downfield chemical shift is observed in the *H NMR spectrum of 6-Me at 203 K at & 8.52
with doublet of doublet multiplicity [J(PH) = 20 Hz and J(HH) = 8 Hz] (Figure 3.21). This is reminiscent

of the ortho-aryl anagostic protons studied in great detail in Chapter Two.! The small integral of this
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signal equates to 1:3 relative to one of the methyl signals in the minor isomer and therefore it is most
likely one ortho-aryl proton on the minor isomer. We do not have any structural data of this isomer to
refer to. Nevertheless, this appears to be a rare example of an anagostic interaction in a d©
compound,>* which have been reported before in gold complexes,%® such as gold-iron heterobimetallic
complexes with bis(N-heterocyclicimine)silyliumylidene ligands.%® The discovery of an anagostic
interaction within 6-Me highlights the surprising commonality of these interactions, particularly

encouraged by ortho-aryl substituted phosphine ligands.

87 85 83 814 79 7.7
o (ppm)

Figure 3.21. The downfield region of the 'H NMR spectra of 6-Me at different temperatures (500 MHz,
CD2Cl2).

3.7 Conclusion

Within this Chapter, ortho-fluorine substitution in the common DPEphos ligand has been shown to
influence the coordination chemistry within rhodium and gold complexes compared to the parent o-H-
DPEphos. The hydrogenation of the NBD fragment in [Rh(o-F,F-DPEphos)(NBD)][BArF4] (2-F,F) in ds-
acetone, led to the formation of a Rh(l) solvated complex; [Rh(o-F,F-DPEphos)(ds-acetone)z][BArF4] (3-
F,F), whereas the same methodology in 1,2-F2CeH4, resulted in a Rh(lll) dihydride; [Rh(o-F,F-
DPEphos)(H)2][BArF4] (4-F,F). In comparison to the parent o-H-DPEphos, for which a solvated Rh(l)
complex is formed in ds-acetone and an unusual bonding arrangement in a rare dicationic dimer: [Rh(o-

H-DPEphos)(u-H)J2[BArF4)2, is formed from the hydrogenation of 2-F,F in 1,2-F2CeHa. This complex
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includes a fac-«3-P,0,P o-H-DPEphos ligand, two different bridging hydrides, two bridging CH agostic
bonds and a Rh(ll)-Rh(Il) bond. This highlights the different coordination modes of DPEphos ligands,
which can be controlled by ortho-fluorine substitution. Transitioning between these geometries can be

vital for catalytic activity.33 57

The novel rhodium complexes of o-F,F-DPEphos, 2-F,F, 3-F,F and 4-F,F all show rapid rotation
of the 2,6-fluorinated aryl groups at room temperature, despite the fact that the covalent radius of
fluorine is 0.57 A, compared to hydrogen, which is 0.31 A.15 The low temperature NMR data of 2-F,F,
however, did show restricted rotation about the P—C bond, which is not observed in the o-H-DPEphos
equivalent, [Rh(o-H-DPEphos)(NBD)][BArF4].* This shows the greater steric influence of ortho-fluorine

substitution, as previously reported by Saunders and co-workers in trans-[PtCl2(PEts){P(2,6-F2CesH3)3}].3

No J(PF) was observed in the NMR spectroscopy data of 2-F,F, 3-F,F and 4-F,F, apart from
one P-F interaction in [Rh(o-F,F-DPEphos)(NBD)][BArF4] at 203 K, despite only a three bond separation.
In contrast, in the 31P{1H} and 1°F NMR spectra of the bimetallic gold complex, [Au2Cl>(0o-F,F-DPEphos)]
and the free ligand, J(PF) was observed to be 25 Hz and 40 Hz respectively. The exact reasons for this
are unclear, but most likely a complex interplay of through-bond?® and through-space?*® variables

account for the observed P-F interactions (or lack thereof).

We have also shown that the aurophilic interactions in bimetallic gold complexes, [AuzClz(0-R,R-
DPEphos)], can be controlled by the different ortho-substituent. The ortho-fluorine and ortho-methyl
DPEphos variants exhibited D(Au---Au) of over 5.9 A in the solid-state, whereas the previously reported
complex, [AuzClz(o-H-DPEphos)] contains an aurophilic interaction in the solid-state. [AuzClz(o-F,F-
DPEphos)] also revealed some interesting through-space F-F coupling, which was not observed in the

rhodium complexes, despite the close D(F---F) in the solid-state.

Further work on this project would include a computational analysis of the possible Rh---F-C
interactions observed in 2-F,F and compare these with the bonding characteristics of the Rh---H-C
anagostic interactions discussed in Chapter Two. Moreover, ligands with one ortho-F and one ortho-R
(R =H, Me, OMe and 'Pr) could also be used for a systematic study of Rh---F—C interactions, in a similar
manner to 2-R, and the °F chemical shifts of the ortho-F could be experimentally determined and also
calculated. Also, a comparison of ortho-fluorine and ortho-hydrogen substitution (i.e. 2-H and 2-F,F) in

the catalysis of a simple reaction, such as hydroboration,® would be interesting.
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4 Chapter Four — Dehydropolymerisation of primary phosphine-boranes with
a [Rh(dppe)]* catalyst

4.1 Preamble

The ortho-substituted DPEphos ligands described in Chapter Two and Three were clearly of interest
with regard to their use in homogeneous catalysis. As described in the next few pages, initial scoping
studies were unsuccessful but this led to the development of a simple and effective catalyst for the
dehydropolymerisation of primary phosphine-boranes using the ligand dppe. The following paragraphs

will summarise a series of investigations that led to the study that is discussed in Chapter Four.

The cationic system based upon [Rh(o-H-DPEphos)]*, has been shown to be an effective
catalyst in the dehydropolymerisation of HsB:-NMeH: to form poly(methylaminoborane) of high
molecular weight and with control of polymer chain length (Scheme 4.1).! The analogous ortho-aryl
substituted DPEphos systems, [Rh(o-R-DPEphos)]*, detailed in Chapter Two and Three, were tested
as catalysts in the dehydropolymerisation of HsB-NMeH2 (R = Me, OMe, Pr or F,F). Unfortunately, using
the hydrogenation products from [Rh(o-R-DPEphos)(NBD)][BArf4] in THF, such as [Rh(o-Me-
DPEphos)(H)2(THF)][BArF4] and [Rh(o-Pr-DPEphos’)(H)][BAr-4], as precatalysts, gave polymer of wide
polydispersity (B = 2.7) and low molecular weight (Mn = 12,000 g mol?), with a slower reaction rate and
more complicated kinetic data. As this was not an improvement on the DPEphos system and provided

no further mechanistic insight further studies were not pursued.

precat. =
[Rh(o-H-DPEphos)(H)>(NMeH,),]

[BArF,]

precat. H> or

HsB-NMeH, — > _B
THF or N
MeH n
1,2-F,CHy

CPesrn— [ (P = o-H-DPEphos,
p= dppp or Xantphos

Scheme 4.1. Rhodium-diphosphine catalysed dehydropolymerisation of H:B-NMeH:.

In 2020, it was reported by the Weller group that the neutral Rh-benzyl precatalysts,
[Rh(diphosphine)(n3-H2CPh)] (diphosphine = DPEphos, Xantphos and dppp), are excellent catalysts for

the dehydropolymerisation of amine-boranes (Scheme 4.1), providing key information on the catalyst
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resting state, reliable kinetic data and polymer chain length control.? In light of this, an attempt to
synthesise the ortho-aryl substituted analogues, [Rh(o-R-DPEphos)(n3-H2CPh)], was conducted.
However, these complexes could not be prepared, potentially due to the greater ligand bulk. Two
synthetic routes were attempted: one via the addition of [Rh(o-R-DPEphos)(u-Cl)]2 to [Mg(H2CPh)z], or
the other by addition of the 0-R-DPEphos ligand to [Rh(COD)(n3-H2CPh)], both of which resulted in a

complex mixture of unknown, and as yet unidentified, products.

Inspired by the simple aryl substituted [Rh(diphosphine)(n3-H2CPh)] complexes use in amine-
borane  dehydropolymerisation, we  were interested to explore phosphine-borane
dehydropolymerisation. Phosphine-borane dehydropolymerisation has been studied in great detail with
rhodium-diphosphine systems (section 1.10).% 4 These studies have provided almost all of the
mechanistic information published for this reaction®>7 and much of this work has also been reported by
the pioneer of this field, lan Manners.8 ° Neutral benzyl catalysts, however, have not been studied.
Subsequently, a range of simple [Rh(diphosphine)(n3-H2CPh)] precatalysts were screened in the
dehydropolymerisation of HsB-PPhH2 using the same conditions as previously reported using
[Cp*Rh(Me)(PMes)(CH2Cl2)][BArF4] (i-59) as a precatalyst, i.e. 1 mol% catalyst, 1 M HsB-PPhH:2 in
toluene at 100 °C for 19 hours’ (diphosphine = DPEphos, Xantphos, dppf, dppp and dppe) (Scheme
4.2). Although all of the catalysts fully converted the monomer after 19 hours at 100 °C these were
unselective, forming ill-defined oligomeric material, apart from [Rh(dppe)(n3-H2CPh)] which gave the

best selectivity to polymer.

P
1 mol% = 0-H-DPEphos

Xantphos

G
Pll,”
(pRh—ff} Hy dppf
H3B-PPhH, > p- B dppp or
1 M, toluene PhH n dppe (best selectivity)

19 hours, 100 °C

Scheme 4.2. Dehydropolymerisation of HsB-PPhH:2 using [Rh(diphosphine)(n3-H2CPh)] precatalysts.

In-situ NMR spectroscopy studies of the dehydropolymerisation of HsB-PPhH2 using [Rh(dppe)(n3-
H2CPh)] as a precatalyst under sealed conditions showed that the observed catalytic speciation was
surprisingly cationic, in contrast with amine-borane dehydropolymerisation where a neutral Rh

tetrahydride species was the observed resting state.2 Hydride resonances at 5 —1.8 and —14.3 in a 3:1
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ratio in the in-situ NMR spectra resembled the hydride resonances reported for [RhH(dppp)(o,n?-
PPh2BH2PPh2BH3)][BArf4] (i-56-Phy) at & —1.2 and —14.1 in the same ratio.® i-56-Ph, was shown to be
the catalyst resting state during the dehydrocoupling of HsB-PPh2H. Subsequently, the simple cationic
precatalyst, [Rh(dppe)2]Cl, which had the added benefit of a very simple synthesis and is air and room
temperature stable, unlike Rh(diphosphine)(n3-H2CPh), was used for all further investigations. Chapter
Four thus describes an investigation into the dehydropolymerisation of primary phosphine-boranes

using [Rh(dppe)z]Cl as a precatalyst.

Chapter Four begins with the synthesis and characterisation of polymeric [H2BPPhH]n» formed via
the dehydropolymerisation of HzB-PPhH2 using [Rh(dppe):2]Cl as a precatalyst. The mechanism of this
reaction is probed using in-situ NMR spectroscopy, stoichiometric reactivity and polymer chain growth
kinetics. A mechanism is proposed and then exploited to form previously unreported block copolymers

of poly(phosphinoboranes), that are also shown to form self-assembled aggregates in solution.

4.2 Synthesis and characterisation of poly(phenylphosphinoborane)

The precatalyst [Rh(dppe)2]Cl (4.1) was prepared via the addition of excess dppe to [Rh(COD)(u-Cl)]2
in THF solvent, as previously reported.1° The resultant yellow solid was isolated as an analytically pure,
air stable, yellow powder in good yield (75%). The resulting NMR spectroscopic data matched well with

that previously reported.’* Complex 4.1 was then tested in catalysis.

An NMR tube was charged with 1 mol% precatalyst 4.1, HsB-PPhH2 (1 M) in toluene solvent
(0.2 cm?®) and heated at 100 °C for 19 hours in a sealed NMR tube (Scheme 4.3). After 19 hours, the
NMR tube was cooled to room temperature and the catalytic mixture was analysed by in-situ NMR
spectroscopy. In the 31P{1H} NMR spectrum (Figure 4.1), a signal relating to the borane adduct of dppe,
(HsB)2dppe, is observed at & 18.7, which matched with an independently synthesised sample of
(HsB)2dppe formed via the addition of H3B-SMe:2 to dppe. A broad singlet at 5 —48.9 is also observed,
which matches with the previously reported 3P signal for polymeric [H2BPPhH]..° Smaller signals
between 6 —52 and -58 (~10%), which have previously been assigned as smaller cyclic species, such

as [H2BPhH]z and [H2BPhH]4,% 12 and free PPhH2 at & —122.6, are also observed.
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41 1 mol%
Ph,  Phy [ICl
CPF;RHKPP PhH Hog—pPhH
Ph, Ph, gz HZB/P\Elst . PhHF|>/ \ElaH2
H3B-PPhH, 1 M. toluene P';; ) ¥ PhHFI>\B/PPhH HZB\P_B/PPhH
100 °C H, PhH H,
sealed NMR tube
5(3'P) -48.9 5(3'P) -52 to -58

Scheme 4.3. Dehydropolymerisation of HsB-PPhH:2 using [Rh(dppe)2]Cl (4.1) as a precatalyst.
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Figure 4.1. In-situ 3P{*H} NMR spectrum of the dehydropolymerisation of H3B-PPhH> using 4.1 as a
precatalyst, reaction conditions: 1 M H3B-PPhHz, toluene, 100 °C, 19 hours (202 MHz, toluene, 298 K).

The mixture was transferred to a vial via cannula and hexane was added, which immediately resulted
in the precipitation of a white solid. The white material was isolated in good vyield (84%) and
characterised as polymeric [H2BPPhH]», with NMR signals consistent with that previously reported by
Manners using [Rh(COD)(u-Cl)]z as a precatalyst (CDClIs, Figure 4.2).° A broad 3P singlet observed in
the 3'P{*H} spectrum at & —49.4, is similar to that observed in the in-situ mixture, which splits into a
broad doublet in the 3P NMR spectrum, with large *J(PH) of 355 Hz. In the *H NMR spectrum, broad
signals relating to the phenyl group (& 7.22-6.82, relative integral 5H), the PH signal, observed as a
doublet at 5 4.18 [1J(PH) = 355 Hz, integral 1H] that collapses to a singlet upon 3'P-decoupling, and a
very broad BH: signal centred at & 1.37 (integral 2H, FWHM = 251 Hz), which sharpens upon 1B-

decoupling.
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Figure 4.2. *H NMR spectrum of [H2BPPhH]. from the dehydropolymerisation of HsB-PPhH: using 4.1
as a precatalyst. (600 MHz, CDCls, 298 K). The insets show the signals in the 1B{*H}, 3P and 3'P{*H}
NMR spectra (193 and 243 MHz respectively, CDClz, 298 K).

Analysis of the polymeric [H2BPPhH]. by Gel Permeation Chromatography (GPC) confirmed that
polymeric material had indeed been formed, with M» of 36,000 g mol!* and a polydispersity (D) of 1.4
(Figure 4.3). In comparison, [H2BPPhH]» formed via the previously reported iron based catalyst, the
current best in class of phosphine-borane dehydropolymerisation, [Cp(CO)2FeQTf] (i-64), gave polymer
of Mn = 59,000 and D = 1.6 as measured by GPC analysis with conventional column calibration.?3 The
polymer formed from the earlier reported Rh-based catalysts, such as [Rh(COD)2][OTf] could not be
analysed by GPC analysis due to facile aggregation, which was confirmed via dynamic light-scattering
(DLS) anaylsis,* but analysis via static light scattering analysis displayed a Mw of 20,000 g mol1.8 In
the GPC trace of [H2BPPhH], formed via [Rh(dppe)2]Cl, a significant amount of lower molecular weight

polymer with M of 2,000 g mol* (B = 1.4) is observed.
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Figure 4.3. GPC trace of a sample of [H2BPPhH]» formed from the dehydropolymerisation of
HsB-PPhH: using 4.1 as a precatalyst, reaction conditions: 1 M HsB-PPhH, toluene, 100 °C, 19 hours.

Due to the high costs of the primary phosphine-borane monomers used in the dehydropolymerisation
reactions conducted in this chapter, the reactions are done on a small scale (30-40 mg monomer) with
between 0.2 and 0.5 ml of solvent. Therefore, all reactions are performed in high pressure NMR tubes.
Whether the NMR tube was open to argon or sealed did not influence the reaction time or polymer
molecular weight. Subsequently, sealed NMR tubes were used throughout for practicality. The build-

up of Hz never exceeded four bar at 100 °C and thus three bar at room temperature.

It is important to note that all of the GPC analyses reported in this Chapter are relative to a
Conventional Column Calibration (CCC) using polystyrene samples of known molecular weight. This is
not necessarily a reliable calibration for poly(phosphinoboranes) as they potentially exhibit different
properties in solution due to the polarised P-B bonds and B—H and P—H bonds in the backbone. This
results in different amounts of hydrogen-bonding interactions, and in turn, coiling and potentially
interchain aggregation.** 1> For absolute molecular weight, a multi-angle light scattering (MALS)
detector is used, but this does not register poly(phosphinoboranes) below M, = 20,000 g mol?,
therefore, a combination of MALS and CCC is thus used as appropriate. In order to do this a calibration
between MALS and CCC is needed. A calibration graph has been compiled for samples of [H2BPPhH]»
produced during this project that both detectors can analyse (Figure 4.4). This shows that CCC
overestimates the polymer molecular weight by three times at higher molecular weight and by a factor
of nine at lower molecular by extrapolation of the graph under the conditions used (2 mg/cm? samples

in 2 ml THF with 0.1 mol% NBu4Br, three columns).

Page 134



Chapter Four

40000
(o]
35000 + o )
£°30000 + y =0.0006x15861 P
o
€ 25000 T :
o
~.20000 + -
7 15000 + o e
< 10000 + w90
= sPo
5000 + -
0 ........... : : : :
0 20000 40000 60000 80000
Conventional Column Calibration (M, / g mol-1)

Figure 4.4. Calibration graph of the GPC analysis of samples of poly(phenylphosphinoborane) obtained
during this project between a conventional column calibration detector and a multi-angle light scattering
detector (MALS).

4.3 Catalyst optimisation
Screening of the anion, phosphine and catalyst loading in the dehydropolymerisation of HsB-PPhH:
was carried out to optimise the reaction, for faster and cleaner conversion to [H2BPPhH]» in an attempt

to reduce both the cyclic species and lower Mn material.

4.3.1 Different anions and monomer concentration

Ph, Ehz_l[x]
P/, o
LR

P
Ph Ph, H,
H3B-PPhH > B
’ 2 1 M, toluene PEI:
100 °C n

Scheme 4.4. Anion screen in [Rh(dppe)2][X] precatalysts. [X] = CI-, [BF4]-, [BArF4]- and H-.

In order to determine the influence of the anion on the dehydropolymerisation reaction, a range of
[Rh(dppe)z][X] catalysts with different anions were tested in the dehydropolymerisation of H3B-PPhHz,
[X]- = CI, [BF4]~ and [BArF4]- (Scheme 4.4). These catalysts were formed via the addition of NaX to

[Rh(dppe)z]Cl in 1,2-F2CeHa4, followed by filtration to remove NaCl and evaporation of the solvent in a
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similar manner to that previously reported for [Rh(dppe):z][BF4].*¢ [Rh(dppe)2][X] were isolated as
analytically pure, yellow solids. The neutral complex RhH(dppe)2 was prepared according to a literature
procedurel” and was also tested in the dehydropolymerisation of HsB-PPhH2. Catalytic mixtures of 1
mol% catalyst, 1 M H3sB-PPhH: in toluene at 100 °C were left for 19 hours in a sealed NMR tube and
the resultant polymers were isolated via precipitation into hexanes, and then analysed by GPC (Table
4.1). All of the catalysts formed polymeric [H2BPPhH]n of reasonably similar molecular weight and
polydispersity (28,000-38,000 g mol, if discounting [BArF4]- catalyst, and B = 1.4-1.8). The [BAr-4]-
anion is observable in the refractive index trace in the GPC analysis and coincides with the polymer
signal, leading to a distortion of the calculated polymer size.? In light of this, we decided to use the

simplest catalyst, 4.1, for further investigations as there is no significant anion effect.

As noted in section 4.2, a small amount of lower molecular weight polymer (Mn = 2,000 g mol-
1D = 1.4) was formed alongside polymer of higher molecular weight. By increasing the monomer
concentration from 1 M to 1.25 M the lower molecular weight polymer significantly decreased in
intensity, giving a more monomodal molecular weight distribution, albeit with a slight sacrifice in polymer
chain molecular weight of the higher molecular weight portion (36,000 to 26,500 g mol-1, Figure 4.5).

Subsequently, all further reactions were conducted at 1.25 M.

Table 4.1. Different precatalysts tested in the dehydropolymerisation of HsB-PPhHz (1 M, toluene, 100
°C, 19 hours). Molecular weight and polydispersity calculated by GPC analysis.

Cat Starting
Catalyst loading Corr?coe”not?;firon Mn (g mol) PDI (D) Yield (%)
0,
(mol%) (M)

[Rh(dppe)2][BArF4] 1 1.0 13,500 1.8 82
[Rh(dppe):][BF4] 1 1.0 38,500 1.4 75
RhH(dppe): 1 1.0 27,500 16 70
[Rh(dppe)2]CI (4.1) 1 1.0 36,0002 1.4 85
[Rh(dppe)2]CI (4.1) 1 1.25 26,500 16 86

a Molecular weight and polydispersity of the higher molecular weight portion of the bimodal distribution.
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Figure 4.5. GPC trace of [H2BPPhH]. from the dehydropolymerisation of HsB-PPhHzat 1 M and 1.25
M using 1 mol% 4.1 for 19 hours at 100 °C in toluene.

4.3.2 In-situ formation of precatalyst and a screen of different phosphine ligands

0.5 mol% [Rh(COD)CI],

2 mol% phosphine EZ
H3;B-PPhH> > p~
1.25 M, toluene, 100 °C PhH
19 hours :

Scheme 4.5. In-situ prepared Rh—Phosphine catalysts for the dehydropolymerisation of HsB-PPhH:
(1.25 M). The range of phosphines used are shown in Table 4.2.

To test the flexibility of this catalyst system further and make the phosphine screening easier, the in-
situ formation of the precatalyst was investigated by adding a 2:1 ratio of dppe and [Rh(COD)(u-Cl)]2 to
the reaction mixture instead of preformed 4.1 (reaction conditions: 1.25 M HsB-PPhH, toluene, 100 °C,
19 hours) (Scheme 4.5). Polymer formation did occur, but a bimodal distribution was observed in the
GPC trace. Potentially, two catalysts are at play; a [Rh(dppe)]* based catalyst, similar to that formed
from 4.1, and a catalyst from [Rh(COD)(u-Cl)]2, as this precursor has also shown to be an effective
catalyst for dehydropolymerisation of HsB:-PPhH2.° By using four equivalents of dppe, a monomodal
distribution was obtained, giving polymer of high molecular weight (Mn = 44,500 g mol*) and a narrower
dispersity (B = 1.5). Five other phosphines were then tested in a 4:1 ratio of phosphine:[Rh(COD)(u-
CDh]2 (Scheme 4.5, Table 4.2). Polymeric [H2BPPhH]» was formed in all cases (Mn = 28,000-45,000 g
molt) with reasonably narrow polydispersities (B = 1.5-1.9) (Table 4.2). This method highlights the ease

for which phosphines can be tested in the rhodium-catalysed dehydropolymerisation of HsB-PPhH2 and
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the flexibility within this catalyst type. The fact that different polymer is formed with the different ligand
implies the ligand is coordinating to the rhodium and in turn, influencing the catalytic activity. This also

provides control over polymer molecular weight by addition of different ligands.

Larger diphosphine backbones, such as dppp and dppb, appear to produce polymer of lower
molecular weight and wider dispersity. We are not sure of the reason behind this. 3P signals
corresponding to BHs adducts of free phosphine (& 30-10), PhPH2 and polymeric and cyclic species

were observed in all cases in the in-situ 3!P{IH} NMR spectrum.

The catalyst containing dppe produces polymer of the largest molecular weight and the lowest
dispersity, and therefore the dppe ligand was used in all further investigations. The reason why polymer
of higher molecular weight is observed via the in-situ formed catalyst is unclear, but could be due to a
weighing issue of small amounts of [Rh(COD)(u-Cl)]2, and therefore [Rh(dppe):2]Cl (4.1) was used as a
preformed precatalyst for consistency.

Table 4.2. GPC analysis of the polymeric material formed in the dehydropolymerisation of HsB-PPhH:

using different phosphines in an in-situ formed rhodium catalyst (1.25 M monomer, 0.5 mol%
[Rh(COD)ClI]2, 2 mol% phosphine, toluene, 100 °C for 19 hours).

Ligand Mn (g mol™?) PDI (D) Modality Yield (%)
thp/\/Pth 58,0002 1.8 Bimodal? 76
Ph P/\/F’F’hz 44,500 1.5 Monomodal 74

2
thP/\/\Pth 29,500 1.7 Monomodal 81
/\/\/PPh , .
Ph,P 2 32,500 1.7 Monomodal 83

~_-PCy2 41,000 1.8 Monomodal 62
Cy2P

Eh 28,000 1.9 M dal 66
, . onomoda
PhP” " ""ppp,

a1 mol% of dppe used.

4.3.3 Catalyst loading variation

With a reliable and simple precatalyst in hand with [Rh(dppe)2]CI (4.1), the effect of catalyst loading on
the resultant polymer whilst keeping the other reaction conditions constant was investigated (Table 4.3).

Polymer was formed with catalyst loadings down to 0.1 mol%, albeit with a much lower molecular weight
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and wider polydispersity after 19 hours of reaction time at 100 °C as determined by GPC analysis of
the isolated polymer (Mn = 7,500 g mol?, B = 2.2). Only 75% of HsB-PPhH2 had reacted at 0.1 mol%
catalyst loading as determined by integration of the 1B NMR spectrum. At 0.5 mol% catalyst loading,
90% of the monomer had reacted after 19 hours and polymer of higher molecular weight was observed
via GPC analysis, with a narrower polydispersity (Mn = 18,000 g mol%, B = 1.7). At 2 mol%, all of the
monomer had reacted, and even longer polymer than at 1 mol% was observed (Mn = 33,000 g mol%, D
= 1.5). Therefore, variation of the catalyst loading provides a method of control in the resultant
poly(phenylphosphinoborane) molecular weight and polydispersity. The unreacted monomer can be
removed by a hexane wash or even sublimation. Similar control via catalyst loading has been reported
for the iron-based catalyst [CpFe(CO)2(OTf)].12

Table 4.3. GPC analysis of [H2BPPhH]n» formed via the dehydropolymerisation of HsB-PPhH: using 4.1
as a precatalyst with different loadings (1.25 M, toluene, 100 °C, 19 hours).

Cat. loading (Mol%) | My (g molY PDI (D) HC:B”_‘;eFfﬁ:jZ”(% Yield (%)
0.1 7,500 2.2 75 51
0.5 18,000 17 90 60
1 26,500 16 100 85
2.0 33,000 15 100 82

4.4 Molecular weight of [H.BPPhH], versus conversion of HsB-PPhH; experiments

The observation of different degrees of polymerisation at 75%, 90% and 100% monomer conversion in
the catalyst loading variation experiments described above, led to an investigation into the molecular
weight change with differing conversion of HsB-PPhH2. To do this, eight individual reactions were set
up in sealed NMR tubes with the same reaction conditions, i.e. 1.25 M HzB-PPhHz in 0.2 ml toluene,
with 1 mol% of catalyst 4.1 at 100 °C, with the only variable being time. After a set amount of time, the
catalytic mixture was cooled to room temperature and analysed by B NMR spectroscopy and the
conversion of HsB-PPhH2 was determined by the relative integral of the monomer signal. !B and 3P
signals relating to the previously reported linear dimer, HsB-PPhHBH2-PPhH (LD-Ph) were observed,”
alongside free monomer (if conversion < 100%) and polymeric [H2BPPhH]n (Figure 4.6).° After 45
minutes of reaction time, the concentration of LD-Ph is at an observed maximum, at 30% of the mixture,
which was subsequently consumed as the reaction was left for longer pointing to its role as an

intermediate. LD-Ph was isolated from the catalytic mixture and its use as a precursor was studied (see
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section 4.7). The in-situ observation of linear dimer has been reported previously in the
dehydropolymerisation of HsB-PPhH2 when [Cp*Rh(Me)(PMes)(CH2Cl2)][BArF4] (i-59) was used a
precatalyst, during which, LD-Ph was also produced and then completely consumed, as HzB-PPhH:2

was also consumed. 7

HaB-PPhH,

17 mins PhH\

50 mins

24 -26 -28 -30 -32 -34 -36 -38 -40 -42 -44 -46 -48
6 (ppm)

Figure 4.6. 1B NMR spectra of the dehydropolymerisation of H3B-PPhH2 with 1 mol% 4.1 in toluene
(1.25 M) stopped after different periods of time at 100 °C (193 MHz, toluene, 298 K).

The resultant oligomeric/polymeric [H2BPPhH]» samples from this course study were isolated via
precipitation into hexanes and analysed by GPC. A resulting plot of conversion of HsB-PPhH: versus
degree of polymerisation (as measured by Mn) is shown in Figure 4.7. The polymer molecular weight
increases steadily but slowly from 0% conversion (t = 0) to 95% conversion (t = 5 hours), after which
time the Mn of [H2BPPhH]. was determined to be 7,500 g mol-l. When the conversion of H3B-PPhH:
reaches ~100% after 5 hours, My increases rapidly. At t = 19 hours the Mn is 32,000 g mol* but the
reaction left for 5 days resulted in polymer of Mn = 77,000 g moll. The polydispersity of the resultant
polymer decreases steadily over the reaction course, from B = 3.0 at 20% conversion of LD-Ph, down
to B = 1.7 at ~100% conversion. The observation of low molecular weight polymer up until higher
conversion of monomer, when longer polymer chains are then formed, is characteristic of a step-growth
like mechanism.® However, in classical step-growth polymerisation, monomer is fully consumed at
early stages of the reaction, whereas in chain growth monomer decreases steadily, but high molecular
weight polymer is observed almost instantaneously.l® Step-growth polymerisations are often

accompanied by the loss of a small molecule in the process of forming new bonds between two different
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functional end groups of a monomer/oligomer/polymer chain. A widely used example of this is the
polycondensation of acids and alcohols to form polyesters, with the concurrent loss of H20. The
functionality can be within the same monomer [e.g. HO(CH2)9COOH] or two different monomers with
different functional end groups [e.g. HO(CH2)2OH and 1,4-(CO2H)-CsHa].?° In the case of phosphine-
borane dehydropolymerisation, a bifunctional monomer is used, i.e. the BHz and PRH2 moieties are
within the same monomer unit, and the coupling process produces molecular H2.1* Rapid monomer
conversion at the start of the reaction, and decreasing polydispersity over time, are both diagnostic of
a step-growth mechanism,?! but it is important to note that as monomer is still observed after 19 hours

(1%) it is not a classical step-growth polymerisation.
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Figure 4.7. Mn (blue, left y-axis) and polydispersity (orange, right y-axis), as calculated by GPC analysis,
against the consumption of HsB-PPhH: in the dehydropolymerisation of HsB-PPhH: to form [H2BPPhH2]
(2 mol% 4.1, 1.25 M, toluene, 100 °C). The conversion is measured by 1B NMR spectroscopy.

This molecular weight versus conversion experiment also highlights the control over molecular weight
that is possible with this catalytic system. By simply leaving the catalytic reaction for different periods
of time, polymer of a specific molecular weight can be formed, which is shown to be useful in later

sections of this Chapter (vide infra).

4.5 Synthesis, characterisation and molecular weight vs conversion experiments of
polymeric [H.BP(Ar’)H]. [Ar’ = 3,5-(CF3).Ce¢H3]

To test the functional group tolerance of this catalytic system, the bis-meta-trifluoromethylated

phosphine-borane variant HsB-PAr'Hz [Ar’ = 3,5-(CF3)2CsHs] was used as a monomer. HsB-PAr'Hz was
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prepared according to the literature procedure,?? and added to precatalyst 4.1 (1 mol%) in toluene
solvent (1.25 M) and heated to 100 °C in a sealed NMR tube, as for HsB-PPhHz (Scheme 4.6). After 19
hours at 100 °C, the reaction mixture was analysed by in-situ 1B and 3'P{!H} NMR spectroscopy.
Similar to the experiments conducted with HsB-PPhH:, signals corresponding to (HsB)zdppe, free
PArHz, polymeric [H2BPAr'H]» and smaller cyclic species are observed in the 3'P{*H} NMR spectrum

[Ar = 3,5-(CF3)2CesH3].

CFj
1 mol% 4.1 H2 .
H3B-PArH, > p” Ar'=
1.25 M, toluene ArH 0
100 °C CF,

Scheme 4.6. Preparation of polymeric [H2BPArH]» from the dehydropolymerisation of HsB-PAr'Hz using
4.1 as a precatalyst [Ar' = 3,5-(CF3)2CeH3].

The resulting polymeric material [H2BPAr'H], was isolated by precipitation into hexanes, in a moderate
yield (62%), and the resultant white solid was fully characterised by multinuclear NMR spectroscopy.
The NMR signals matched those previously reported for polymer of Mn = 209,000 g mol* and b = 1.3
made from [CpFe(CO):0Tf].?2 [H2BPAr'H]» is an excellent example of where different tactic
environments within the polymer backbone chain give rise to three different 31P chemical shifts (Figure
4.8). The ratio of the three peaks in the 31P{*H} NMR spectrum is 1:2:1. which is as predicted from the
statistical distribution of the different tactic environments; mm:mr+rm:rr,23 suggesting an overall atactic
polymer has been formed.?* This is the same ratio found for the [H2BPAr'H]» formed via the iron-
catalysed route (see section 1.10.3).22 Interestingly, only one, broad 1°F resonance is observed for this
polymer at & —63.5 in the 1°F NMR spectrum, and only one broad P—H signal is observed in the 1H NMR
spectrum [ 4.60, J(PH) = 365 Hz], showing that the different tactic environments are only observable
in the 31P NMR spectrum. Different tactic environments have also been observed in the 31P NMR

analysis of poly(methylenephosphines).?®
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Figure 4.8. 31P (top) and 3'P{'H} (bottom) of isolated [H2BPAr'H]» from the dehydropolymerisation of
HsB-PAr'Hz using 4.1 as a precatalyst.

After 19 hours of reaction time at 100 °C, isolated [H2BPAr'H]» was determined to have an M of 127,500
g mol! and a polydispersity (D) of 1.2 by GPC analysis. By MALS the Mn = 38,000 g molt and B = 1.2.
This is roughly four times the size of the phenyl equivalent [H.BPPhH]. under the same conditions and
reaction time. A proposed explanation for the longer polymer is due to the electron-withdrawing feature
of the meta-CFs groups which activates the P—H bond and in turn, increases the rate of dehydrocoupling
and a longer polymer chain is formed during the same reaction time. This observation has been reported
before for the dehydropolymerisation of HsB-PArH> (Ar = 4-CF3CeH4), which underwent
dehydropolymerisation to form [H2BPArH]» at 60 °C using [Rh(COD)(u-Cl)]2 under neat conditions,
whereas H3B-PPhH: required 90-130 °C to form polymeric [H2BPPhH]» using the same catalyst.26
Moreover, in the dehydrocoupling of H3B-PArzH [Ar = 3,5-(CF3)2CeH3z and 4-CsH4sOMe] the monomer
containing the more electron withdrawing monomer reacted to 90% conversion after one hour in the
melt phase using a [Rh(dppp)]* catalyst, whereas the less activated electron-donating monomer was

only 50% converted after one hour.6

A conversion versus Mn experiment was conducted with HzB-PArHz [Ar = 3,5-(CF3)2CsHs]
using reaction conditions of: 100 °C in toluene, 1.25 M monomer and 1 mol% precatalyst 4.1. The Mn
of the isolated polymers was compared to the conversion of HsB-PAr'Hz (Figure 4.9). A very similar
step-growth like trend is observed. Up until 100% conversion of the monomer, the polymer molecular

weight increases steadily and after complete conversion the molecular weight continues to grow. One
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noticeable difference, however, is the steeper increase in molecular weight up until 100% conversion
of the monomer. We propose this is caused by the more activated monomer, with electron-withdrawing
CF3 substituents, reacting faster and so the degree of polymerisation is greater. For comparison, after
10 minutes using HsB-PAr'Hz as the monomer, 30% is converted, whereas with HsB-PPhH>, after 17
minutes only 20% of the monomer is converted. Complete conversion of monomer is observed for

HsB-PAr’H: after just four hours, compared to 19 hours for HsB-PPhH:.
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Figure 4.9. Mn (blue, left y-axis) and polydispersity (orange, right y-axis), as calculated by GPC analysis,
against the consumption of HsB-PAr'Hz in the dehydropolymerisation of HsB-PAr'Hz to form polymeric
[H2BPAr'H]» (1 mol% 4.1, 1.25 M, toluene, 100 °C). The conversion is measured by B NMR
spectroscopy.

During these experiments, a similar linear dimer intermediate to LD-Ph, H2B-PArHBHz2-PArHz (LD-
mCF3) was observed in the in-situ B NMR spectra for the m-CFz variant (Figure 4.10). This was
assigned from two broad !B signals at & —35.9 and —38.3, which are at a similar chemical shift to the
previously reported phenyl version (& —36.5 and —38.9).7 Two broad 3!P signals are also observed at &
—51.0t0-53.8, which are similar to LD-Ph (6 —51.4 and —53.4, both broad). These observations suggest
a similar mechanism is occurring for both aryl phosphine-boranes, as well as the formation and then

consumption of the linear dimers, LD-Ph and LD-mCF; during dehydropolymerisation.
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Figure 4.10. In-situ 'B NMR spectra of the dehydropolymerisation of HsB-PAr'Hz with 1 mol% 4.1 in
toluene (1.25 M) stopped after different periods of time at 100 °C (193 MHz, toluene, 298 K).

4.6 In-situ 'H NMR studies of the dehydropolymerisation of HsB-PPhH,

With some insight from the in-situ 1B NMR, this section details the in-situ 'H NMR experiments of the
dehydropolymerisation of HsB-PPhH: that are ran periodically over the course of the reaction (Figure
4.11). This provides more detail of monomer consumption, linear dimer formation and polymer
production. A lower concentration of 0.25 M was used to increase the volume of solvent in the NMR
tube so effective locking and shimming could be obtained without overcharging the NMR tube. A higher
concentration of 3 mol% was also used so the reaction went to completion within a reasonable time
frame (7 hours). The intensity of the signals relating to monomer HsB-PPhH: decreased rapidly at the
start of the reaction and the PH2 doublet signal corresponding to linear dimer LD-Ph at 6 5.12 [J(PH) =
399 Hz] is observable in the first spectrum collected. This signal assigned to the LD-Ph PH2 matches
with the previously reported characterisation of LD-Ph: doublet at & 5.85 with J(PH) = 406 Hz, in
CD:2Cl2.” Over time, the polymer signals grow in intensity as LD-Ph and HsB-PPhH2 diminish completely.
This corroborates with the in-situ *B NMR spectra taken in the molecular weight vs conversion
experiment that showed the formation and then consumption of LD-Ph. Dissolved H: (& 4.48), free
PhPH:2 (6 3.78) and CHz in the dppe (5 2.53) are also observed in the *H NMR spectrum of the catalytic

mixture. Complete conversion of HsB-PPhH: is observed after 6.5 hours.
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Figure 4.11. In-situ 'H NMR of the dehydropolymerisation of HsB-PPhH>, catalytic conditions: 3 mol%
4.1, 0.25 M monomer in ds-toluene, 373 K (500 MHz). Darker lines are earlier in the experiment and
lighter red lines are at the end of the six-hour experiment.

The relative integrals of the P-H signals in HsB-PPhH2 and [H2BPPhH]», and the B-H signal of LD-Ph
are plotted against time in Figure 4.12. The concentration of LD-Ph peaks at roughly 4000 seconds,
after which it is consumed to completeness over the course of the reaction. Polymer formation and
monomer consumption are faster at the start of the reaction and decrease in relative rate during the
reaction. The formation of polymeric [H2BPPhH]. and the formation and disappearance of LD-Ph do
not fit simple integrated rate plots which is unsurprising considering the polymer peaks include trimer,
tetramer, pentamer etc. which will all be produced at different rates. The consumption of HsB-PPhH:
however, fits a first order decay with a kobs of 3 £ 0.02 x 10 s (Figure 4.12). The molecular weight
from these catalytic conditions was calculated to be bimodal, with one component of M, = 32,000 g mol-
1 (b = 1.5) and the other Mn = 2,500 g mol! (B = 1.4), which is consistent with the earlier observation

that a lower monomer concentration increases the proportion of lower molecular weight material formed.
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Figure 4.12. Left- relative integral plots of HsB-PPhHz, [H2BPPhH]» and LD-Ph over time during the
dehydropolymerisation of HsB-PPhH: using 4.1 as a precatalyst. Integrals relative to the initial
concentration of HsB-PPhH:. Right- the first order integrated rate plot of [H3B-PPhH2].

4.6.1 Re-charging of HsB-PPhH, experiment

To ascertain whether the catalyst decomposes during the reaction a re-charge experiment was
conducted. The in-situ *H NMR experiment was repeated using the same conditions (3 mol% 4.1, 0.25
M in ds-toluene, 100 °) but stopped after complete conversion of HzB-PPhH2 was observed (4.5 hours)
and then fresh HsB-PPhH2 was added into the reaction mixture. The concentration of HsB-PPhH2 was
monitored by in-situ 'H NMR during the entire experiment (Figure 4.13). The rate of consumption of
HsB-PPhH: is twice as fast in the initial charge. A first order decay is observed for both charges with
kobs of 3 £ 0.07 x 10% st and 1.5 + 0.07 x 10 s respectively. There is evidently a reasonable amount
of active catalyst in the mixture. The fact that the rate slows could be due to some catalyst
decomposition, or, due to a greater concentration of polymer in the second charge, i.e. product inhibition
may occur. The final polymer was isolated and analysed by GPC, revealing M, = 33,000 g mol%, and a
reasonably narrow dispersity of B = 1.5. This polymer is too large and uniform to be obtained via
uncatalyzed dehydropolymerisation,® 27 therefore, the rhodium species within the mixture at the end of

catalysis can still catalyse the reaction.
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Figure 4.13. Left — concentration plot of HsB-PPhH:z during the dehydropolymerisation of HsB-PPhH2
using 4.1 as a precatalyst with a re-charge of the same amount of monomer after 4.5 hours (3 mol%,
0.25 M in ds-toluene, 373 K). Right — First order integrated rate plot of the re-charge experiment.
Concentrations determined from the signal integrals from the in-situ monitored *H NMR spectra and are
relative to the initial monomer concentration.

Obtaining reliable and accurate kinetic data is difficult for this system for several reasons: 1) H:
formation, which may affect the rate of reaction as Hz could be involved in the rate limiting step? and is
difficult to remove from a sealed NMR tube during in-situ analysis. 2) The concentration of free PPhH:
in the catalytic mixture has also been shown to be influential in the Fe-based systems,2® and this is
difficult to control. 3) Uncatalyzed dehydropolymerisation is also occurring,® 27 albeit much slower than
the catalysed route. Therefore, no further information could be extracted from the in-situ NMR data
detailed so far in this chapter on the formation and consumption of linear dimer H2B-PPhHBHz-PPhH:

(LD-Ph). In light of this, LD-Ph was prepared independently and applied in catalysis.

4.7 The synthesis of linear dimer HsB-PPhHBH,-PPhH. and its application in catalysis

To isolate LD-Ph, a dehydropolymerisation reaction of HsB-PPhH: using 1 mol% 4.1 as the precatalyst
was stopped after 45 minutes at 100 °C. LD-Ph was isolated from the catalytic mixture via a hexane
extraction, solvent evaporation and careful removal of residual monomer by sublimation. The sample
of LD-Ph was inspected by NMR spectroscopy (d8-toluene): two broad signals in the 31P{H} NMR
spectrum are observed at & —53.2 and —54.5, and two complex multiplet in the 'B NMR spectrum are
observed at 5 —36.1 and —34.5. In the *H NMR spectrum, the P—H signals are observed at 5 4.95 and

4.84 with J(PH) = 405 and 390 Hz respectively. This data is consistent with the previously reported
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literature data” and in the assignment of LD-Ph in the in-situ 1B and 'H NMR experiments detailed
above. A small proportion of residual (HsB)2dppe could not be removed from the linear dimer. Due to
the relatively low proportion of LD-Ph in the catalytic mixture (~30% by in-situ 2B NMR) only a small

amount of LD-Ph could be isolated (20 mg, 17% yield).

H, o
] PhP/B\P/BH3 3 mol% 4.1 _ gz
2 PhH 0.14 M, dg-toluene p”
Lb.Ph 100 °C PhH  /n

Scheme 4.7. Dehydropolymerisation of LD-Ph using 4.1 as a precatalyst.

To see if LD-Ph undergoes dehydropolymerisation to form polymeric [H2BPPhH]n, the isolated LD-Ph
was added into an NMR tube with 4.1 (3 mol%) and ds-toluene, and the mixture was heated to 100 °C
in an NMR spectrometer and monitored by in-situ *H NMR spectroscopy for 14 hours (Scheme 4.7,
Figure 4.14). As only a small amount of LD-Ph could be isolated a lower concentration of 0.14 M was
used. It is evident from the in-situ *H NMR data that the P-H, B—H and aromatic signals corresponding
to LD-Ph reduce over time as signals increase in intensity. Dissolved Hz (& 4.51), ethylene signals from
dppe (© 2.54), and free PPhH>, [6 3.82, d, J(PH) = 197 Hz] are also observed. Importantly, there is no
HsB-PPhHz observed, so if LD-Ph is a precursor to free monomer then it is reacting onwards faster
than can be detected by NMR spectroscopy. Free PhPH: is observed at the start of the reaction, but
does not increase in intensity further into the reaction progress, suggesting there is some dissociation
of the linear dimer at the start of the reaction which may be part of the catalyst activation, i.e. loss of
one dppe ligand. This is supported by the observation of (HzB)2dppe in the 31P{*H} NMR spectrum taken

at the end of catalysis. LD-Ph is completely consumed after 12 hours.
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Figure 4.14. In-situ *H NMR spectra of the dehydropolymerisation of LD-Ph, catalytic conditions: 3
mol% 4.1, 0.14 M LD-Ph in ds-toluene, 373 K (500 MHz). Darker lines are earlier in the experiment and
lighter red lines are at the end of the experiment.

At the end of the in-situ 'H NMR monitoring experiment, the catalytic mixture was interrogated by 31P{*H}
and 1B NMR spectroscopy, confirming that all of the LD-Ph had reacted. Signals corresponding to
polymeric [H2BPPhH]s, smaller cyclic phosphine-borane species,® (HsB)2dppe and free PhPH: are also
observed in the 3'P{IH} NMR spectrum. The resultant polymer, [H2BPPhH]n, was isolated and analysed
via GPC. The GPC trace showed a bimodal distribution. The higher molecular weight portion was
calculated to be of Mn = 61,000 g mol* with a polydispersity (P) of 1.3. The lower molecular weight
fraction is Mn = 3,000 g mol* and B = 1.3 (Figure 4.15). Dehydropolymerisation of HsB-PPhH2 was
repeated at the lower concentration of 0.14 M at 3 mol% catalyst loading of 4.1. Using these conditions,
complete conversion of HsB-PPhH2 was observed after 11 hours and the resultant polymer was also
bimodal: Mn = 45,000 and 2,500 g mol* and B = 1.3 and 1.4 respectively. This is consistent with the
earlier observation that a lower concentration of monomer gives a higher proportion of lower molecular

weight polymer (section 4.3.1). In summary, LD-Ph undergoes dehydropolymerisation to polymeric
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[H2BPPhH]» of similar Mn and bimodality, and over a similar time to the dehydropolymerisation of

HsB-PPhHs>.

=] D-Ph
e H3B - PPhH2

Normalised Rl Response

4 4.5 55
log MW / (g mol-1)

Figure 4.15. GPC trace of the poly(phosphinoboranes) formed from the dehydropolymerisation of
HsB-PPhHz and LD-Ph respectively at 0.14 M, 100 °C.

4.8 Catalyst speciation: in-situ NMR spectroscopy and stoichiometric reactivity

4.8.1 In-situ NMR studies

Inspection of the hydride regions of the in-situ *H NMR data collected during the dehydropolymerisation
of HzB-PPhH:2 (section 4.6) and LD-Ph (section 4.7) also allowed for insights into catalyst speciation.
These revealed that similar hydride resonances are observed for both reactions. At the start of the
dehydropolymerisation of HsB-PPhHz, hydride signals at 8 —1.90 and —14.45 in a 3:1 ratio are observed
(Figure 4.16). Gradually, these signals decrease in intensity and new signals between & —16.00 and —
16.6 increase in intensity throughout the reaction. A very broad signal between 6 —8.6 and —10.2 is also

observed, which grows in intensity as the concentration of HsB-PPhH2 and LD-Ph decreases.
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Figure 4.16. Hydride region of the in-situ *H NMR of the dehydropolymerisation of HsB-PPhHz, catalytic
conditions: 3 mol% 4.1, 0.25 M HsB-PPhHz: in ds-toluene, 373 K (500 MHz). Darker lines are earlier in
the experiment and lighter red lines are at the end of the experiment.

At the start of dehydropolymerisation of LD-Ph, two signals are observed in the hydride region, one as
a broad singlet centred at  —1.9 and the second, observed as a sharper singlet at & —14.43, in a relative
integral ratio of 3:1 (Figure 4.17), very similar to the dehydropolymerisation of HzB-PPhH:2 (Figure 4.16).
As the catalysis progresses, these signals diminish, and new signals between —16.00 and —-16.61

appear. The disappearance of these hydride signals coincides with the consumption of LD-Ph.

time
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Figure 4.17. Hydride region of the in-situ 'H NMR of the dehydropolymerisation of LD-Ph, catalytic
conditions: 3 mol% 4.1, 0.14 M LD-Ph in ds-toluene, 373 K (500 MHz). Darker lines are earlier in the
experiment and lighter red lines are at the end of the experiment.

The hydride signals observed at the start of these dehydropolymerisation reactions are similar to the
hydride resonances reported for [RhH(dppp)(a,n2n3-PPh2-BH2PPh2-BH3)][BArF4] (i-56-Ph,) by Huertos
and Weller in 2013.5 The rhodium hydride signal of i-56-Ph, was reported as a broad singlet at 5 —14.1
and the agostic BHs was observed at & —1.19, integrating in a 1:3 ratio, that further suggests a rapid
rotation of the BHs unit.5 i-56-Ph, was reported as the catalyst resting state during the [Rh(dppp)]*
catalysed dehydrocoupling of HzB-PPhzH to form secondary linear dimer HsB-PPh2BH2-PPh2H and
could also be independently synthesised via the addition of HsB-PPh2BH2-PPh2H, to [Rh(dppp)(n®-

CeHsF)][BArf4]. Are we observing a similar complex, namely [RhH(dppe)(o,n?n?-
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PPhH-BH2PPhH-BH3)][CI] (4.2) as the catalyst resting state during the dehydropolymerisation of
HsB-PPhH: using 4.1 as a precatalyst (Figure 4.18)?. An investigation utilising further in-situ catalyst

speciation and stoichiometric reactivity was therefore conducted.
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Ph,P Fiph2 Hund” Pnpy
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~
Ph,P” | ~H H AR By
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Resting state in Possible resting state in
dehydrocoupling of H3B-PPh,H dehydropolymerisation of H3;B-PPhH,
Huertos & Weller (2013) This work

Figure 4.18. Proposed catalytic resting states.

In order to obtain more spectroscopic information on the proposed catalyst resting state (4.2) an NMR
tube was charged with precatalyst 4.1, 20 equivalents (5 mol%) of HzB-PPh2H and ds-toluene (Scheme
4.8). The mixture was heated to 100 °C for 10 minutes before it was cooled to room temperature and
analysed by NMR spectroscopy. Cooling the sample stops catalytic turnover, and thus the
organometallic species can be interrogated via NMR spectroscopy, using multiple different nuclei, which
was not accessible during the in-situ 'H NMR experiments detailed above that were run under array
conditions. A higher catalyst loading of 5 mol% also allows for clearer observation of the organometallic
species present. After 10 minutes, 60% of HsB-PPhzH had reacted to form LD-Ph and [H2BPPhH]n in a

1:1 ratio.

B
Cl s s
\,—E,hZ \Ehz [Cl] 20 equiv. H3B-PPhH, HWT/ Ponpy
~Rh~ > H H—
Eh \p 0.25 M, dg-toluene >Rh<H/B\
? Pha 10 mins, 100 °C Ph,P | H

41

Scheme 4.8. 5 mol% speciation experiment.

In the hydride region of the resulting 'H NMR spectrum, two hydride signals, at & —1.9 and —14.2 are
observed in a 3:1 ratio are similar to those observed in the in-situ *H NMR data detailed above (Figure
4.19). The resonance at d —1.9 is broad and comprises of at least two overlapping signals. This has

been observed in the analogous primary cyclohexyl linear dimer bound complex, [RhH(dppp)(o,n2n3-
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PCyH-BH2PCyH-BH?3)][BArF4] for which different BHs signals were attributed to different diastereomers
due to the chiral P atoms in the linear dimer ligand (Scheme 4.8).% The signal at 8 —1.9 sharpened upon
11B-decoupling, whereas the more upfield signals did not change. Several other unknown signals are
observed between & —15 and —17 which could be catalyst decomposition products or different closely-

related products.
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Figure 4.19. Hydride region of the *H NMR spectrum of the catalytic mixture of H3B-PPhH2with 5 mol%
4.1 in ds-toluene (0.25 M) stopped after 10 minutes at 100 °C (500 MHz, ds-toluene, 298 K).

In the *B NMR spectrum of this reaction, two broad !B signals at 8 —3.1 and —16.6 are observed and
assigned as the BH3z and BH: groups in 4.2 respectively (Figure 4.20). These are reasonably similar to
those reported for [RhH(dppp)(o,n?n?-PPh2.BH2PPh2.BH3)][BArF4] at 3.2 and —27.2.5 Linear dimer and

polymer are also observed.

Page 154



Chapter Four

H
/B%\ HsB-PPhH,
HPhFI’ P\PhH LD-Ph
H + -
,thi:,Bl~ N
PhP” | H [H,BPPhH],

\

—

10 5 0 5 10 15 -20 -25 -30 -35 -40 -45 -50
5 (ppm)

Figure 4.20. 11B{*H} NMR spectrum of the catalytic mixture of HsB-PPhH2with 5 mol% 4.1 in ds-toluene
(0.25 M) stopped after 10 minutes at 100 °C (160 MHz, ds-toluene, 298 K).

In the 31P{*H} NMR spectrum, signals reflecting unreacted 4.1, (HsB)2dppe (10% compared to the total
P-B species), monomer HsB-PPhH2, linear dimer LD-Ph, polymeric [H2BPPhH],, and PhPH: are
observed (Figure 4.21). Broad signals between & 62-54 may correspond to the 3P nuclei in the dppe
fragment (P2 and PP) and broad signals between & —30 and —45 are tentatively assigned as the main
group ligand (P¢ and Pd) within 4.2. However, these signals are broad and difficult to specifically assign

and the 3P NMR spectrum does not clearly show the catalyst speciation.
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Figure 4.21.3P{*H} NMR spectrum of the catalytic mixture of HsB-PPhH2 with 5 mol% 4.1 in ds-toluene
(0.25 M) stopped after 10 minutes at 100 °C (202 MHz, ds-toluene, 298 K).
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In an attempt to gain some insight into the catalyst speciation at the end of catalysis the same reaction
was repeated (5 mol% 4.1, 20 equiv. of HsB-PPhHz, 0.25 M ds-toluene, 100 °C) but the reaction was
left for 50 minutes, in which time 98% of HsB-PPhH: had reacted to give LD-Ph and [H2BPPhH]n. In the
IH NMR spectrum of this catalytic mixture, a small amount of 4.2 is still observable, accompanied by a
broad hydride signal centred at & — 9.0, which dominates the hydride region. The other NMR data is
very broad and not useful for structure elucidation. Instead, ESI-MS analysis using a HCTultra ETD I
ESlI-ion trap spectrometer in the positive mode interfaced into a glovebox was used to gain insight into
this catalyst speciation. A molecular ion of 855.3 m/z is observed, which matches with a calculated
formula of 4.2 + PCeHs (calc. 855.2 m/z) with the same isotope pattern. The structure of this complex
could not be unambiguously assigned but tandem MS/MS concentrated at 855 m/z led to fragmentation
to a signal at 747.2 m/z, i.e. the linear dimer bound complex 4.2 (Figure 4.22). Therefore, the new
complex is likely a product formed via insertion of HzB-PPhH: into 4.2 with concurrent loss of Hz,
consistent with oligomeric species being formed, but the only species observed via MS has fragmented
to lose BHs. Linking this information back to the re-charge experiment (section 4.6.1), a first order decay
of HsB-PPhH2 was observed throughout both charges of monomer and the rate did not change
considerably in the second charge suggesting the mechanism does not change. Therefore, it is likely
the catalyst resting states at the beginning and at the end of catalysis are similar. ESI-MS of the catalytic

mixture earlier in catalysis was unsuccessful.
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Figure 4.22. ESI-MS (ion trap, positive mode) tandem MS/MS spectrum with fragmentation centred at
855 m/z of the catalytic mixture of HsB-PPhHz with 5 mol% 4.1 in toluene (0.25 M) stopped after 50
minutes at 100 °C (diluted with 1,2-F2CesH4). The inset shows the experimental isotope pattern of the
signal at m/z 855.3 and the simulated isotope pattern of 4.2 + PCsHs.

4.8.2 Stoichiometric reactivity with the linear dimer H3B-PPhHBH,-PPhH>

To support the assignment of a linear dimer bound resting state 4.2 during the dehydropolymerisation
of HsBP-PhHz, a series of stoichiometric reactions were conducted to independently synthesise 4.2 and

characterise it in more detail.

LD-Ph and 4.1, in a 3:1 molar ratio, were added to an NMR tube with ds-toluene (Scheme 4.9).

The mixture was heated to 100 °C for five minutes and analysed by NMR spectroscopy.

H Ha ph |C
B¢

dg-tol
3 H, Pn,  Phy [Cl Ve Phad” Pawy
Hophp~ D p B Lo RN = = Al H-L
2 .
PhH Ph, Ph, 3 equiv. dppe Pth’/| ~H”  H
LD-Ph 4.1 (_PPh2 42

Scheme 4.9. Addition of linear dimer LD-Ph to 4.1, forming the linear dimer bound complex, 4.2.
Addition of dppe to 4.2 reformed 4.1.

Signals corresponding the agostic-BHs and Rh—H environments in 4.2 were observed at & —1.9 and —
14.2 respectively in a 3:1 ratio in the *H NMR spectrum. This matches the in-situ *H NMR data from the

dehydropolymerisation of HsBP-PhH2 and Ph-LD. Upon the application of 3'P-decoupling, two different
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Rh—H signals are observed almost overlapping at & —14.18 and —14.27, both with doublet multiplicity
[J(RhH) = 21 HZz] (Figure 4.23). These are typical J(RhH) values for a Rh(lll) hydride, such as [Rh(H)2(k?-
PCy2biPh)][BAr4] with JRhH) = 25 Hz (biPh = biphenyl).?® Two signals are also observed for the
agostic-BHsz moiety, although the relative integrals do not match for the separate isomers, and therefore,
there are likely more isomers within the broad resonance centred at & —1.9. The different signals are
assigned as diastereomers of 4.2 that arise due to the chiral P atoms, which was also observed for the
primary linear dimer bound complex [RhH(dppp)(o,n?n?-PCyH-BH2PCyH-BH?3)][BArF4] (i-56-CyH).6
When 3!P-decoupling was applied to the 'H NMR experiment, the signals sharpened most when the
decoupler was centred at —22 ppm, and the doublet multiplicity of each signal was poorly resolved when
centred at +50 ppm or —50 ppm, suggesting that the hydride couples to 3P nuclei in both the dppe and
the main group ligands. (HzB)2dppe was also observed at & 18.0 in the 3'P{*H} NMR spectrum. Three
equivalents of dppe were added to the reaction mixture at room temperature, which resulted in little
change in the hydride signals until the NMR tube was heated to 100 °C for five minutes and then
guantitative conversion of linear dimer bound 4.2 to the original precatalyst 4.1 was observed in the
31P{1H} NMR spectrum [4.1 is observed as a doublet at d 57.7 with J(RhP) = 133Hz] and supported by
the lack of hydride signals (Figure 4.23). This illustrates the reversibility of linear dimer coordination,
which was also shown to be true for the related complexes [RhH(dppp)(o,n?n?-
PPh2-BH2PPh2:BH3)|[BArF4]° (i-56-Phy) and [RhH(dppp)(o,n2n2-PCyH:-BH2PCyH:BHz3)][BArF4] (i-56-
CyH)8 which formed [Rh(dppp)(dppe)][BArF4] upon addition of dppe. It also shows that, likely, the

formation of (HsB)2dppe inhibits this deleterious equilibrium.
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Figure 4.23. Hydride region of the 'H NMR (top) and H{3'P} centred at —22 ppm (middle) spectra of
4.2, formed via the addition of LD-Ph to 4.1 in ds-toluene. Addition of dppe results in the formation of
4.1 (bottom) (500 MHz, ds-toluene, 298 K).

The 3P signals of 4.2 are difficult to determine, however, upon addition of dppe to 4.2 the broad signals
which were tentatively assigned as isomers of the dppe (& 62-54) and bound linear dimer (& —30 to —
45) ligands, are no longer observed (Figure 4.24). Alongside the concurrent loss of the hydride signals,

this is good evidence for the assignment of 4.2. The relative integral of the 4.1 signal also increases.
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PhPH,
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Figure 4.24. 31P{*H} NMR spectra of the reaction mixture of 4.1 and LD-Ph addition (top) and after
addition of three equivalents of dppe (bottom) (243 MHz, ds-toluene, 298 K). * Denotes unknown
compound.
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A more reactive rhodium precursor, namely [Rh(dppe)(n8-CesHsF)][BArF4] (4.3) was used next with the
aim to obtain further evidence for the formation of 4.2. The né-CeHsF ligand is labile,3% 3! and is more
readily displaced than the dppe ligand. 4.3 was prepared via a literature procedure.32 Addition of two
equivalents of LD-Ph to 4.3 in ds-toluene at room temperature, resulted in the formation of the [BArF4]-
analogue of 4.2, 4.2-[BArF,] (Scheme 4.10). In the *H NMR spectrum, two broad signals at & —1.5 and
—14.2 in 3:1 ratio are also observed (Figure 4.25). Several unknown hydride signals are also observed
between & —14.5 and —15.5 which were observed in the in-situ NMR experiments. Broad 3P signals
are observed between 8 61 to 53 and & —35 to —42 in the 3P{*H} NMR spectrum (Figure 4.26), similar
to previous observations for 4.2 but no more useful for structural elucidation. The broadness and
complexity of the signals could be due to the different possible isomers. Signals relating to [H2BPPhH]n
are also observed and this may account for the hydride signals between & —14.5 and —-15.5. Some
residual (HzB)2dppe is transferred with the LD-Ph as both are soluble in hexanes and therefore difficult

to separate.

F
F |BArT,] H2 Ez 9Ph_|[BAr 4]
~
ghz two equiv. LD-Ph Phap” “Puapy
\/— — N H

p=—RN dg-toluene ;,lQh<H>B\
Ph, 25°C Ph,p” | H™ H

43 (_PPh2  424BAIf]

Scheme 4.10. Addition of linear dimer, LD-Ph to 4.3.
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Figure 4.25. Hydride region of the *H NMR (top) and *H{3'P} centred at —22 ppm (bottom) spectra of
4.2, formed via the addition of LD-Ph to 4.3 in ds-toluene (500 MHz, ds-toluene, 298 K).
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Figure 4.26. 31P{*H} NMR spectra of the reaction mixture of 4.3 and LD-Ph (243 MHz, ds-toluene, 298
K). * Denotes unknown compound.

The sample of 4.2-[BArF,] was analysed by air sensitive ESI-mass spectrometry, using a bespoke
glovebox3®3 connected to a HCTultra ETD Il ESl-ion trap spectrometer set in positive mode. The
molecular ion is observed at 747.2 m/z, which matches well with that calculated for the cationic portion
of 4.2 (calc. = 747.2 m/z) with the same isotopic pattern (4.27). A mass value corresponding to a small
amount of residual [Rh(dppe)z]* is also observed (899.2, calc. 899.2 m/z) which we propose is carried
over from the starting material 4.3. A signal at 855.2 m/z matches the observed species at the end of
catalysis i.e. 4.2 + PCsHs, and the observation of this complex in this reaction suggests the two species

are formed together, but no further information was obtained for this unknown complex.
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Figure 4.27. ESI mass spectrum using an ion trap detector (positive mode) of the reaction mixture of
4.3 and LD-Ph to form 4.2. The inset shows the experimental and simulated isotope distribution of the

cationic portion of 4.2.

In an attempt to ascertain whether larger oligomeric chains can coordinate to the [Rh(dppe)]* scaffold,

oligomeric [H2BPPhH]» was prepared via the dehydropolymerisation of HzB-PPhH2 using 4.1 as the

precatalyst with a 45 minute reaction time. The molecular weight of the oligomeric material was

measured as Mn of 7,000 g mol* (B = 2.4) by conventional column calibration. This equates to an

approximate absolute molecular weight of 750 g mol-* when calibrated with multi-angle light scattering

data (Figure 4.4), which is an approximate degree of polymerisation of six repeat units. Without

purifying, the reaction mixture, including both unreacted monomer HsB-PPhH2 and dimer LD-Ph, was

added to 4.3 in 1,2-F2CsHa4 solvent and analysed by NMR spectroscopy (Scheme 4.11).
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Scheme 4.11. Addition of oligomeric phosphinoborane to 4.7. [BArF4]- anions omitted for clarity.

In the *H NMR spectrum of the resulting reaction mixture, a broad hydride signal is observed at 6 —1.9,
consistent with the previously assigned B—H agostic BHs motif in complex 4.2 (Figure 4.25). Two broad
Rh-H signals, more distinct than observed in the previous experiments (Figure 4.28), are observed at
0 —13.82 and —14.34. 31P-decoupling revealed doublet multiplicity, with J(RhH) = 18 Hz. The signal at
0 —14.34 is similar to the Rh—H observed in the reaction of 4.3 and linear Ph-LD (& —14.34) but the
more downfield hydride at & —13.82 has not been observed previously and could be an indication of a
P—H activated B-B—H agostic complex of a larger oligomer. Application of 1'B-decoupling resulted in the
separation of two major BHs environments, which integrate 3:1 with the two main Rh—H signals, and
several minor BHs environments for which the Rh—H counterparts are too small to assign. This suggests
there are two sets of Rh—H and BHs signals that could be different molecular weight oligomers bound,
or isomers of 4.2. A signal at © —0.82 is also observed in the *H NMR spectrum, which is the region that
sigma-borane complexes are observed, such as [Rh(H)z(PBuzH)2(n?n?-HzB-PBuH)][BArF4] (5 —0.89),3
and could be indicative of different bonding geometries of the oligomers. In the 3'P{1H} NMR spectrum
of the reaction mixture, broad signals in the region, & 68-56 (dppe signals) and & —30 to —45 (bound
linear dimer) are similar to those previously assigned in 4.2. This reaction mixture was analysed by air
sensitive mass spectrometry using an HCTultra ETD Il ESI-ion trap spectrometer in the positive mode
(Figure 4.29). The molecular ion is observed at 747.3 m/z, corresponding to the cationic portion of 4.2

(calc. 747.2) and the isotope patterns match well. There are no complexes containing larger oligomers
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observable via this method. A small amount of 4.1 that is carried over with the starting material 4.3 and

the reoccurring signal at 855.2 m/z are also observed.

H NMR
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J(RhH) = 18 Hz

'HE1PY NMR " "

s

1H{'B} NMR

J - ~r

—

0 -2 -4 -6 -8 -10 12 14 16
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Figure 4.28. H (top), H{31P} (middle) and *H{11B} (bottom) NMR spectra of the reaction mixture of 4.3
with a mixture of HsB-PPhH2, LD-Ph and oligomeric [H2BPPhH]x in 1,2-F2CeHa.
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Figure 4.29. ESI mass spectrum using a HCTultra ETD Il ESl-ion trap spectrometer in the positive
mode, of the reaction mixture of 4.3 with a mixture of HsB-PPhH2, LD-Ph and oligomeric [H2BPPhH]a
in 1,2-F2CsHa.

Page 164



Chapter Four

The same reaction mixture was analysed via ESI-MS using a Waters Acquity Triple Quadrupole
Detector equipped with Z-spray ionisation source in the laboratories of Professor J. S. Mcindoe,
University of Victoria, which is a softer ionisation method than the HCTultra ETD Il ESl-ion trap
spectrometer used so far in this chapter. Using a pressurised sample infusion technique,3* 3> complexes
with larger oligomers bound to [Rh(dppe)]* are observed, i.e. [Rh(dppe){H3sB(PhHPBH2)n\PPhH2}]*
(Figure 4.30). The m/z values of the dimer, trimer, tetramer and pentamer bound complexes matched
well with the calculated values, and the isotope distributions are in good agreement. This is good
evidence for the coordination of longer oligomers. While we cannot definitively assign the bonding mode
of these ligands as the sigma-borane Rh(l) n?n?-HsBR bound and Rh(lll) P-H activated B—H agostic
activated complexes have the same mass, it is likely that the stabilising chelating agostic make the
Rh(IIl) geometry more stable. Also, within the Rh(lll) agostic geometry, we do not know whether the
agostic interaction is with a terminal BHs (like in 4.2) or an internal BH2. Related sigma-borane
complexes include [Rh(PBu2H)2(n?n2-H3BP'Bu2H)][BArF4] and [Rh(PBu2H)2(n?n3?-
H3B-PBu2PBH:-PBuzH)][BArF4],3 but the Rh(lll) P-H activated mode is favoured in [RhH(dppp)(o,n?n?-
PPh2-BH2PPh2:BH3)][BArF4]° and [RhH(dppp)(o,n2n2-PCyH-BH2PCyH-BH3)][BArF4].6 To date, there has
not been any report of larger oligomers bound to the catalyst in the dehydropolymerisation of

HsB-PPhH-.
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Figure 4.30. ESI mass spectrum using a Waters Acquity Triple Quadrupole Detector, of the reaction
mixture of the reaction mixture of 4.3 with a mixture of HsB-PPhH2, LD-Ph and oligomeric [H2BPPhH]»
in 1,2-F2CsHa.

4.9 Proposed mechanism for primary phosphine-borane dehydropolymerisation

With some insight into the catalyst speciation in hand, a mechanism for the dehydropolymerisation of
HsB-PPhH: is proposed (Scheme 4.12). This mechanism is based upon earlier studies by Huertos and
Weller on the dehydrocoupling of HzB-PPh2H,3 5 ¢ and the dehydropolymerisation of HsB-PPhH2 using
[RhCp*Me(PMes)(CH2Cl2)][BArF4] (i-59) as a precatalyst.” Overall, the [Rh(dppe)]* framework mediates
a dehydrocoupling process between a terminal BHz group on a monomer/oligomer/polymer and a
terminal PPhH2 group on a different monomer/oligomer/polymer with the concurrent loss of Hz. Initially,
dppe is irreversibly displaced by HsB-PPhH: to form a sigma-borane complex 4.4. 4.4 is not observed
in the in-situ experiments, but (HsB)2dppe is, and similar sigma phosphine-borane complexes, such as

[Rh(PBuzH)2(n2n%-H3B-PBu2H][BArF4] (i-38)2 and [Rh(dppp)(n2n3-HsB-PAd2H][BArF4] (i-39)° are known.
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Free dppe is trapped by a BH3s) group to form (HsB)2dppe, as observed by 3'P{*H} NMR and thus does
not coordinate back onto the Rh. BHs is derived from dissociation of HsB-PPhH:, which is consistent
with the free PhH2 observed in the in-situ 'H NMR spectrum. P—B bond dissociation has been reported
previously in the dehydrocoupling of HzB-PBuzH? and the dehydrocoupling of HsB-PPh2H3 using

rhodium catalysts.

Another molecule of H3B-PPhH2 undergoes P—H activation at the terminal phosphorus, to form
complex 4.5, which contains a B-B—H agostic phosphido-borane and a n!-HsB-PPhH: ligand. Analogous
complexes with secondary phosphine-boranes have been isolated by Huertos, such as:
[RhH(dppp)(o,n-PPh2BH3)(n!-HsB-PPh2H)][BArF].5 Phosphido-boranes have also been show as key
intermediates in the dehydropolymerisation of HsB-PPhH:2 using [Cp*Rh(Me)(PMes)(CH2Cl2)][BArF4] (i-

59).37

Subsequent B—H activation, most likely via a sigma-CAM type mechanism38 to avoid a Rh(V)
intermediate, produces a dihydrogen ligand. Dissociation of the B—H agostic group forms a five-
coordinate Rh(IIl) complex (4.6). Reductive coupling from five-coordinate organometallic complexes is
well known,3% 40 and results, in this case, with the formation of a new P-B bond and contemporaneous
loss of H.. Dissolved H: is observed in the H NMR spectrum (& 4.48). The new, longer,
phosphinoborane unit then binds to the Rh(l) centre via a sigma borane motif weakly by the terminal
BHs, or more likely in Rh(lll) P—H activated form. The fact that hydride signals relating to a Rh(lll) P-H
activated complex are observed during catalysis and were supported by the independent synthesis of
[RhH(dpp)(0,n?n?-PPhH-BH2PPhH-BHS3)][CI] (4.2) suggests that the equilibrium favours the Rh(lll)
complex and this is the catalyst resting state. This implies that the turnover limiting step is likely the step
proceeding formation of the Rh(lll) P—H activated complex that gets the catalyst back onto the cycle,
i.e. 4.2 to 4.4. This would be a fist order process in terms of H3B-PPhH2, which was observed during

the in-situ 'H NMR studies and good evidence for an off-cycle equilibrium.

It is not only H3:B-PPhH2 that could displace the oligomer in complex 4.7. Any monomer,
oligomer or polymer could coordinate reversibly via a sigma borane complex with the terminal BHz, and
then undergo a dehydrocoupling process via the same mechanism, with any other monomer, oligomer

or polymer. This is called a reversible chain transfer mechanism.* Sigma complexes have been

Page 167



Chapter Four

reported as key intermediates in the dehydropolymerisation of HsB-NHz*? and the dehydrocoupling of

H3B-NMeH: using {Ir(PCys)2(H)2}* as a catalyst.*3

observed resting state
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H 1, W\ 2
B RN BT gH,
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Scheme 4.12. Proposed mechanism for the [Rh(dppe)]* catalysed dehydropolymerisation of
HsB-PPhH2. CI- anions omitted for clarity.

Cyclic species, such as [H2BPPhH]s and [H2BPPhH]4+ can form via a back-biting reaction in this
mechanism (see inset of Scheme 4.12). Cyclic species are commonly observed during the
dehydropolymerisation primary phosphine-boranes,? 14 and six and eight-membered rings have been

isolated for the secondary phosphine-boranes, such as: cyclic [H2BPArH]s and [H2BPArH]4 (Ar = 4-CFs-
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CsH4).#* The linear dimer, however, does not form the energetically unfavourable four-membered ring,

and six and eight membered rings are likely to be the optimum size.

It is suggested that this mechanism is applicable to other phosphine-boranes, as similar polymer
chain growth characteristics are observed with H3B-PAr'Hz [Ar’ = 3,5-(CF3)2CsHs]. Further evidence on
alkyl-phosphine-borane dehydropolymerisation is provided in section 4.11. Several observations made
thus far in this investigation support the proposed mechanism: 1) The proposed observed catalyst
resting state, 4.2, is the primary analogue to that reported by Huertos; [RhH(dppp)(c,n2n?-
PPh2.BH2PPh2.BHz3)][BArF4] during the dehydrocoupling of HzB-PPhH>, for which the mechanism was
studied in great detail and is very similar to that in Scheme 4.12.5 2) Linear dimer (LD-Ph) formation
occurs at the early stages of the reaction, and is then consumed gradually, alongside monomer
HsBPPhH2, which is consistent with monomer units coupling together to form dimer at the start of the
reaction. Larger, more sterically encumbering phosphineboranes coordinate less favourably and
subsequently longer chains are not observed earlier in the reaction by GPC analysis (see the molecular
weight vs conversion experiment in section 4.4). Moreover, statistically there will also be a higher
chance that a smaller phosphine-boranes such as monomer or dimer, which are in higher concentration
at the start, will coordinate to the rhodium. 3) The step-growth trend in the molecular weight versus
conversion investigations is consistent with this mechanism. Some of the defining features of step-
growth polymerisation are the retention of the functional group at the chain terminus, and any size units
can combine.?° In a step-growth mechanism, a single reaction is responsible for all steps contributing
to polymer formation (i.e. no initiation, propagation etc.).*®> 4) Faster monomer conversion at the start
compared to later in the reaction, and a decreasing polydispersity with conversion, are also features of

a step-growth mechanism.2

4.10 Experiments that support a reversible chain transfer mechanism

To support the proposed reversible chain transfer mechanism, that can in theory, dehydrocouple
monomers, oligomers and polymers of varying size, three further experiments were conducted that

combine [H2BPPhH]» of varying size.

Oligomeric [H2BPPhH:]. was formed via the dehydropolymerisation of HsB-PPhHz with 4.1 and

a 45-minute reaction time. The resultant polymer, of My = 6,000 g mol! and D = 2.8 (approximate
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absolute My of 590 g mol* with a degree of polymerisation of five repeat units via calibration with MALS
data, Figure 4.4), was isolated by precipitation into hexanes and then dissolved in toluene. To this
mixture, precatalyst 4.1 was added (Scheme 4.13). The mixture was heated to 100 °C for 19 hours
which resulted in the formation of polymer with substantially higher molecular weight and a narrower
polydispersity, as determined by GPC analysis of the isolated polymer: M = 49,000 g mol* and B = 1.5
(Figure 4.31). By MALS direct detection, the My is calculated to be 16,500 g mol* (B = 1.4) which
equates to a degree of polymerisation of 135. Free PhPH2 (6 —123.8) and (HzB)2dppe (6 18.7) are also
observed in the 31P{*H} NMR spectrum, and Hz(dissolved) (5 4.55) is observed in the 'H NMR spectrum

of the reaction mixture after 19 hours.

PhH PPhH, 1 mol% 4.1
H2 A 1.25 M, toluene PhH

19 hours, 100 °C

(MALS) n ~ 135 (MALS)
M, = 6,000 g mol™” M, = 49,000 g mol”
and B = 2.8 (CCC) and B = 1.5 (CCC)

Scheme 4.13. Dehydropolymerisation of oligomeric HaB-PPhHz2, using 4.1 as a precatalyst.

The GPC trace (Scheme 4.13) shows that some shorter molecular weight material is still observed after
the 19 hour reaction (Figure 4.31). This could be cyclic material’2 which cannot increase in weight as

there are no terminal groups for dehydrocoupling.

K \ -==-oligomer

polymer

Normalised Rl Repsonse

log (MW/g mol-?)

Figure 4.31. GPC analysis of the starting oligomeric [H2BPPhH]» (n~5 by MALS) and polymeric
[H2BPPhH]» formed from the dehydrocoupling of the oligomer using 4.1 as a precatalyst.
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In a second reaction, monomer HsB-PPhH2 was added to polymeric [H2BPPhH]n (15 mg, Mn = 54,500
g mol't and B = 1.5), using catalyst 4.1 (1 mol%) and toluene solvent (1.25 M relative to HzB-PPhH>) in
a sealed NMR tube. The reaction was heated to 100 °C and left for 44 hours as not all of the HsB-PPhH2

had reacted after this time (Scheme 4.14).

100 equiv. 1 mol% 4.1 gz
> 7~
PhH HsB-PPhHy 425 M, toluene P
4.5 or 44 hours n

= 54,500 g mol”’ 100 °C M, = 94,000 g mol’
D=15 D=16

Scheme 4.14. Preparation of longer molecular weight [H2BPPhH]» from the dehydropolymerisation of
HsB-PPhH:2 and shorter [H2BPPhH]n.

The initial ratio of the 1B and 3!P and signals are 2:1 monomer:polymer and the degree of
polymerisation of the starting polymer is 160 (by MALS), therefore the molar ratio of monomer:polymer
is roughly 320:1. The isolated polymer from the reaction left for 44 hours at 100 °C, was shown to be
bimodal by GPC. The total molecular weight including both distributions measured as Mn = 94,000 g
mol! and D = 1.6 (Figure 4.32), clearly much longer than the original polymer. The lower molecular
weight component is measured as Mn = 81,000 g mol* and the higher molecular weight component
measures as Mn of 240,000 g mol. In comparison, the dehydropolymerisation of HsB-PPhH under the
same catalytic conditions produced polymer of Mn = 54,500 g molt (B = 1.5). Therefore, the
dehydrocoupling of monomer and polymer has occurred to ultimately form polymer of longer molecular

weight than monomer alone.
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Figure 4.32. GPC analysis of the resultant polymer from the dehydropolymerisation of H:B-PPhH2 and
polymeric [H2BPPhH]n using 4.1 as a precatalyst.

Finally, two samples of high molecular weight [H2BPPhH]. of different molecular weights (Mn = 54,500
g mol, b = 1.5 and Mn = 30,000 g mol?, B = 1.6) were combined in an NMR tube with 4.1 and toluene

solvent and heated to 100 °C for 44 hours (Scheme 4.15).

Hy
> P/B
toluene
P P " 44 hours, 100 °C PhH - /n

= 54, 500 g mol™” = 30 000 g mol™ M, = 85,500 g mol™”
=15 =16 P=15

Scheme 4.15. Dehydrocoupling of polymeric [H2BPPhH]n to form polymer of higher molecular weight.

The resultant polymer was measured to be of higher weight than the two original polymers, with the
overall average of Mn = 85,500 g mol* and B = 1.5 (Figure 4.33). Once again, the final polymer has a
bimodal distribution. The lower molecular weight portion is roughly M, = 61,000 g molt and b = 1.2,
and the higher molecular weight polymer is M = 236,000 g mol-* and D = 1.2. The smaller polymer of
Mn = 61,000 g mol could be the combination of two initial polymers, i.e. 30,000 + 30,000 g molt, and
the larger polymer is then the product of dehydrocoupling of higher molecular weight polymers, bearing
in mind the distribution of the polymer chain sizes. The polymer chains are combining to form polymer
of higher molecular weight at a much slower rate than smaller units (monomer/dimer) dehydrocouple

under the same conditions. This is due to three reasons: 1) There is a smaller proportion of the polymer
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chain end groups at higher molecular weight and therefore statistically less likely to coordinate to the
rhodium.?* 2) The polymer chains are bulkier than the smaller units, therefore, rhodium coordination
and the dehydrocoupling process is likely to be a higher energy process. 3) There are less of the
polymer chains relative to the catalyst concentration. This reaction was repeated without any catalyst
and there was no evidence of polymer chains combining, and a bimodal distribution of the two original

polymers was observed.

= = = Starting polymer 30,000
= = = Starting polymer 54,500
e combined 85,500

Normalised RI Response

3 4 5 6
log (MW /g mol1)

Figure 4.33. GPC analysis of the resultant polymer from the dehydrocoupling of polymeric HzB-PPhH:2
to form polymer of higher molecular weight using 4.1 as a precatalyst. Units of the quoted molecular
weights are measured in g mol=.

Within these three experiments it has been shown that using 4.1 as a precatalyst in toluene solvent at
100 °C the dehydrocoupling of the following occurs: 1) short chain oligomers, 2) monomer and polymer,
and 3) long chain polymers. This is good evidence for the reversible chain transfer mechanism proposed

in section 4.9.

4.11 Dehydropolymerisation of H3B-P"HexH>

To assess the generality of the [Rh(dppe)]* dehydrocoupling system, a primary alkyl phosphine-borane,

HsB-P"HexH2 was tested with the same catalytic conditions as the aryl phosphine-boranes detailed

above (Scheme 4.16).
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Scheme 4.16. Dehydropolymerisation of HsB-P"HexH; using 4.1 as a precatalyst.

At 1 mol% catalyst loading of precatalyst 4.1 at 1.25 M HsB-P"HexH: in toluene, unreacted monomer
was still observed after 96 hours, alongside a complex array of cyclic, oligomeric and polymeric material
by 31P{IH} NMR spectroscopy. In comparison to the dehydropolymerisation of HsB-PPhH2> which was
completed reacted after 19 hours under the same conditions and only 10% of the products were cyclics,
HsB-P"HexH:2 thus reacts much more slowly and less cleanly. Alkyl phosphine-boranes are known to
dehydropolymerise more slowly than aryl equivalents due to the electron-donating effects of the alkyl
group which deactivates the P—H bond in the alkyl derivatives.® 22 This is also consistent with the
observation that the more electron-withdrawing monomer, HsB-PAr'Hz [Ar = 3,5-(CF3)2CsHs], reacted
to completion after just four hours, faster than HsB-PPhH: (19 hours) and much faster than
HsB-P"HexH: (not finished after 96 hours). This is also reflected in other catalyst systems, such as
[Cp(CO)2FeOTH], which required 100 hours at 100 °C for complete conversion of HsB-P"HexH»?8 but
only 24 hours was needed for HsB-PPhH2.13 When an increased catalyst loading of 3 mol% 4.1 was
used with HsB-P"HexHz, however, full conversion of HsB-P"HexH2 was observed after 66 hours at 100
°C, by 3'P{1H} and B NMR spectroscopy. In the in-situ 3'P{*H} NMR spectrum after 66 hours, free
PrHexH:2 (& —138.2), (HzB)2dppe (® 18) and polymeric [H2BP"HexH]. are observed (Figure 4.34). As
[H2BP"HexH]n is soluble in hexane, purification via precipitation into hexane was not possible, instead
the polymer was partially purified by passage through Celite® and Fluorosil® plugs using CH2Cl: as the
eluent, although the (HsB)2dppe was not removed via this method. A moderate yield of 51% of the
resulting impure polymeric [H2BP"HexH]n was obtained. A broad B signal centred at d —35 in the 1B
NMR spectrum and signals corresponding to P—H [doublet at & 3.8, J(PH) = 335 Hz] and broad "hexyl
and BHz moieties in the *H NMR spectrum match well with the reported literature values.?® 46 Unlike the
literature precedent, in which multiple tactic environments are observed for [H2BP"HexH]n in the 31P{1H}
NMR spectrum, only one broad 3!P signal is observed in this instance, even with *H coupling. While this
could indicate the selective formation of an isotactic polymer this is not definitive. Similar observations

have been reported before in the synthesis of [H2BP!BuH]n, for which three tactic environments were
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observed via a non-catalytic Lewis base stabilised route,?® but only one 3P environment was observed

when [Cp(CO)2Fe(OTf)] was used as a catalyst.?®

PHexH,
(H;B).dppe [H,BPMHexH],
In-situ * “
Post Celite® and
Fluorosil® plugs
LI W el s e e A P A

80 60 40 20 O -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
6 (ppm)

Figure 4.34. In-situ 3'P{*H} NMR spectrum of the dehydropolymerisation of HsB-P"HexH: after 66 hours
at 100 °C with 3 mol% 4.1 (top, toluene) and the mixture post purification (bottom, CDCls) (243 MHz,
298 K).

GPC analysis confirmed that polymeric [H2BP"HexH]» had formed, with M, of 33,000 g mol! and a
polydispersity of 1.3 (Figure 4.35). This is slightly shorter than that reported for the Fe-catalyst,
[Cp(CO)2FeOTf] which was Mn = 57,200 g mol! and B = 1.3,%8 but larger than when [Rh(COD)(CI)]2
was used: Mn = 8,800 g mol! and B = 2.2.46 Similar to the synthesis of the phenyl equivalent
[H2BPPhH]n, some lower molecular weight polymer is observed with Mn of 2,500 g mol* and b = 1.3,

which could be cyclic species.12
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Figure 4.35. GPC trace of polymer [H2BP"HexH].

Page 175



Chapter Four

4.12 Formation of Dblock copolymer poly(phenylphosphinoborane)-b-poly(n-
hexylphosphinoborane), BCP-Ph/"Hex

4.12.1 Synthesis and characterisation

The reversible chain transfer mechanism proposed for the dehydropolymerisation of primary
phosphine-boranes using a [Rh(dppe)]* catalyst allows for the coupling of different
monomer/oligomer/polymer units as demonstrated in section 4.9. To further test and exploit this
mechanism, the coupling of polymers with different R groups could be combined to form a copolymer.
Copolymers exhibit different materials properties to the constituent homopolymers.19 20 An example of
this on a global scale is that most polystyrene products are not made from pure homopolymer, as this
is brittle and has low solvent resistance. Instead, 1,3-butadiene is copolymerised with styrene to form a
copolymer with much higher elasticity.1® Copolymers can be formed in a random arrangement of
monomer units, i.e. a random copolymer, or they can be assembled into distinct blocks, i.e. an AB block
copolymer (Figure 4.36). The notation for an AB block copolymer of blocks A and B is Ax-b-By, with the

degree of polymerisation of each block as the subscripts x and y.

000 00000000088® random copolymer
0000000000000000 /- diblock copolymer
C0000000000000O® =pered block copolymer

Figure 4.36. Examples of copolymer composition.

With three different primary phosphine-boranes that undergo dehydropolymerisation in hand:
H3B-PRH2, R = Ph, 3,5-(CF3)2CesH3s and "Hex, the formation of copolymer containing different R groups
was investigated. More is known about the formation of poly(phenylphosphinoborane) from the studies
in this chapter and it is also the easiest to prepare monomer. [H2BPPhH], and [H2BPAr'H]» (Ar' = 3,5-
(CF3)2CeHs) have very similar 'H and 3P chemical shifts, which would make determining the
incorporation of both monomers into the polymer difficult (Table 4.4). Moreover, [H2BPPhH]» and
[H2BPAr'H]» have similar solubilities as both are isolated by precipitation in hexane which is not useful

for aggregation in solution*’ (vide infra). [H2BP"HexH]s, however, exhibits *H signals in the alkyl region
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of the 'H NMR spectrum which will make assignment of a block copolymer easier via *H NMR
experiments such as DOSY (Diffusion Ordered NMR Spectroscopy), and [Hz2BP"HexH]x is soluble in
hexane, which will aid in copolymer purification. In light of this, the preparation and analysis of a block
copolymer comprising phenyl and n-hexyl phosphinoboranes, namely, poly(phenylphosphinoborane)-

b-poly(n-hexylphosphinoborane) BCP-Ph/"Hex was explored.

Table 4.4. The different poly(phosphinoboranes) prepared in this Chapter and their NMR and solubility
properties.

H
B Ph 3,5-(CF3)oCoHs "Hex
P/
RH n
S(*H) R 7.2-6.7 7.8-7.2 1.7-0.7
5(3'P) -49.5 -49.6 -63.2
Solubility in hexane insoluble insoluble soluble

Firstly, the two different monomers, HsB-PPhH2 and HsB-P"HexH: were combined in a 1:1 ratio and 1
mol% 4.1 was added with toluene (1.25 M, Scheme 4.17). The reaction was monitored by in-situ 3tP{*H}
NMR (Figure 4.37). HsB-P"HexH:2 reacts much slower than HsB-PPhH2 as observed in the earlier
experiments in the synthesis of the homopolymers [H2BPPhH]» and [H2BP"HexH].. All of the
HsB-PPhH2, but only 50% of H3B-P"HexH: had reacted after 18 hours at 100 °C. An ill-defined mixture

of cyclic and polymeric species were produced via this method which could not be separated.

complex mixture of:
3B P”Hetz

0,
H3B-PPhH, + HgB-P'HexH, o \é % \>
toluene n
1:1 66 hours, 100 °C PhH HexH
2 2
P/B
PhH D ”HexH

poly{phenyl(phosphinoborane)-co-n-

Scheme 4.17. Attempted synthesis of
hexyl(phosphinoborane)}, BCP-Ph/"Hex.

copolymer
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[H,BPPhHwp short and cyclic

[H,BP"HexH], [HBP"HexH],yq
44 hours
18 hours ﬁ/\_’L\/\A
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6 hours
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1 hour

5 minutes

HaB-PPhH, HyB-P"HexH,
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Figure 4.37. In-situ 31P{*H} NMR of the copolymerisation attempt of H:B-PPhH2 and HsB-P"HexH: in a
1.1 mixture with 1 mol% 4.1 (202 MHz, ds-toluene, 373 K).

A purer copolymer was isolated via the addition of HsB-P"HexH: (1.25 M) to preformed polymeric
[H2BPPhH]» (Mn = 26,500 g molt, B = 1.5) and 4.1 in toluene solvent (Scheme 4.18). A higher catalyst
loading of 3 mol% was used and a reaction time of 66 hour as we have previously shown this led to

complete conversion of HsB-P"HexH: in the formation of homopolymer [H2BP"HexH].

H2 n 3 1% 4.1 gz E|2
mol7o 4.
p- B + H3B-P"HexH, > PC PC

PhH toluene H H
66 hours, 100 °C

M, = 26,500 g mol’'
p=15
BCP-Ph/"Hex

Scheme 4.18. Synthesis of copolymer BCP-Ph/"Hex via the dehydrocoupling of [H2BPPhH]» and
HsB-P"HexHz using 4.1 as a precatalyst.

After 66 hours at 100 °C, the mixture was analysed by in-situ NMR spectroscopy. Signals corresponding
to [H2BPPhH]m and [H2BP"HexH]n are both observed, alongside unreacted HzB-P"HexH2 and a mixture

of oligomeric and short chain cyclic species.'? Utilising the solubility differences of [H2BPPhH]m
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(insoluble in hexane) and n-hexyl phosphinoboranes (all hexane soluble), the species containing only
n-hexyl groups were extracted with hexane. Interestingly, in the hexane insoluble mixture, signals
corresponding to polymeric [H2BP"HexH]n are still observed at 8 —63 in the 3P NMR spectrum. This is
an initial indication that there is some phenyl(phosphinoborane) component in the n-hexyl polymer, i.e.
a copolymer: poly{phenyl(phosphinoborane)-co-n-hexyl(phosphinoborane)} (BCP-Ph/"Hex). Three
overlapping but distinct 3P signals are observed at & —-62.0, —63.4 and —64.6 in the 3P NMR spectrum
and assigned as the different tactic environments for the [H2BP"HexH]. component of the copolymer,
and are very similar to those reported in the literature for the homopolymer [Hz2BP"HexH]» (Figure
4.38).28. 46 A 31p signal corresponding to [H2BPPhH]n is also observed at & —49.5 as a doublet, with a
large 1J(PH) of 350 Hz but no indication of multiple tactic environments. The ratio of these two signals
is 3:1 Ph:"Hex. A third signal at d —54 is observed, with a broad apparent triplet line shape *J(PH) ~ 380
Hz, which simplifies to a broad singlet upon 'H-decouping. This signal integrates to 0.3 relative to
[H2BP"HexH]n. Upon closer inspection of the 31P{*H} NMR spectrum, a signal of similar intensity to the
signal at & —54 is observed slightly downfield of the [H2BPPhH]m signal, at & —48, which was not
observed in the starting [H2BPPhH]n. These two smaller signals, at 8 —48 and & —54 could potentially
be connecting units of phenylphosphinoborane and n-hexylphosphinoborane, as these will have a
slightly different chemical shift. However, they could also reflect hexane insoluble cyclic species that
cannot be removed from the polymer via washing in hexane. (HsB)2dppe is also removed via the hexane

wash.
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Figure 4.38. 31P (top) and 31P{H} (bottom) NMR spectra of BCP-Ph/"Hex (243 MHz, CDCls, 298 K).

In the IH NMR spectrum of BCP-Ph/"Hex, aromatic and P—H signals which match well with those for
[H2BPPhH]n» are observed (Figure 4.39). For the n-hexyl component {i.e. [H2BP"HexH]n}, CHs (& 0.87)
and CHz (6 1.28 and 1.55) environments are observed, which overlap with the broad BH: signal. Only
half of the P—H signal for [H2BP"HexH]n can be seen at 6 3.4, as the other half is coincident with the
phenyl P—H signal, but the chemical shift of the observable peak matches well with the literature (the
two peaks of the doublet are reported at 5 4.21 and 3.37)%8. Application of 31P-decoupling simplifies the
P—H resonances to singlets and 'B-decoupling results in sharpening of the BH: signals (Figure 4.39).
The relative integral of the P—H signals is 3:1 again Ph:"Hex consistent with the relative integrals in the
31P NMR spectrum. The only observable 1B signals are broad and overlapping and are centred at & —

35.1, which is the region for four coordinate 1B in poly(phosphinoboranes).® 28
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Figure 4.39. H (top), *H{3'P} (middle) and *H{*'B} (bottom) NMR spectra of BCP-Ph/"Hex (600 MHz,
CDCls, 298 K).

Analysis of BCP-Ph/"Hex by GPC revealed an increase in molecular weight from the initial polymer
[H2BPPhH]» (Mn = 26,500 g molt, DB = 1.5) to give a new material of Mn = 45,000 g mol-, with a narrower
polydispersity of 1.3 (Figure 4.40). A small amount of lower molecular weight species with Mn = 3,000
and B = 1.7 is also observed in the GPC, which are likely to be cyclic species.’? GPC analysis of a
sample of using a MALS detector, which gives absolute molecular weight, gave an Mn value of 8,000
g mol?! with a polydispersity of 1.1. Considering the block ratio of 3:1 Ph:"Hex determined by NMR
spectroscopy, this equates to an average polymer composition of [H2BPPhH]4s-b-[H2BP"HexH]ie for
BCP-Ph/"Hex. More evidence for a block copolymer is provided by dynamic light-scattering (DLS) and

transmission electron microscopy (TEM) discussed later.
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Figure 4.40. GPC trace of BCP-Ph/"Hex (orange) and the starting polymer [H2BPPhH]n» the copolymer
was formed from (brown).

The observation of both [H2BPPhH]m and [H2BP"HexH]. within the sample of BCP-Ph/"Hex after a
hexane wash is good evidence that a copolymer has formed. However, 1D NMR alone does not confirm
that both components are within the same polymer chain, and therefore 1H DOSY NMR experiments
were employed. Figure 4.41 shows the 'H DOSY NMR spectrum of a sample of BCP-Ph/"Hex. It is
evident that the all of phenyl, P—-H, BH2 and n-hexyl signals diffuse at the same rate, at 2.00 + 0.2 x 10
10 m?/s. The CDCIs solvent signal diffuses much faster, and so does a signal at 8 1.58, which coincides
with a CH2 within [H2BP"HexH]». Moreover, there is also some stretching of the CHz signal (0.87) and
it is therefore likely that there is some smaller cyclic species, which diffuse faster than the polymer,
within the copolymer mixture and the unassigned 3P signal could relate to these species. The fact that
all of the [H.BPPhH]m appears to be diffusing at the same rate is good evidence that there is no long

chain [H2BPPhH]n» homopolymer present in the mixture.
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Figure 4.41. 'H DOSY NMR of BCP-Ph/"Hex (600 MHz, CDCls, 298 K).

For comparison with the copolymer sample of BCP-Ph/"Hex (Figure 4.41), a sample containing a
mixture of the two homopolymers, [H2BPPhH]» and [H2BP"HexH]n, was also analysed by *H DOSY
NMR (Figure 4.42). Homopolymer samples of similar molecular weight to the copolymer {[H2BPPhH]x:
Mn = 44,000 g mol%, b = 1.5, and [H2BP"HexH]n: Mn = 33,000 g mol%, B = 1.3} were used for the closest
comparison (BCP-Ph/"Hex: Mn = 45,000 g molt, B = 1.3). The phenyl and P-H signals of homopolmer
[H2BPPhH]n diffuse at 1.26 + 0.3 x 10-° m?/s whereas the n-hexyl and P—H signals of homopolymer
[H2BP"HexH]n diffuse at 3.16 + 0.3 x 10-1° m?/s. Interestingly, the diffusion rate of the copolymer BCP-
Ph/"Hex is roughly in the middle of the two homopolymers (2.00 + 0.2 x 1019 m2/s). This is excellent
evidence that [H2BPPhH]m and [H2BP"HexH]» components are within the same copolymer. Quantitative
1H DOSY NMR was conducted by Dr Alex Heyam at the University of York, on the same sample of
BCP-Ph/"Hex, and a hydrodynamic radius of less than 1 nm was calculated. This indicates a singular

polymer chain, with no major aggregation or entangling of multiplet homopolymers.42
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Figure 4.42. 'H DOSY NMR of a mixture of [H2BPPhH]n (Mn = 44,000 g mol, B = 1.5) and [H2BPPhH]x
(Mn = 33,000 g mol1, B = 1.3) (600 MHz, CDClz, 298 K).

BCP-Ph/"Hex was also analysed via ESI-MS in a 1 mg/ml THF solution (Figure 4.43). The repeating
unit of 130.1 m/z is observed, which corresponds with the mass value of a H2BP"HexH unit (calc. 130.1
m/z). Up to eight repeat units are observed, and two sets of repeat units start from 1225.6 and 1419.6
m/z. No mass differences corresponding to H.BPPhH are seen in the spectrum (122.1 m/z). The mass
values of m/z = 1225.6 and 1419.6 do not match those for any combination of pure n-hexyl oligomer
{[H2BP"HexH]n} and instead the closest mass value calculated was 1222.5 m/z, which corresponds to
[HsBPPhH(H2BPPhH)sH2BPPhH3]*. The difference between 1225.6 and 1419.6 equates to H.BPPhH
+ THF (194 m/z) and therefore, the second, smaller set of repeat units is likely representative of a THF
adduct of the other. Therefore, it appears as if the only polymer that was detectable in this experiment
was an AB diblock copolymer (Figure 4.36), namely, [HzBPPhH]1011-b- [H2BP"HexH]o-s. However, care
must be taken to not over interpret this data, as it is not representative of the whole sample and only
reflects what reaches the detector. Different concentrations and solution mixtures were tested but they

did not provide any further information. More in depth studies using matrix-assisted laser/desorption
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ionization tandem spectrometry (MALDI) are required to elude further information on the block sizes

and polymer composition.4°

Intens;l. asw94413jr_P1-8-5_01_31357.d: +MS, 2.0min #114
X0t 130.0934
130.1183
1.0
130.0963
130.1276
0.8 130.1075
130.1121 130.1147
130.1150
06 130.1037
1356.7991 130.1130
1486.9141
1617.0179 130.1185
047 1255.6438 1391059
1746.1333 130.1018
02, 130.0931
2397.6859

Figure 4.43. ESI mass spectrum of BCP-Ph/"Hex in positive mode (1 mg/ml THF).

Copolymers of poly(phospinoboranes) have not been reported before, but there are examples of the
formation of random copolymers of poly(aminoboranes), such as [MeNH-BHz]n-r-[NH2-BHz]m, using
IrH2POCOP as a precatalyst [POCOP = k3-1,3-(OP'Buz2)2CeHz3)].5° These were formed via the
copolymerisation of the two monomers, HsB-NMeH2 and HsB-NHs, which gave little control over
copolymer arrangement. Other similar copolymers, such as poly(phosphazene) block copolymers [i.e.
(R2P=N)-b-(R’2P=N)] have been prepared via the living cationic polymerisation of phosphoranimines
such as R2CIP=NSiMes.5! Also, polystyrene-b-poly(methylenephosphine) block copolymers have been
prepared via living anionic polymerisation.5? Block copolymers can be formed via a wide range of
methods, such as ionic, ring-opening, living and metal mediated chain end controlled polymerisations,>3
but a general method is the addition of catalyst (or initiator) and monomer B to a preformed polymer A,

in a similar manner to that used here for the synthesis of BCP-Ph/"Hex.
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Relating back to the reversible chain transfer mechanism proposed in section 4.9, we suggest that at
the start of the reaction in which BCP-Ph/"Hex is formed, when there is a high concentration of
HsB-P"HexHz2, there is predominantly only dehydrocoupling of HsB-P"HexH2 to form short chained
oligomers. We have already shown that the combination of larger polymers is very slow (section 4.10)
and therefore the formation of longer chain of [H2BPPhH]x is unlikely to occur at high concentrations of
HsB-P"HexH2. When the concentration of HzB-P"HexH: is lower, and shorter chain oligomers/polymers
of [H2BP"HexH]n are present in the mixture, the likelihood of an end group of [H2BPPhH]n coordinating
to the [Rh(dppe)]* catalyst increases. This can occur due to the reversible chain transfer feature of the
mechanism, i.e. a coordinated phosphinoborane can be displaced by any other. Subsequently, a
dehydrocoupling process occurs between one end group of the polymeric HsB-PPhH2 and a shorter
chain oligomer/polymer of H3B-P"HexH: to form a block copolymer BCP-Ph/"Hex (Scheme 4.19). As
the dehydrocoupling of n-hexylphosphineboranes is much slower, long chain polymers of [H2BP"HexH]n
do not form before coupling to [H2BPPhH]n, and therefore the n-hexyl block is shorter than the phenyl
block. Shorter oligomers could still dehydrocouple with the n-hexyl polymer end group, increasing the
block ratio in favour of n-hexyl but once the longer copolymer is formed, the chances of coordinating to

the Rh are even smaller.

As we have already shown that P—H activation is faster at the terminal PPhH2 group compared
to P"HexHz, a single HsBP"HexH2> monomer could dehydrocouple with the polymer [H2BPPhH]» end
group and then a growing chain of n-hexyl monomers could dehydrocouple off the end. This would

result in the same block copolymer BCP-Ph/"Hex.
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Scheme 4.19. Proposed rhodium-mediated dehydrocoupling process based upon a reversible chain
transfer mechanism that allows for the formation of block-copolymer BCP-Ph/"Hex.

Due to the inherent bifunctionality of phosphine-borane terminal groups, the dehydrocoupling process
could occur on either end of the polymer to from an BAB triblock copolymer.>* Moreover,
dehydrocoupling could occur between two long chains of [H2BPPhH], but as shown in section 4.10, this
a slow process that is unlikely to occur before n-hexyl dehydrocoupling (it took 44 hours to combine

polymers of Mn = 54,500 g mol-* and 30,000 g mol! to get polymer of Mn of 85,500 g mol-?).

Synthesis of block copolymers via reversible-addition fragmentation chain transfer (RAFT)
polymerisation is a very common radical polymerisation process,® but reversible chain transfer is less
common. The mechanism proposed in this system is similar to an immortal polymerisation.® The
defining characteristics of an immortal polymerisation are the absence of a chain transfer or termination
step or that these steps are reversible, and the catalyst acts like a chain transfer agent to form bonds
between monomers/oligomers and polymers.5” 58 The reversible chain transfer mechanism proposed
in section 4.9 and the observations made so far in this study resemble these characteristics. Assuming
the polymer end groups remain active, and not capped by an unreactive end group, the dehydrocoupling
process can occur indefinitely. In reality, however, slow catalyst decomposition occurs, as seen in the
re-charge experiment (section 4.6.1) and catalytic efficiency decreases over time. Also, the coordination
of long chain polymer becomes less probable as they increase in size. In the previously reported
dehydropolymerisation of HsB-PPhH2 using an Fe based catalyst, [Cp(CO)2FeOTf], polymer molecular

weight is controlled by the addition of PhPH2, which was shown by ESI-MS to cap the end of the
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polymer.2® This would decrease the concentration of terminal BHz groups and thus reduce the extent of
polymerisation. It would be interesting to repeat this experiment with the [Rh(dppe)]* system to see if

the same observations support the reversible chain transfer mechanism.

Immortal polymerisations also result in the formation of narrow dispersity polymer (B < 1.1) of
high molecular weight as the chains keep combining until theoretically only one long polymer is formed.
In reality this does not occur, and instead the polydispersity narrows during the reaction period until the
catalyst decomposes or statistically the combination of long chain polymer becomes almost impossible.
In the molecular weight versus conversion experiment in section 4.4, a narrowing of the dispersity was

observed.

Immortal polymerisations are most commonly found in metal-catalysed lactide and lactone ring-

opening polymerisations,5¢: 59 60 but have never been described for main-group polymers.

4.12.2 Aggregation in solution

AB block copolymers (Figure 4.44A) comprising of blocks of different solvent affinities can form
aggregates in solution. The blocks with a lower affinity for a particular solvent congregate to minimise
solvent interactions, resulting in the lowering of the free energy of the system. This is called the micelle
core. The more readily solvated blocks form an outer shell, termed a corona (Figure 4.44B). Aggregation
of copolymers in solution has been extensively studied since the 1990’s,6% 62 but never with
poly(phosphinoboranes). The block copolymers made as part of this work offers the opportunity to
preform well-defined aggregates of these relatively unexplored polymers in solution. There are a wide
range of possible aggregate size and morphologies, such as: spheres, rods and lamellas, and which
one forms is dependent on the solvent, copolymer concentration and polymer make-up (e.g. block sizes,
block ratio, polymer chain composition).4”- 3 The possible uses of polymer aggregates include drug

delivery systems,%4 functional nanomaterials and lithography.%®
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Figure 4.44. A) Examples of copolymer composition. B) Aggregation of AB diblock copolymers in
solution to form a spherical micelle like aggregate.

Formation of aggregates in solution gives a good indication of the formation of an AB block copolymer.
Random copolymers and taper block copolymers also aggregate but these are rarely used due to their
inherently ill-defined properties and broader polydiserpsity.5¢ One method of testing for aggregation is
via dynamic light scattering (DLS) analysis.*8 67 The apparent hydrodynamic radius Ru,app measured by
DLS is an estimate of the size of a particle in comparison to the diameter of a sphere that has the same
translational diffusion coefficient.68 While the value itself is not reliable in an absolute sense, comparing
the relative size of particles in solution is useful. The number distribution is a plot of the particle sizes
by abundancy, with the most abundant particles size giving the highest intensity. All DLS data was
collected by Dr Charlotte Ellis at the University of Victoria, Canada, in the Manners Group. Figure 4.45
shows the number distribution DLS analysis of homopolymer [H2BPPhH]» (Mn = 26,500, B = 1.5), BCP-
Ph/"Hex (Mn = 45,000, B = 1.3) and homopolymer [H2BP"HexH]n (Mn = 33,000, B = 1.3) in THF (2.5
ml) at 25 °C. It is evident that the particle size of BCP-Ph/"Hex is in between that of the two
homopolymers with the Ru,app calculated as 6 £ 2, 106 + 28 and 1037 + 28 nm respectively. This DLS
data shows that [H2BP"HexH]» forms relatively large aggregates in solution, whereas polymeric
[H2BPPhH]n is likely in a chain like form as it is only a few nm in diameter.*® BCP-Ph/"Hex, however, is
in the middle of the two and smaller aggregates are observed. This is interesting as both n-hexyl and
phenyl groups are soluble in THF and thus aggregates were not expected for any of the polymers.
Nevertheless, comparing these three samples shows that [H.BP"HexH]n aggregates in THF at 2.5
mg/ml, [H2BPPhH] does not, and BCP-Ph/"Hex contains both of these components and aggregates to

a lesser extent. This is good evidence for copolymer formation.
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Figure 4.45. Left - representative number average DLS data for samples of homopolymers [H2BPPhH]»
and [H2BP"HexH]. and copolymer BCP-Ph/"Hex in THF (2.5 mg/ml). Right — summary table of the
polymer molecular weights, B and hydrodynamic radii.

It is proposed that the [H2BP"HexH] component of BCP-Ph/"Hex is forming the core of the aggregate
(Figure 4.46) as homopolymer [H2BP"HexH] was shown to aggregate in THF, and therefore [H2BPPhH]
must form the corona. To test this theory, the solution was changed from pure THF to 25:75 hexane: THF
and the sample of BCP-Ph/"Hex was reanalysed by DLS (Figure 4.46). This reduction in solvent polarity
led to an increase in the particle size from Ruapp = 106 + 28 nm t0 Ru,app = 1505 £ 208 nm, which
suggests an aggregation of smaller aggregates.®® This is consistent with [H2BPPhH]m being the corona
section of the smaller aggregate, as [H2BPPhH)] is not soluble in hexane and therefore this block now
has a lower affinity with the solution and the smaller aggregates congregate to minimise corona/solvent
interactions. The concentration of the sample is very influential on aggregation.”® Further DLS studies
are currently underway that analyse BCP-Ph/"Hex in different concentrations and with a broader range
of solvent polarities to support the formation of a block copolymer and also exploit this control to form

nanoparticles of a specific size.
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Figure 4.46. Representative number average DLS data for samples of BCP-Ph/"Hex in THF and 25:75
hexane:THF (2.5 mg/ml).

Analysis of BCP-Ph/"Hex by transmission electron microscopy (TEM) was also conducted by Dr
Charlotte Ellis at the University of Victoria. A sample was prepared by drop-casting a 1 mg/ml THF
solution of BCP-Ph/"Hex onto a carbon coated grid. Figure 4.47 shows a representative image of this
sample. It is evident that there are many small, circular or spherical aggregates on the grid which is an
indication of a spherical micelle or vesicle when in solution.*” The particles range in size from 13 nm to
2 nm with a number average length of 7 £ 2 nm (as measured by ImageJ software). These are clearly
much smaller in size than those determined by DLS. However, in TEM analysis often only the core
section of the aggregate is observed as the electron density, which is imaged via TEM, is too diffuse in
the more disperse and less concentrated corona.*’ The hydrodynamic radius, as determined by DLS in
THF was 106 + 28 nm. Using this data and assuming a perfect spherical aggregate has formed with a
diameter equalling two end-to-end chains of BCP-Ph/"Hex and a block ratio of 3:1 Ph:"Hex, the central
"Hex core would equate to 25 nm, which is much closer to 7 nm. However, DLS only provides an
estimate of the hydrodynamic radius and there could also be solvent swelling of the core in the THF
solution.” In light of this, it is likely that the TEM images are capturing spherical micelles formed from

the aggregation of an AB block copolymer BCP-Ph/"Hex.

Page 191



Chapter Four

Figure 4.47. A representative TEM image of a sample of BCP-Ph/"Hex from a 1 mg/ml THF solution.
Scale bar = 200 nm.

There are three main factors that influence the morphology of the aggregate: the degree of stretching
of the core-forming blocks, the interfacial tension between the micelle core and the solvent outside the
core, and the repulsive interactions among corona-forming chains. This can give rise to a complex array
of different morphologies.*” The TEM images of BCP-Ph/"Hex suggests that spherical aggregates have
formed. There are no reported aggregates of polymers similar to BCP-Ph/"Hex but spherical micelles
obtained from a hexane/THF solution of polystyreneizo-b-polyisopreneiso were measured to be 25 nm
in diameter by TEM imaging.”* Polystyreneiso-b-poly(acrylic acid)is was also shown to form sphere

aggregates in DMF, dioxane and THF, with an average diameter of 27 nm by TEM imaging.”?

In collaboration with the Manners group at the University of Victoria, further studies of the self-
assembled aggregates of BCP-Ph/"Hex are currently underway. By altering the block ratio and solvent
system we hope to control the size of the aggregates. The materials properties of these novel

copolymers are also under investigation.

413 Conclusion

Within this chapter, the very simple precatalyst, [Rh(dppe)2]Cl has been used to catalytically
dehydropolymerise primary phosphine-boranes HsB-PRH: to form poly(phosphinoboranes) of high
molecular weight. When R = Ph, 19 hours and 1 mol% catalyst loading was required. The more

activated monomer,® 28 when R = 3,5-(CFs)2CsHs, required only four hours for complete conversion,

Page 192



Chapter Four

whereas when R = n-hexyl, a reaction time of 66 hours and 3 mol% catalyst loading was needed (Table
4.5). The polymers were formed with good purity and in moderate to good yields (51-84%). The largest
polymer was formed with the most activated monomer.

Table 4.5. Dehydropolymerisation of primary phosphine-boranes using [Rh(dppe)2]CI.

Monomer | Time for 100% conv. | Mn (g mol?) (D)
HsB-PPhH- 19 hours 32,000 (1.7)

HaB-P(3,5-(CF3)2CsH3)H> 4 hours 127,500 (1.3)°
HsB-P"HexH. 66 hours2 33,000 (1.3)

a 3 mol% catalytic loading. ® 19 hours reaction time for this molecular weight polymer.

The mechanism of the dehydropolymerisation of H3sB-PPhH2 was studied via a molecular weight vs
conversion experiment, which revealed a step-growth like polymerisation.'® 1% This was also observed
when the more activated monomer HsB-P{3,5-(CF3)2CsHs}H2 was used. Observations made via in-situ
NMR spectroscopy revealed that one of the dppe ligands is displaced from the [Rh(dppe)2]CI precatalyst
and a linear dimer bound Rh(lll) P-H activated complex is observed as the catalyst resting state at the
start of catalysis. This is similar to the observed off-cycle resting state in the [Rh(dppp)]* catalysed
dehydrocoupling of HsBPPhzH.> Stoichiometric addition of free linear dimer to [Rh(dppe)2]CI and

[Rh(dppe)(nt-CsHsF)][BArF4] confirmed the formation of a linear dimer bound complex.®

In light of these observations, a reversible chain transfer mechanism was proposed that
facilitates a sequential dehydrocoupling process between a terminal BHz and a terminal PhPH: of any
combination of monomer, oligomer or polymer. This was substantiated by the dehydrocoupling of

polymer and oligomer chains to form longer polymers without any monomer present.

The [Rh(dppe)]* catalyst also facilitated the combination of phosphine-boranes with different
substituents on the phosphorus, resulting in the formation of an AB block copolymer of
poly(phenylphosphinoborane)-b-poly(n-hexylphoshinoborane) in a block ratio of 3:1 Ph:"Hex and a
degree of polymerisation of 48:16. The formation of a copolymer was supported by multinuclear NMR
spectroscopy and 'H DOSY NMR experiments. Due to the different solubilities of the phenyl and n-
hexyl blocks, aggregation was observed in solution with some preliminary evidence for the formation of
spherical micelles by DLS and TEM analysis. Further work is currently underway to control the size and
morphology of the aggregates.* This is the first example of block copolymers of
poly(phosphinoboranes) and potentially provides an opportunity to preform nanoparticles of specific

size and utilise the properties of poly(phosphinoboranes), such as fire-retardancy,’® on the nanoscale.
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There is a huge range of possible combinations of substituents that could be used in block copolymers
of poly(phosphinoboranes). The different block solubilities of n-hexyl and phenyl groups in in BCP-
Ph/"Hex aided in self-assembly but this could have also been conducted with other groups, such as
isopropyl and 3,5-(CF3)2CeHs groups. This could give rise to different aggregate morphologies. There
is also great scope within the study of the application of poly(phosphinoboranes).* For this, polymer
synthesis on a larger scale with accurate control of polymer molecular weight is needed. A challenge
for synthetic chemists is also the avoidance of the harsh conditions needed to form
poly(phosphinoboranes) (e.g. 100 °C in toluene at 1.25 M of HsB-PRH?2). If the turnover limiting step is,
as we suggest, the reductive elimination of the P—H bond to reform a Rh(l) complex (4.2 to 4.4 in
Scheme 4.12) then perhaps a ligand that might encourage this step, such as the more electron
withdrawing (CsFs)2PCH2CH2P(CsFs)2, could lower the energetic barrier for catalytic turnover and milder

conditions may be required.
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5 Chapter Five — Experimental data

5.1 General methods

All experiments were performed under an atmosphere of argon, using standard Schlenk techniques on
a dual vacuum/inlet manifold unless specified. Glassware was dried in an oven at 140 °C overnight or
flame dried under vacuum prior to use. Pentane, hexane, THF, diethyl ether and CH2Cl. were dried
using an MBraun SPS-800 solvent purification system and degassed by three freeze-pump-thaw
cycles. 1,2-F2CesH4 was stirred over Al2Os for two hours and then CaH2 overnight before vacuum transfer
and subsequent degassing by three freeze-pump-thaw cycles. CD2Clz and ds-toluene were dried
overnight with CaH: and ds-acetone with K2COz before vacuum transfer and subsequent degassing by
three freeze-pump-thaw cycles and stored over 3 A molecular sieves. O-xylene was stored over 3 A
molecular sieves.

The following chemicals were prepared via literature procedures: [RhCI(NBD)]. and
[Rh(NBD):][Barf4],! [Rh(COD)CI]2,2 RhH(dppe)2,2 HsB:PPhHz,4 HsB-PCyH2,5 HsB:-PPrH:¢ and
H3B-PH23,5-(CF3)2CeHs.” [Rh(dppe)2]Cl (dppe = 1,2-bis(diphenylphosphino)ethane) was prepared via
addition of dppe to [Rh(COD)CI]2 in THF (THF = tetrahydrofuran and COD = cyclooctadiene).
[Rh(dppe)z][X] (X = [BF4]- and [BAr"4]- were prepared by the addition of NaX to [Rh(dppe)2]Cl in THF.
HsB-P"HexH. was prepared via the Grignard reagent, "HexMgBr, a modification from the literature

method.8 All other reagents were purchased from commercial vendors and used as received.

NMR data was collected on either a Bruker 400 MHz, Venus400, a Bruker Ascend 400 MHz,
Bruker 500 MHz AVC, Bruker 500 MHz AVIIIHD or Bruker 600 MHz AVIIIHD widebore spectrometer.
Residual protio solvent resonances were used as a reference for 1H NMR spectra. 3'P{*H} NMR spectra
were referenced externally to 85 % HsPOa. All chemical shifts (6) are quoted in ppm and coupling

constants in Hz.

ESI-MS conducted in Chapter Two was carried out using a Bruker MicroTOF instrument directly
connected to a modified Innovative Technology glovebox® unless otherwise specified. Typical
acquisition parameters were used (sample flow rate 4 yL min-1, nebulizer gas pressure: 0.4 bar, drying
gas: argon at 333 K flowing at 4 L min-, capillary voltage: 4.5 kV, exit voltage: 60 V). The spectrometer

was calibrated using a mixture of tetraalkyl ammonium bromides [N(CnHz2n+1)4]Br (n = 2-8, 12, 16 and
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18). Samples were diluted to a concentration of 1 x 10-® M in the specified solvent before sampling by
ESI-MS. In Chapter Three and Four, aerobic ESI-MS conducted in Chapter Three and Four was carried
out using a Bruker compact®time of flight mass spectrometer by Mr. Karl Heaton at the University of
York for compounds. Air sensitive mass spectrometry in Chapter Three and Four was conducted using

a bespoke Nz filled glovebox connected to a HCTultra ETD Il ESl-ion trap spectrometer.®

In the laboratory of Professor Scott McIindoe (University of Victoria, Canada), anaerobic ESI-
MS using Waters Acquity Triple Quadrupole Detector equipped with a Z-Spray electrospray ionization
source and pressurised sample infusion (PSI) was used to study the oligomer bound species in Chapter
Four. A PSI flask!® was equipped with 20 ml of 1,2-F2CsHas and [Rh(dppe)(n8-CeHsF)][BArF4] (3 mg, 2
pUM) and was stirred at 100°C. A mixture of short chain polymer [H2BPPhH]» (Mn = 7,000 g mol-1, PDI
= 2.4, 2 mg) formed by a one hour reaction time using the general procedure was dissolved in 1 ml of
1,2-F2CsHs and added to the [Rh(dppe)(n®-CsHsF)][BArF4] solution. A pressure of 6 psi was applied to
the flask to initiate pressurized sample infusion! into the mass spectrometer. The capillary voltage was
held at 3.0 kV, cone voltage at 14.0 V, and extraction cone at 4.0 V. The MS cone voltage was optimized
to eliminate in-source fragmentation of the catalyst. The desolvation gas flow rate was 200 I/hr, cone
gas flow rate 200 I/hr, source temperature 105 °C and desolvation temperature 200 °C. The RF lens
was set to an optimal voltage of 0.2 V, and the ion energy was maintained at 0.6. Isotope patterns were
obtained by narrowing the m/z range and increasing both the LM resolution and the HM resolution to

17.0.

Elemental analyses were conducted by Mr Stephan Boyer at London Metropolitan University

or Dr Graeme McAllister at the University of York.

Dynamic light scattering (DLS) was conducted using a Malvern Panalytical Zetasizer Ultra/Pro
instrument equipped with a laser with a wavelength of 633 nm and a detector oriented at 173° to the

incident radiation.

1H DOSY spectra were collected by Dr Alex Heyam (University of York, UK) on a Bruker 600
MHz AVIIIHD spectrometer equipped with a room temperature 5 mm BBO probe. The dstebpgp3s pulse
sequence was used to compensate for convection within the sample. For all experiments, the number
of scans per increment was 16, the delay between scans was 10 s, and the temperature was 298 K.

The diffusion delay d20 and gradient pulse length p30 were optimised to give a roughly 95 % drop in
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polymer signal between the highest and lowest gradient strengths: this gave d20 = 200 ms and p30 =
1.2 ms (except for the sample of [H2BP"HexH]», where d20 = 150ms and p30 = 1 ms). For BCP-
Ph/"Hex, 16 linearly spaced increments were collected between 5% and 95% gradient strength; for all
other samples, only 8 linearly spaced increments were collected. The gradient strength was calibrated
using a sample of 1% H20 in D20, which is known to have a diffusion coefficient of 1.872 x 10°° m? s1,

DOSY spectra were processed in Mestrenova using a Bayesian method with one repetition.

Transmission electron microscopy (TEM) was conducted by Dr Charlotte Ellis (University of
Victoria, Canada) using copper grids (500 mesh) purchased from Ted Pella, Inc. and carbon films were
prepared by using a Leica EM ACE600 instrument. Carbon films were deposited onto the copper grids
by flotation on water and allowed to dry over 24 hours. Samples for electron microscopy were prepared
by drop-casting 8 pL of BCP-Ph/"Hex in a THF solution onto a carbon-coated copper grid followed by
solvent evaporation. TEM images were obtained using a JEOL JEM 1011 operating at 80 kV, equipped

with a Gatan Orius SC1000 CCD camera.

5.2 Synthesis of new complexes

5.2.1 Chapter Two

o-Pr-DPEphos 1-Pr

The synthesis of 1-Pr followed literature procedures to form the 2,2’-(PCl2)2(CsH4)20.12 13 In a separate
flask Li[2-Pr-CeHa4] (1.2 equiv.) was prepared at -78 °C from the addition of N,N,N’,N’-
tetramethylenediamine (0.46 ml, 3.1 mmol) to "BuLi (2.5 M in hexanes, 1.04 ml, 2.6 mmol) then
dropwise addition of 1-bromo-2-isopropylbenzene (0.39 ml, 2.6 mmol) and the mixture was left to stir
at —78 °C for 1 hour. Dropwise addition of this aryl lithium solution to the 2,2’-(PCl2)Ph20 (200 mg, 0.54
mmol) in THF (5 ml) also kept at —78 °C formed a clear orange solution after 1 hour of stirring at —78
°C. Methanol (0.5 ml) was added at —78 °C and the mixture was warmed to room temperature (ligand
is air stable). Saturated [NH4]CI solution (10 ml) was added and the mixture was separated, and the
organic phase extracted with pentane (3 x 10 ml). The organic phases were collated and the solvent
removed in vacuo to yield the crude product as a pale-yellow solid which was recrystallised in hot

pentane to yield pure 1-'Pr as a white solid (115 mg, 0.17 mmol, 30% yield).
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31P{1H} NMR (162 MHz, CDCls): & —37.6 ppm (s).

IH NMR (400 MHz, CDCls, 298 K): & 7.27 (m, 8H, Ar), 7.04 (m, 6H, Ar), 6.88 (m, 6H, Ar), 6.73 (ddd, J
=2, 4 and 8 Hz, 2H, Ar), 6.36 (dd, J = 4 and 8 Hz, 2H, Ar), 3.63 (septet, J(HH) = 7 Hz, 4H, CHCHj),
1.06 (d, J(HH) = 7 Hz, 24H, CHCHj).

13C{1H} NMR (126 MHz, CDCls, 298 K): 8 159.4 (d, J(PC) = 19 Hz, Ar), 153.4 (d, J(PC) = 28 Hz, Ar),
134.4 (s, Ar), 134.4 (s, Ar), 134.3 (s, Ar), 134.1 (s, Ar),129.8 (s, Ar), 128.9 (s, Ar), 125.7 (s, Ar), 125.1
(d, Jec = 5 Hz, Ar), 123.2 (s, Ar), 118.0 (s, Ar), 31.1 (d, J(PC) = 27 Hz, CH) and 23.9 (d, J(PC) = 10 Hz,
CHz).

EI-MS (acetonitrile): m/z [M]* 706.4 (calc. 706.35) with the correct isotope pattern.

Multiple samples were submitted for elemental analysis, but no results were within 0.4% of the
theoretical percentage mass by weight for carbon or hydrogen. Persistent pentane may be the cause

of the inconsistent elemental analysis.

[Rh(o-R-DPEphos)(NBD)][BAr-4] (R = H, Me or OMe) 2-H, 2-Me and 2-OMe

Ligand 1-H, 1-Me or 1-OMe (200 mg) in 1,2-F2CsH4 (2 ml) was added dropwise to [RhCI(NBD)]2 (0.5
equiv.) and left to stir at room temperature for one hour. This solution was then added dropwise to
Na[BArf4] (1 equiv.) in 1,2-difluorobenzene (2 ml) and stirred at room temperature for one hour which
resulted in formation of a precipitate (NaCl). The solution was filtered, and the precipitate was washed
with 1,2-difluorobenzene then the solvent removed in vacuo leaving an oily residue. The residue was
washed with pentane (3 x 5 ml) and the resulting orange solid was dried under Schlenk line vacuum (<
1 x 101 mbar) overnight to leave a dry solid (all orange crystalline solids) that were stored in an argon

glovebox.

2-H (85% yield): NMR data at 298 K as previously reported.*
31P{1H} NMR (202 MHz, CDCI,F, 140 K): & 21.5 (br d, J(RhP) = 154 Hz) and 13.8 (br d, J(RhP) = 154
Hz).

IH NMR (500 MHz, CDCIF, 140 K) selected data: d 8.32 (br s, ortho-CH).

2-Me (75% yield):
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31p{1H} NMR (162 MHz, acetone-Dg, 298 K): & 17.6 (br s), 8.5 (d, 154 Hz), 2.8 ppm (br s).

31P{*H} NMR (162 MHz, acetone-Dg, 183 K): & 18.0 (dd, J(RhP) = 161 Hz, J(PP) = 28 ppm) and 1.82
(dd, J(RhP) = 152 Hz, J(PP) = 28 ppm).

14 NMR (400 MHz, acetone-Ds, 298 K): & 7.78 (s, 8H, 0-CH BArF4), 7.66 (s, 4H, p-CH BArF), 7.62-
7.26 ppm (br m, 14H Ar), 7.25-7.02 (br s, 5H, Ar), 6.91 (m, 4H, Ar), 6.75 (br s, 1H, Ar), 4.11-3.31 (br s,
6H, sp3-CH NBD (2H), sp?-CH NBD (4H)), 2.23-1.51 (br s, 12H, CHs), 1.38 (br s, sp3-CHz NBD).

H NMR (400 MHz, acetone-Ds, 183 K): & 10.27 (dd, J(PH) = 17 Hz, J(HH) = 7 Hz, 1H, ortho-H on
substituted phenyl), 7.89 (s, 8H, 0-CH BArFs), 7.77 (s, 4H, p-CH BArFs), 7.72-7.20 (m, 14H, Ar), 7.06
(m, 3H, Ar), 6.88 (m, 3H, Ar), 6.79 (dd, J(HH) = 8 Hz, J(PH) = 8 Hz, 1H, Ar), 6.68 (t, J(HH) = 7 Hz, 1H,
Ar), 6.16 (dd, J(HH) = 8 Hz, J(PH) = 12 Hz, 1H, Ar), 5.34 (s, 1H, sp2-CH NBD), 4.05 (s, 1H, sp3-CH
NBD), 3.85 (s, 1H, sp-CH NBD), 3.71 (s, 1H, sp3-CH NBD), 3.68 (s, 3H, CHs), 3.43 (m, 2H, sp?-CH
NBD), 1.92 (br s, CHs), 1.58 (s, CHs) and 1.27 (m, CHz NBD).

IH NMR (500 MHz, CD,Cl;, 203 K) selected data: & 9.97 (dd, 1H, J(PH) = 17 Hz, J(HH) = 8 Hz, ortho-
H on substituted phenyl), 3.56 (s, 3H, CHa).

ESI-MS (1,2-difluorobenzene): m/z [M]* 789.20 (Calc. 789.19) with the correct isotope pattern.

Elemental analysis found (calc. for C7gHs6BF240P2Rh): C 57.52 (57.40) H 3.53 (3.42).

2-OMe (78 % yield).

S1P{*H} NMR (202 MHz, acetone-Dg, 298 K): & 7.3 ppm (br s).

31P{*H} NMR (202 MHz, acetone-Dg, 183 K) major isomer: 8 13.9 (dd, J(PP) = 27 Hz, J(RhP) = 164
Hz) and -0.6 (dd, J(PP) = 27 Hz, J(RhP) = 156 Hz), minor isomer: 11.2 (dd, J(PP) = 28 Hz, J(RhP) =
162 Hz) and -2.7 (dd, J(PP) = 28 Hz, J(RhP) = 158 Hz).

H NMR (500 MHz, acetone-Ds, 298 K: 8 7.79 (s, 8H, 0-CH BArF4), 7.67 (s, 4H, p-CH BArs), 7.53 (br
s, 4H, Ar), 7.38-7.12 (m, 6H, Ar), 7.10-6.55 (m, 14H, Ar), 4.46-3.10 [broad overlapping signals, sp2-CH
NBD (4H), sp3-CH NBD (2H) and OCHs (12H)] and 1.31 (s, 2H, CH2 NBD).

IH NMR (500 MHz, acetone-Ds, 183 K) major isomer: d 9.53 (dd, J(PH) = 16 Hz, J(HH) = 7 Hz, 1H,
ortho-H on substituted phenyl), 7.88 (s, 8H, 0-CH BArF4), 7.77 (s, 4H, p-CH BArFs), 7.69-6.65 (complex
multiplet, 21H, Ar), 6.57 (t, J(HH) = 7 Hz, 1H, Ar), 6.17 (t, J(HH) = 9 Hz, 1H, Ar), 4.24 (s, 3H, OCHa),
4.20 (s, 1H, sp>-CH NBD), 4.05 (s, 1H, sp-CH NBD), 3.82 (s, 3H, OCHs), 3.81 (s, 1H, sp2-CH NBD),

3.64 (s, 3H, OCHs3), 3.63 (br s, 2H, sp?-CH and sp3-CH NBD), 3.37 (s, 1H, sp3-CH NBD), 3.26 (s, 3H,
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OCHps) and 1.24 (s, 2H, CHz2), selected data minor isomer: 6 9.37 (dd, J(PH) = 16 Hz, J(HH) = 7 Hz,
1H, ortho-H).

IH NMR (500 MHz, CDCl,, 203 K) selected data major isomer: 8 9.19 (dd, 1H, J(PH) = 17 Hz, J(HH)
=7 Hz, ortho-H on substituted phenyl), selected data minor isomer: 6 9.32 (dd, J(PH) = 17 Hz, J(HH)
=7 Hz, 1H, ortho-H).

ESI-MS (1,2-difluorobenzene): m/z [M]* 853.18 (Calc. 853.17) with the correct isotope pattern.
Multiple samples were submitted for elemental analysis, but no results were within 0.4% of the
theoretical percentage mass for carbon or hydrogen. Persistent pentane after recrystallisation may be

the cause of the inconsistent elemental analysis.

[Rh(o-Pr-DPEphos)(NBD)][BArF4] 2-'Pr

Ligand 1-Pr (151 mg, 0.21 mmol) in 1,2-difluorobenzene (2 ml) was added dropwise to
[Rh(NBD):][BarFs] (246 mg, 0.21 mmol) to form a dark red solution. The solvent was removed in vacuo
to leave a purple residue that was dissolved in DCM (2 ml) and added dropwise to a stirring flash of
pentane (20 ml) that produced an orange precipitate. The solid was filtered and washed with pentane
(3 x 5 ml) and then dried under Schlenk line vacuum (< 1 x 101 mbar) overnight to leave an orange

solid (241 mg, 0.14 mmol, 65% yield).

31p{1H} NMR (202 MHz, acetone-Ds, 298 K): & 20.8 (d, J(RhP) = 153 Hz).

IH NMR (500 MHz, acetone-Ds, 298 K): & 9.34 (dd, 2H, J(PH) = 17 Hz, J(HH) = 7 Hz, ortho-H on
substituted phenyl), 7.96 (m, 2H, Ar), 7.79 (s, 8H, 0-CH BArfs), 7.71 (m, 4H, Ar), 7.67 (s, 4H, p-CH
BArFs), 7.56-7.30 (m, 10H, Ar), 7.17 (m, 4H, Ar), 6.80 (br s, 2H, Ar) 4.44 (s, 2H, sp? CH-NBD), 3.74 (s,
2H, sp? CH-NBD), 3.33 (m, 4H, sp® CH-NBD and methine CH), 2.91 (sept, 2H, J(HH) = 6 Hz, methine
CH), 2.00 (d, 6H J(HH) = 6 Hz, CHs), 1.51 (d, 6H, J(HH) = 6 Hz, CH3), 1.27 (s, 2H, CH2 NBD) 1.05 (d,
6H, J(HH) = 6 Hz, CHs), 0.21 (d, 6H, J(HH) = 6 Hz, CHs).

IH NMR (500 MHz, CD,Cl;, 203 K) selected data: & 9.14 (dd, 2H, J(PH) = 18 Hz, J(HH) = 8 Hz, ortho-
H on substituted phenyl).

ESI-MS (1,2-difluorobenzene): m/z [M]* 901.32 (Calc. 901.3169) with the correct isotope pattern.

Elemental analysis found (calc. for Cg7H72BF240OP2Rh): C 59.06 (59.20) H 3.98 (4.11).
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[Rh(o-Me-DPEphos)(H)2(acetone)][BArF4] 4-Me and [Rh(o-Me-DPEphos)(acetone)][BAr-4] 3-Me

A sample of 2-Me (~20 mg) was dissolved in 0.5 ml acetone-Dsin a high-pressure J. Youngs NMR tube
and degassed by three successive freeze-pump thaws. The NMR tube was then put under an
atmosphere of 2 bar Hz, shaken, then left for 30 minutes. The solution turned from orange to yellow (4-
Me). The sample was then degassed again by five successive freeze-pump-thaws and put under an
atmosphere of argon, resulting in a colour change to red (3-Me). Persistent vacuum on removal of

solvent resulted in decomposition of 3-Me.

4-Me:

31P{*H} NMR (202 MHz, acetone-Dg, 298 K): & 26.0 (br s).

31P{*H} NMR (202 MHz, acetone-Dg, 183 K): 8 43.1 (dd, J(RhP) = 121 Hz, J(PP) = 343 Hz) and 23.3
(dd, J(RhP) = 114 Hz, J(PP) = 343 Hz).

IH NMR (500 MHz, acetone-Ds, 298 K): 8 7.97 (brd, 2H, J = H, Ar), 7.85-7.72 (overlapping signals, 10
H, 0-CH BArf; and Ar), 7.67 (s, 4H, p-CH BArF4), 7.62-7.18 (br multiplet, 20 H, Ar), 2.50-2.10 (br
multiplet, 12H, CHs), —19.51 (br s, 2H, Rh—H).

IH NMR (500 MHz, acetone-Ds, 183 K) major isomer: & 8.28 (multiplet, 2H, Ar), 7.98-7.81 (overlapping
signals, 10 H, o-CH BArFs and Ar), 7.77 (s, 4H, p-CH BArFs), 7.69 (multiplet, 2H, Ar), 7.62-7.18 (br
multiplet, 16 H, Ar), 2.55 (s, 3H, CHa), 2.36 (s, 3H, CHa), 2.08 (s, 3H, CHs), 1.87 (s, 3H, CHs), —18.36
(dddd, 1H, J(RhH) = 24 Hz, J(cis-PH) = 12 Hz, J(cis-PH) = 12 Hz, J(cis-HH) = 8 Hz, Rh—-H) and —20.32
(dddd, 1H, J(RhH) = 30 Hz, J(cis-PH) = 12 Hz, J(cis-PH) = 12 Hz, J(cis-HH) = 8 Hz, Rh—H)).

H NMR (500 MHz, acetone-Ds, 183 K) major isomer, selected data: 3 —18.34 (dd, 1H, J(RhH) = 24
Hz and Jucisi = 8 Hz, Rh—H) and —20.31 (dd, 1H, J(RhH) = 30 Hz and J(cis-HH)= 8 Hz, Rh—H).

H NMR (500 MHz, acetone-Dg, 183 K) minor isomer, selected data: & 4.18 (s, 3H, CHz), 3.81 (s,
3H, CHBz), 3.68 (s, 3H, CHs), 2.47 (s, 3H, CHs), —18.02 (br s, 1H, J(RhH) = 24 Hz, J(cis-PH) = 12 Hz,
J(cis-PH) = 12 Hz, J(cis-HH) = 8 Hz, Rh—H) and —19.97 (dddd, 1H, J(RhH) = 30 Hz, J(cis-PH) = 12 Hz,

J(cis-PH) = 12 Hz, J(cis-HH) =8 Hz, Rh—H)).
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3-Me:

31P{*H} NMR (202 MHz, acetone-Dg, 298 K): & 39.6 (br d, J(RhP) = 194 Hz) and 29.0 (br d, J(RhP) =
199 Hz).

IH NMR (500 MHz, acetone-Dg, 298 K): & 10.73 (brs, 1H, Ar), 7.96 (m, 1H, Ar), 7.79 (8H, 0-CH BArF4),
7.67 (s, 4H, p-CH BArF;), 7.63-5.75 (complex m, 22H, Ar), 3.53 (br s, 3H, Ar-CHs), 2.67 (br multiplet,

6H, Ar-CHs), 2.35 (br s, 3H, Ar-CHa).

[Rh(o-OMe-DPEphos)(H)2(acetone)][BArF4] 3-OMe:

A sample of 2-OMe (~20 mg) was dissolved in 0.5 ml acetone-Des in a high-pressure J. Youngs NMR
tube and degassed by three successive freeze-pump thaws. The NMR tube was then put under an
atmosphere of 2 bar Hz, shaken, then left for 30 minutes. The solution turned from orange to red (3-
OMe). The sample did not change after five successive freeze-pump-thaws. Persistent vacuum on

removal of solvent resulted in decomposition of 3-OMe.

31p{1H} NMR (162 MHz, acetone-De, 298 K): & 44.7 (dd, J(RhP) = 168 Hz and J(PP) = 27 Hz), 36.6 (br
multiplet) and 31.6 (br multiplet).

31p {1H} NMR (162 MHz, acetone-Ds, 193 K): & 44.3 (complex multiplet), 37.5 (dd, J(RhP) = 223 Hz
and J(PP) = 58 Hz), 36.2 (d, J(RhP) = 213 Hz), 33.2 (dd, J(RhP) = 220 Hz and J(PP) = 58 Hz), 30.3
(dd, J(RhP) = 205 Hz and J(PP) = 58 Hz), 29.4 (dd, J(RhP) = 210 Hz and J(PP) = 58 Hz) and 19.7
(complex multiplet).

IH NMR (400 MHz, acetone-Ds, 298 K): & 8.09 (complex multiplet, 2H, Ar), 7.79 (8H, 0-CH BArF4), 7.67
(s, 4H, p-CH BArF4), 7.64-6.26 (complex m, 22H, Ar), 3.69 (complex multiplet, 12H, OCHa).

IH NMR (400 MHz, acetone-Ds, 193 K) selected data: 8 9.16 (dd, 1H, anagostic Ar-H).

[Rh(o-IPr-DPEphos’)(H)][BAr4] 4-'Pr:

A sample of 2-'Pr (~20 mg) was dissolved in 0.5 ml acetone-Ds in a high-pressure J. Youngs NMR tube

and degassed by three successive freeze-pump thaws. The NMR tube was then put under an

atmosphere of 2 bar Hz, shaken, then left for 30 minutes. The solution turned from orange to yellow (4-
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Pr). The sample did not change after five successive freeze-pump-thaws. Persistent vacuum on

removal of solvent resulted in decomposition of 4-'Pr.

31P{*H} NMR (162 MHz, acetone-Ds, 298 K): & 20.8 (br s).

31P{*H} NMR (162 MHz, acetone-Ds, 183 K): 8 39.7 (dd, J(RhP) = 121 Hz and J(PP) = 357 Hz, isomer
a), 26.1 (complex multiplet that contains the second 3P environment for the three major isomers), 14.0
(dd, J(RhP) = 119 Hz and J(PP) = 359 Hz, isomer b) and 5.6 (dd, J(RhP) = 112 Hz and J(PP) = 362
Hz, isomer c).

1H NMR (400 MHz, acetone-Ds, 298 K): 8 7.99 (multiplet, 2H, Ar), 7.79 (8H, 0-CH BArF4), 7.67 (s, 4H,
p-CH BArFs), 7.64-6.44 (complex m, 22H, Ar), 3.37 (br s, 4H, methine CH), 1.51-0.38 (br s, 24H, CH3)
and —19.81 (dvt, J(RhH) = 29 Hz and J(PH) = 15 Hz).

IH NMR (400 MHz, acetone-Ds, 183 K): & 8.27 (multiplet, 1H, Ar), 8.04 (multiplet, 1H, Ar), 7.89 (8H, o-
CH BArF4), 7.77 (s, 4H, p-CH BArF4), 7.74-6.18 (complex m, 22H, Ar), 3.37 (br s, 4H, methine CH), 1.51-
0.38 (br s, 24H, CHs). There are six signal that could be methine CH signals, all broad singlets at 4.80,
3.65, 3.34, 3.21, 3.10, 2.72 ppm. There are many signals (> 10) in the alkyl region (2-38-0.08 ppm) that
overlap with other signals so they cannot be fully assigned but most likely the iso-propyl CHs groups.
Multiple hydride resonances are observed overlapping from —19.40 to —19.95 ppm that integrate to one

proton overall.

[Rh(o-Pr-DPEphos)(CO)][BArF4] 5-Pr:

A sample of 2-'Pr (20 mg, 0.008 mmol) in 1,2-difluorobenzene (0.5 ml) was put under an atmosphere
of 2 bar Hz and left for 30 minutes. The H2 was removed via three freeze-pump-thaws and the sample
was put under an atmosphere of 2 Bar CO resulting in an immediate colour change from yellow to
orange. The CO was removed via three times freeze-pump-thaws and the sample refilled with argon.
The solution was transferred to a small J. Youngs flask then layered with pentane and kept at -20 °C
yielding orange crystals suitable for single crystal x-ray crystallography after two days that were
separated via filtration and dried under Schlenk line vacuum (< 1 x 10! mbar) overnight (9 mg, 0.005

mmol, 63%).
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31P{1H} NMR (162 MHz, acetone-Dg, 298 K): & 19.9 (d, J(RhP) = 123 Hz).

IH NMR (500 MHz, acetone-Dg, 298 K): & 7.97-7.55 (complex m, 25H, o-CH BArf4 (8H), p-CH BArF,
(4H) and Ar (13H)), 7.53-7.21 (m, 10H, Ar), 7.02 (br s, 1H, Ar), 4.74 (br s, 2H, methine CH) 3.10 (br s,
2H, methine CH), 1.49 (br s, 6H, CHs), 1.17 (br s, 12H, CHz), 0.40 (br s, 6H CH3).

H NMR (500 MHz, acetone-Dg, 183 K): selected data & 1.41 (d, J(HH) = 4 Hz, 6H, CHs), 1.19 (d, J(HH)
=4 Hz, 6H, CH3), 1.00 (d, J(HH) = 4 Hz, 6H, CHz3), 0.14 (d, J(HH) = 5 Hz, 6H, CHa).

ESI-MS (1,2-difluorobenzene): m/z [M]* 837.249 (Calc. 837.250) with the correct isotope pattern.
Elemental analysis found (calc. for Cg7H72BF240P2Rh): C 56.73 (57.19) H 3.73 (3.79).

IR (CO stretch): 2023 cm™

[Rh(o-'Pr-DPEphos)(n?n?-HsB-NMes)][BArF4] 6-Pr and [Rh(k?-P,P-(0-Pr-DPEphos”)-n?-

BH2NMes)][BArF4] 7-Pr

A sample of 2-'Pr (30 mg, 0.017 mmol) in 1,2-difluorobenzene was put under an atmosphere of 2 bar
H2 and rotated for 30 minutes. The sample was degassed by three successive freeze-pump-thaws and
the sample put under an atmosphere of argon. HsB-NMes (37 mg, 0.051 mmol, 3 equiv.) in 1,2-
difluorobenzene (0.5 ml) was added to the yellow solution which formed a blue solution (6-'Pr). 3,3-
dimethylbutene (11 pl, 0.085 mmol, 5 equiv.) was then added and the solution was left for seven days
with occasional shaking. The solvent was mostly removed in vacuo and then pentane was added to
crash out a green precipitate. The solid was isolated by filtration and dried under Schlenk line vacuum
(<1 x 10! mbar) to yield a green solid (27.1 mg, 0.015 mmol, 88% yield). Crystals suitable for x-ray

diffraction were obtained by dissolving in minimal 1,2-F2CeH4 and layering with pentane.

6-Pr:

31p{1H} NMR (202 MHz, CD,Cl,, 298 K): & 31.4 (d, J(RhP) = 209 Hz) and 19.4 (d, J(RhP) = 176 Hz).
IH NMR (500 MHz, 1,2-F,CgH4, 298 K) selected data: d 8.06 (s, 8H, 0-CH BArFs), 7.47 (s, 4H, p-CH
BAIFs), 2.54 (s, 9H, N(CHa)s), —2.80 (br s , 3H, BH3).

IH{*B} NMR (500 MHz, 1,2-F,CsHa2, 298 K) selected data: & —2.80 (br s, 3H, BH3).

LB{1H} NMR (128 MHz, 1,2-F2CsHa, 298 K): & 21.4 (br s, BHs) and —6.4 (s, BArFs).
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7-Pr:

31P{1H} NMR (202 MHz, CD,Cl,, 298 K): & 29.5 (dd, J(RhP) = 187 Hz and J(PP) = 31 Hz) and 8.5 (dd,
J(RhP) = 165 Hz and J(PP) = 31 Hz).

14 NMR (600 MHz, CD4Cl,, 298 K): & 7.93 (dd, J = 7 Hz and 14 Hz, 1H, Ar) 7.72 (s, 8H, 0-CH BArFa),
7.56 (s, 4H, p-CH BArF4), 7.60-6.94 (complex m, 16H Ar), 6.82 (m, 2H, Ar), 6.65 (m, 3H, Ar), 6.46 (dd,
J=8and 11 Hz, 1H, Ar), 6.36 (dd, J =8 and 11 Hz, 1H, Ar), 4.92 (m, 1H, anagostic methine CH), 4.75
(m, 1H, anagostic methine CH), 3.86 (s, 1H, C=C-H), 2.48 (s, 9H, N(CHz3)3), 2.32 (m, 1H, methine CH),
1.72 (s, 3H, C=C-CHa), 1.24 (d, J(HH) = 6 Hz, 3H, CHz), 1.09 (d, J(HH) = 6 Hz, 3H, CHz), 0.83 (d, J(HH)
=7 Hz, 3H, CHs) 0.81 (d, J(HH) = 7 Hz, 3H, CHs), 0.76 (d, J(HH) = 6 Hz, 3H, CHs), 0.30 (d, J(HH) = 7
Hz, 3H, CHs) and —-7.54 (br s, 1H, agostic B-H). Second BH signal was not observable without 1B
decoupling due to the quadrupolar nature of the bonded B atom.

IH{*'B} NMR (600 MHz, CD,Cl,, 298 K) selected data: & 3.86 (s, 1H, C=C-H), 1.89 (br d, 2J(HH) = 14
Hz, 1H, BH) and —-7.54 (ddd, J(PB-trans) = 52 Hz, 2J(HH) = 14 Hz, J(RhH) = 14 Hz, 1H, agostic B-H).
1B NMR (128 MHz, CDCls, 298 K): 8 —6.3 to —=14.1 (br s, BH2) and —9.1 (s, BArFa).

ESI-MS (1,2-difluorobenzene): m/z [M]* 878.33 (Calc. 878.33) with the correct isotope pattern.
Multiple samples were submitted for elemental analysis, but no results were within 0.4% of the
theoretical percentage mass for carbon, hydrogen, or nitrogen. Persistent pentane after recrystallisation

may be the cause of inconsistent elemental analysis.

5.2.2 Chapter Three

o-F,F-DPEphos 1-F,F

Synthesis of 2,2’-(PCl2)2(CsH4)20 was done in accordance with literature procedures.'? 12 In a separate
J. Young’s ampoule, N,N,N’,N’-tetramethylenediamine (0.42 ml, 2.8 mmol, 4.3 equiv.) was added
dropwise to "BuLi (1.07 ml, 2.4 M solution in hexanes, 2.6 mmol, 4 equiv.) at 0 °C. The mixture was
cooled to —78 °C and THF (2 ml) and 2,6-difluorobromobenzene (0.29 ml, 2.6 mmol, 4 equivalents)
were added dropwise and the mixture was left to stir for 1 hour at —78 °C. The previously prepared 2,2’-
(PCI2)2Ph20 (200 mg, 0.54 mmol, 1 equiv.) in 4 ml of THF was cooled to —78 °C and the aryl lithium

was added dropwise, keeping both solutions at —78 °C. The resulting orange mixture was allowed to
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warm to room temperature, then stirred for 30 minutes and checked by '°F and 3P NMR spectroscopy
for completion. The mixture was then cooled to 0 °C, quenched with methanol (1 ml) and saturated
ammonium chloride solution (10 ml). The now air stable product was extracted with ethyl acetate (3 x
10 ml), dried over Na2SO4, filtered, and washed with cold pentane yielding the product as a white solid.

Recrystallisation with pentane and CH:Cl: yielded 1-F,F as a white microcrystalline solid (109 mg, 30%).

31P{1H} NMR (202 MHz, CD,Cly, 295 K): 8 —62.5 (quint, Jre = 40 Hz).

19F NMR (471 MHz, CD.Cl3, 295 K): & —100.7 (d, Jpr = 40 Hz).

H NMR (500 MHz, CDCl,, 295 K): & 7.33 (tt, J= 8 Hz and 6 Hz, 4H, para-H on substituted aryl), 7.26
(m, J =8 and 2 Hz, 2H, backbone-Ar), 7.06 (dd, J =7 and J(PH) = 4 Hz, 2H, backbone-Ar), 7.00 (dd, J
=8 and 7 Hz, 2H, backbone-Ar), 6.82 (dt, J = 8 and 2 Hz, 8H, meta-H on substituted phenyl), 6.74 (dd,
J(HH) = 8 and J(PH) = 5 Hz, 2H, backbone-Ar).

13C{*H} NMR (126 MHz, CD.Cl,, 295 K): & 165.6 — 163.6 (dt, Jcr = 250 and Jcp = 9 Hz, Ar), 158.9 (s,
Ar), 158.5 (s, Ar), 132.2 (s, Ar), 132.0 (t, J = 11 Hz), 130.4 (d, J =1 Hz Ar), 123.5 (s, Ar), 117.4 (s, Ar),
111.6 (d, J = 5 Hz, Ar), 111.4 (dd, J =5 Hz, J = 1 Hz, Ar).

ESI-MS (CH2Cly): m/z [M+H]* 683.0942 (calc. 683.0934) with the correct isotope pattern.

Elemental analysis found (calc. for C3sH20FsOP2): C 63.38 (63.35) H 3.19 (2.95).

[Rh(o-F,F-DPEphos)(NBD)][BArF4] 2-F,F

1,2-F2CsHa4 (10 ml) was added to [Rh(NBD)2][BAr4] (63 mg, 0.055 mmol, 1 equiv.)!> 16 and 1-F,F (38
mg, 0.055 mmol, 1 equiv.) in a J. Young’s Ampoule to form an orange solution. The mixture was stirred
for two hours at room temperature. The solvent was removed in vacuo to leave a purple oil which was
triturated with pentane to give a red solid. The solid was filtered and washed with further pentane (3 x
5 ml) and dried under Schlenk line vacuum (< 1 x 101 mbar) overnight, leaving 2-F,F as an orange
microcrystalline powder (73 mg, 77%,).

31p{1H} NMR (202 MHz, CD,Cl,, 295 K): 8 —=17.4 (d, J(RhP) = 163 Hz).

31p{1H} NMR (202 MHz, CD,Cl,, 223 K): 8 —17.1 (dd, J(RhP) = 163 Hz and J(PF) = 38 Hz).

19F NMR (471 MHz, CDCly, 295 K): 8 —90.9 (br s, 2F), —97.8 (br s, 4F), —=102.4 (br s, 2F).

Page 208



Chapter Five

19F NMR (471 MHz, CDCl,, 183 K) selected data: 5 —-90.8 (s, 2F), —97.9 (s, 2F), —98.1 (d, J(PF) = 38
Hz, 2F), —=103.5 (s, 2F).

F NMR (471 MHz, CD,Cl;, 318 K) selected data: & —98.1 (br s, 8F).

IH NMR (500 MHz, CD.Cl3, 295 K): & 7.72 (s, 8H, 0-CH, BArF4), 7.55 (s, 4H, p-CH, BArFs), 7.51 (br m,
4H, Ar), 7.40 (m, J =9 Hz and 2 Hz, 4H, Ar), 7.13 — 6.83 (complex multiplet, 12H, Ar), 4.16 (s, 4H, sp?-
CH NBD), 3.80 (s, 2H, sp3-CH NBD), 1.44 (s, 2H, CHz2 NBD). 'H NMR (500 MHz, CD2Clz, 318 K)
selected data: & 7.73 (s, 8H, 0-CH, BArfs), 7.55 (s, 4H, p-CH, BArF4), 4.18 (s, 4H, sp2-CH NBD), 3.81
(s, 2H, sp3-CH NBD), 1.45 (s, 2H, CH2 NBD).

IH NMR (500 MHz, CD,Cl,, 183 K): 8 7.72 (s, 8H, 0-CH, BArFs), 7.57 (m, 4H, Ar), 7.51 (s, 4H, p-CH,
BArfs), 7.37 (m, 4H, Ar), 7.11 (t, J = 9 Hz, 2H, Ar), 7.07 — 6.93 (br m, 8H, Ar), 6.49 (t, J = 9 Hz, 2H, Ar),
4.23 (s, 2H, sp?-CH NBD), 3.87 (s, 2H, sp>-CH NBD), 3.74 (s, 2H, sp3-CH NBD), 1.35 (s, 2H, CH2 NBD).
19F NMR (471 MHz, CD,Cl,, 295 K): 8 —62.9 (s, 24F, BArfs), —88.9 to —92.5 (br s, 2F), —95.2 to —100.2
(br s, 4F), —100.6 to —104.5 (br s, 2F).

ESI-MS (1,2-F,CeHa): m/z [M]*877.0557 (calc. 877.0543) with correct isotope pattern.

Elemental analysis found (calc. for CzsH40BF3:20P2Rh): C 51.74 (51.75) H 2.40 (2.32).

[Rh(o-F,F-DPEphos)(acetone)z][BArF4] 3-F,F

A sample of [Rh(o-F,F-DPEphos)(NBD)][BArF4] 2-F,F (40 mg, 0.023 mmol) was dissolved in acetone-
Ds (0.5 ml) in a high pressure J. Youngs NMR tube. The atmosphere was removed by three successive
freeze-pump-thaws and the NMR tube was placed under an atmosphere of 15 PSI Hz and successively
rotated for ten minutes which formed a deep red solution. 3-F,F was characterised in-situ by
multinuclear NMR spectroscopy (consistent application of vacuum for solvent removal resulted in the

decomposition of 3-F,F).

31P{*H} NMR (202 MHz, acetone-Ds, 298 K): 6 3.0 (d, J(RhP) = 222 Hz).

19F NMR (471 MHz, acetone-Dg, 298 K): —63.3 (s, 24F, ArF4), —97.2 (s, 8F, 2,6-F2CsHz).

IH NMR (500 MHz, acetone-Dg, 298 K) selected data: 8 7.79 (s, 8H, ortho-H BArFs), 7.67 (s, 4H, para-
H BArFs), 7.59 (m, 4H, p-H), 7.51 (dd, J(HH) = 7 Hz, 2H, backbone-H), 7.16 (m, 4H, 2 x backbone-H),

7.08 (t, J(HH) = 8 Hz, 2H, backbone-H), 6.97 (dd, J =9 Hz, 8H, m-H).
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[Rh(o-H-DPEphos)(u-H)][BArF4] 4-H

A sample of [Rh(o-H,H-DPEphos)(NBD)][BArF4] 2-H (40 mg, 0.025 mmol) was dissolved in 1-2-F2CeHa
(0.5 ml) in a high pressure J. Youngs NMR tube. The atmosphere was removed by three successive
freeze-pump-thaws and the NMR tube was placed under an atmosphere of 15 PSI Hz and successively
rotated for ten minutes which formed a dark red solution. The 1-2-F2CesH4 solution was transferred to a
Youngs Flask equipped with a stirrer bar. Pentane (5 ml) was added to the solution with vigorous stirring
and a purple solid precipitated. The solvent was removed by filter cannular and the purple solid was
washed with pentane twice more (5 ml) before drying under Schlenk line vacuum (< 1 x 10-1 mbar) for

two hours (30 mg, 0.010 mmol, 80%).

31P{1H} NMR (243 MHz, CD,Cl3, 298 K): 8 43.3 (dd, J(RhP) = 174 Hz and J(PP) = 26 Hz), 36.5 (complex
27 order multiplet).

31p NMR (243 MHz, CD:Clz, 298 K): & 43.3 (br d, J(RhP) = 174 Hz), 36.5 (br dd, J(RhP) = 154 Hz,
J(PH) = 74 Hz).

1H NMR (600 MHz, CD,Cl,, 298 K): & 7.23 (s, 16H, ortho-H BArF4), 7.60-7.50 (m, 6H, Ar), 7.55 (s, 8H,
para-H BArFs), 7.47 (m, 3H, Ar) 7.48 7.44-7.37 (m, 6H, Ar), 7.34-7.20 (m, 14H, Ar), 7.14 (dd, J = 6 Hz,
3H, Ar), 7.12-7.04 (m, 5H, Ar), 6.97 (dd, J = 8 and 12 Hz, 4H, Ar), 6.84-6.78 (m, 6H, Ar), 6.68 (dd, J =
7 Hz, 2H, Ar), 5.15 (dd, J(PH) = 4 and J(HH) 8 Hz, 2H, CH o-agostic), —11.13 (complex multiplet,
J(PH)(trans) = 74 Hz, J(PH)(cis) = 17 Hz, J(RhH) = 20 Hz, 1H, bridging hydride trans to 3'P) and —15.59
(complex multiplet, J(RhH) = 34 Hz, J(PH)«is) = 5 Hz, J(PH)is) = 9 Hz, 1H, bridging hydride trans to CH
o-agostic).

IH{®P} NMR (600 MHz, CD.Cl;, 298 K) selected data: 5 —11.13 (apparent triplet, J(RhH) = 20 Hz, 1H,
bridging hydride trans to 3!P), —15.59 (apparent triplet, J(RhH) = 34 Hz, 1H, bridging hydride trans to

CH o-agostic).

[Rh(o-F,F-DPEphos)(H)2][BArF4] 4-F,F

A sample of [Rh(o-F,F-DPEphos)(NBD)][BArF4] 3-F,F (40 mg, 0.023 mmol) was dissolved in 1-2-F2CesHa

(0.5 ml) in a high pressure J. Youngs NMR tube. The atmosphere was removed by three successive
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freeze-pump-thaws and the NMR tube was placed under an atmosphere of 15 PSI Hz and successively
rotated for ten minutes which formed a yellow solution. 4-F,F was characterised in-situ by multinuclear

NMR spectroscopy (removal of the hydrogen atmosphere resulted in decomposition).

31p{IH} NMR (243 MHz, 1,2-F,CeHa, 298 K): 8 6.7 (d, J(RhP) = 130 Hz).

19F NMR (565 MHz, 1,2-F2CsHa, 298 K): —63.1 (s, 24F, ArFs), —100.9 (s, 8F, 2,6-F2CsHba).

IH NMR (600 MHz, 1,2-F>CeHa, 298 K) selected data: & 8.11 (s, 8H, ortho-H BArFs), 7.47 (s, 4H, para-
H BArFs) —20.0 (dt, J(PH) = 17 Hz, J(RhH) = 34 Hz, 2H, Rh—H).

1H{3P} NMR (600 MHz, 1,2-F»CsHa, 298 K) selected data: 8 —20.00 (d, J(RhH) = 34 Hz).

[Rh(o-Me-DPEphos)(H)2][BArF4] 4-MeH and [Rh(o-Me-DPEphos)(n®-1,2-F2CeHa)][BArF4] 5-Me

A sample of [Rh(o-Me-DPEphos)(NBD)][BArF4] (40 mg, 0.023 mmol) was dissolved in 1-2-F2CesHa4 (0.5
ml) in a high pressure J. Youngs NMR tube. The atmosphere was removed by three successive freeze-
pump-thaws and the NMR tube was placed under an atmosphere of 15 PSI Hz and successively rotated
for ten minutes which formed a yellow solution. [Rh(mer-k3-0-Me-DPEphos)(H):][BArF4], 4-MeH, was
characterised in-situ by multinuclear NMR spectroscopy. Removal of the hydrogen atmosphere by ten
successive freeze-pump-thaws resulted in a colour change from yellow to red and the concurrent
formation of a complex that is tentatively assigned as the solvated complex [Rh(o-Me-DPEphos)(n®-

1,2-F2CeH4)][BArF4], 5-Me, in 1:2 ratio of 4-MeH:5-Me.

4-MeH:
31p{1H} NMR (243 MHz, 1,2-F,CeHa, 298 K): 8 27.1 (br s).

IH NMR (600 MHz, 1,2-F,CsH4, 298 K) selected data: & 7.85 (s, 8H, ortho-H BArF4), 7.20 (s, 4H, para-
H BArFs), 1.75 (br s, 12H, 0-CHs), —19.74 (dt, J(PH) = 14 Hz, J(RhH) = 40 Hz, 2H, Rh—H).

IH{3!P} NMR (600 MHz, 1,2-F,CsHa, 298 K) selected data: & —19.74 (d, J(RhH) = 40 Hz).

5-Me:

3P{1H} NMR (243 MHz, 1,2-F2CsHa, 298 K): & 37.1 (d, J(RhP) = 207 Hz).
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IH NMR (600 MHz, 1,2-F,CsHa4, 298 K) selected data: d 7.84 (s, ortho-H BArFs), 7.20 (s, para-H BArFs),

6.13 (br s, Ne-1,2-F2CeHa), 1.65 (br s, 0-CHs).

[AuzCl2(0-F,F-DPEphos)] 6-F,F

A solution of 1-F,F (100 mg, 1.05 equiv.) in CH2Clz (2 ml) was added dropwise to a CH2Cl2 (2 ml)
solution of [Au(THT)CI] (293 mg, 2 equiv.),’” and left to stir for one hour, leaving a colourless solution.
The solvent was mostly removed in vacuo before pentane (10 ml) was added, precipitating out a white
solid. The precipitate was the filtered and washed with further pentane (4 x 5 ml) and dried under
Schlenk line vacuum overnight (< 1 x 10" mbar) leaving a white powder that was transferred into an
argon glovebox for storage. Colorless crystals suitable for x-ray diffraction were obtained by slow
diffusion of pentane into a CH2Cl2 solution of 6-F,F. (26 mg, 52%).

31p{1H} NMR (202 MHz, CDCl>, 295 K): 6 —23.1 (quint, Jep = 25 Hz).

19F NMR (471 MHz, CD,Cl,, 295 K): 8 —97.3 (dt, Jpr = 25 Hz and J(FF) = 7 Hz), =97.9 (dt, Jpr = 25 Hz
and J(FF) = 7 Hz).

IH NMR (500 MHz, CD,Cl,, 295 K): & 7.60 (m, 2H, Ar), 7.56 (dd, J = 7 Hz, 2H, Ar), 7.44 (m, 2H, Ar),
7.27 (dd, J =7 Hz, 2H, Ar), 7.22 (m, 2H, Ar), 7.06-6.99 (m, 6H {2+4 coincidence}, Ar), 6.82 (ddd, J =9
and 4 Hz, 4H, Ar).

ESI-MS (CHClI»): m/z [M-CI]* 1110.9852 (calc. 1110.9881) with correct the isotope pattern.

Multiple samples were submitted for elemental analysis, but no results were within 0.4% of the
theoretical percentage mass by weight for carbon or hydrogen. Persistent pentane may be the cause

of the inconsistent elemental analysis.

[AuzCl2(0-Me-DPEphos)] 6-Me

A solution of o-Me-DPephos (100 mg, 1.05 equiv.) in CH2Cl2 (2 ml) was added dropwise to a CH2Cl: (2
ml) solution of [Au(THT)CI] (336 mg, 2 equiv.),!” and left to stir for one hour, leaving a colourless
solution. The solvent was mostly removed in vacuo before pentane (10 ml) was added, precipitating out
a white solid. The precipitate was the filtered and washed with further pentane (4 x 5 ml) and dried

under Schlenk line vacuum overnight (< 1 x 10" mbar) leaving a white powder that was transferred into
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an argon glovebox for storage. Colorless crystals suitable for x-ray diffraction were obtained by slow

diffusion of pentane into a CH2Clz solution of 6-Me (96.1 mg, 59%).

31P{*H} NMR (243 MHz, CD,Cl,, 298 K): major isomer: & 1.1 (s), minor isomer: & 21.6 (s).

31P{*H} NMR (202 MHz, CD,Cl,, 183 K): major isomer: & -0.4 (s), minor isomer: & 21.2 (s), -0.8 (s).

14 NMR (600 MHz, CDCl», 298 K) major isomer: & 7.63 (t, J = 8 Hz, 2H, Ar), 7.47 (t, J = 8 Hz, 2H, Ar),
7.41 — 7.06 (br m, 12H, Ar), 6.98 (br m, 4H, Ar), 6.72 (br m, 4H, Ar), 2.83 (br s, 6H, CH3), 2.36 (br s,
6H, CHs).

IH NMR (500 MHz, CDClz, 183 K) major isomer: & 7.64 (dd, J(HH) = 8 Hz, J(HH) = 8 Hz, 2H, Ar), 7.44
(dd, J(HH) = 8 Hz, J(HH) = 7 Hz, 2H, Ar), 7.35 (dd, J(HH) = 7 Hz, J(HH) = 6 Hz, 2H, Ar), 7.28 (br s, 4H,
Ar), 7.21 (dd, J(HH) = 7 Hz, J(HH) = 6 Hz, 2H, Ar), 7.15 (dd, J(HH) = 8 Hz, J(HH) = 8 Hz, 2H, Ar), 7.08
(J(HH) = 8 Hz, J(HH) = 7 Hz, 2H, Ar), 6.96 (br m, 2H, Ar), 6.74 (br m, 2H, Ar), 6.58 (m, 2H, Ar), 6.50
(m, 2H, Ar), 2.75 (s, 6H, CHs), 2.24 (s, 6H, CHs), minor isomer: selected data 8.52 (dd, J(PH) = 20 Hz,
J(HH) = 8 Hz, 2H, ortho-H on substituted phenyl), 2.77 (s, 3H, CHzs), 2.29 (s, 3H, CHs), 1.96 (s, 3H,
CHs), 1.32 (s, 3H, CHs)

ESI-MS (CHClI,): m/z [M-CI]* 1023.1278 (calc. 1023.1261) with the correct isotope pattern.

Elemental analysis found (calc. for CaoH3sAu2Cl,OP2): C 45.34 (45.34) H 3.20 (3.42).

5.3 Procedures used in Chapter Four

General procedure for preparation of [H.BPPhH], and [H.BPAr’H],

Toluene (0.2 ml) was added to a high pressure NMR tube containing [Rh(dppe)2]CI (2.3 mg, 0.025
mmol) and either HsB-PPhH2 or H3B-PAr'Hz [0.25 mmol, 1.25 M, Ar’ = 3,5-(CF3)2CeHs] and the NMR
tube was sonicated for five minutes before being heated to 100 °C with aid of an oil bath and left at this
temperature, without stirring, for the specified time, depending on the desired molecular weight.
Important — the NMR tube is kept sealed during the reaction and with 33 mg HsB-PPhH, (0.25
mmol) the pressure is 3.9 Bar at 100 °C from H; evolution. Be careful if scaling up. The reaction
mixture was removed from the oil bath and allowed to cool to room temperature. The mixture was then

analysed by 3P and B NMR spectroscopy to determine the conversion of monomer. The solution was
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transferred by cannula to a vial and then hexane was added with vigorous stirring, resulting in the
formation of a white precipitate. The polymer was allowed to settle, the solvent was removed and the
white solid was dried under Schlenk line vacuum (< 1 x 10-* mbar) for at least two hours before GPC
analysis was conducted to determine the molecular weight of the polymer. Depending on the reaction
time, different molecular weight polymer was formed, after 19 hours polymer of Mn = 32,000 g mol* (B
=1.7) and 127,500 (b = 1.2) for Ar = Ph and 3,5-(CF3)2CsHs respectively (see section 4.4). The signals

in the 3P, 1H and !B NMR spectra closely replicated the literature data.”-'8

General Procedure for Preparation of [H.BP"HexH],

Toluene (0.2 ml) was added to a high pressure NMR tube containing [Rh(dppe)2]CI (2.3 mg, 0.016
mmol) and HzB-P"HexH: (1.6 mmol). The NMR tube was sonicated for five minutes before being heated
to 100 °C with aid of an oil bath and left at this temperature, without stirring, for the specified time. The
reaction mixture was removed from the oil bath and allowed to cool to room temperature. The mixture
was then analysed by 31P and 1B NMR spectroscopy. Signals corresponding to P"HexHz, dppe-(BHs3)z2,
[H2BP"HexH]n and cyclic [H2BP"HexH]n are observed. The solution was filtered through separate
Florosil® and Celite® plugs using dichloromethane as the eluent. The solvent mixture was evaporated
to dryness and the resultant colourless oil was dried under Schlenk line vacuum (< 1 x 101 mbar) for at
least two hours. GPC analysis revealed the formation of polymer with My of 33,000 and b = 1.3. Signals
in the 31P, IH and 1B NMR spectra replicated those reported in the literature.® Purifying with Florosil®
and Celite® plugs removed the remaining HzB-P"HexH2, free P"HexPH2 and some potentially cyclic
species,® however, the purifying process was not particularly successful and signals corresponding
unknown species are persistent in the 3P, 1B and 'H NMR spectra. A lower molecular weight

component of the mixture is observable in the GPC trace which could reflect these species.

Isolation of linear dimer Hz:B-PPhHBH2-PPhH2 LD-Ph

In a method similar to that previously reported with [RhCp*Me(PMes)CH2Cl2)][BArF4]*° toluene (1.3 ml)

was added to a flask containing [Rh(dppe)2]CI (15 mg, 0.016 mmol) and HsB-PPhH2 (200 mg, 1.6 mmol).

The flask was sonicated for five minutes before being heated to 100 °C with aid of an oil bath and left
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at this temperature, without stirring, for 1.5 hours. The mixture was cooled to room temperature and the
solvent was then removed in vacuo, resulting in a colourless residue. Hexane (5 ml) was added to the
residue before sonication and then solvent was removed in vacuo to remove all of the toluene. Hexane
(10 ml) was added to the residue and the flask was sonicated for 10 minutes. The solvent mixture was
removed by cannula transfer into a separate flask and the colourless solids were washed with hexane
(10 ml) two further times and the hexane fractions were combined. The solvent was removed in vacuo
to leave a combination of H3:B-PPhH2 and PhPH2BH2PhPHBH3 as an oily residue. PhPH2-BH3 was
removed by careful sublimation with a cold finger at —78 °C (50 °C, 5 x 102 mbar, 15 minutes) and the
linear dimer was then diluted in toluene to form a stock solution. A small amount of
H3BP(Ph).CH2CH2P(Ph)2BHz was also still present. The 3P, 'H and !B NMR spectroscopic signals

were in good agreement with those previously reported.1®

In-situ formation of [RhH(dppe)(o,n?n?-PPhH.BH2PPhH.BH3)][CI] 4.2

Through a number of stoichiometric experiments, detailed in section 4.8, the linear dimer bound
complex, [Rh(dppe)H(o,n?n?-PPhH-BH2PPhH-BH3)]Cl (4.2) is assigned in-situ with the following data

which matches with the in-situ catalyst speciation observations.

31pfiH} NMR (202 MHz, toluene-Dg, 298 K): & 55-60 [br multiplet, PPhaCH2CH2PPh2], —40 to —50 [br
multiplet, Rh(o,n2n?-HsB-PPhHBH2PPhHBHS3)].

IH NMR (500 MHz, toluene-Dg, 298 K) selected data: & 2.09 (s, 4H, PPh2CH2CH2PPh2), —1.9 (br m,
3H, Rh—-H3B), —14.2 (br s, 1H, Rh—H).

1B{*H} NMR (160 MHz, toluene-Ds, 298 K) selected data: 3 —-16.7 (br s, BH2) and —3.2 (br s, BH3).

ESI-MS (1,2-F,CsHas): m/z [M]* 747.2 (Calc. 747.2) with the correct isotope pattern.

Formation of [H2BPPhH]m-b-[H2BP"HexH]» BCP-Ph/"Hex

A copolymer of poly(phenylphosphinoborane) and poly(n-hexylphosphinoborane) was produced via the

addition of HsBP"HexH: to preformed and isolated [H2BPPhH]s, which was formed via the general

procedure (above) and a reaction time of 19 hours. HsBP"HexHz (33 mg, 0.25 mmol, 1.25 M),
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[Rh(dppe)z]CI (2.3 mg, 0.00245 mmol, 1 mol%), [H2BPPhH]a (10 mg, Mn = 26,500 g mol1, b = 1.5) and
toluene (0.2 ml) were added to a high pressure NMR tube. The NMR tube was sonicated for five minutes
before being heated to 100 °C in an oil bath and maintained at this temperature for 66 hours. The
reaction mixture was analysed by NMR spectroscopy, which revealed that not all of the HsBP"HexH:>
had reacted. Signals corresponding to cyclic species of the "Hex variant, [H2BP"HexH]»,® 8 and
[H2BPPhH]m are also observed. The reaction mixture was transferred via cannula to a vial, to which
was added hexane (10 ml) and the mixture stirred vigorously for two hours. The solvent was removed
and the colourless residue was washed with further hexane (2 x 10 ml). The resultant colourless residue
was dried under Schlenk line vacuum (< 1 x 102 mbar) for two hours. The polymer was characterised

via multinuclear NMR spectroscopy, GPC and ESI-MS.

3p NMR (243 MHz, CDCls, 298 K): —49.4 (br d, Jpu = 358 Hz, [H:BPPhHIm), —63.4 (br m,

[H2BP"HexH]n).
31P{1H} NMR (243 MHz, CD,Cl, 298 K): 5 —49.4 (br s, [H2BPPhH]m), —63.4 (br m, [H2BP"HexH]n).
11B NMR (193 MHz, CD,Cl,, 298 K): & —35.5 (br m).

IH NMR (600 MHz, CDCl>, 298 K): d 7.68-6.69 (br m, 5H, [H2BPPhH]m), 4.27 (br d, Jp = 358 Hz, 1H,
[H2BPPhH]m), 3.66 (br d, Jpy = ~340 Hz, 0.3H, [H2BP"HexH]n), 1.87-0.69 (br m, 11H,). This latter signal
comprises the BH: signals of both polymer blocks, the n-hexyl CH: signals (& 1.56 and 1.28) and the

CHs signal (6 0.87).

5.4 References

[1] E. W. Abel, M. A. Bennett, G. Wilkinson, J. Chem. Soc., 1959, 3178-3182.

[2] G. Giordano, R. H. Crabtree, R. M. Heintz, D. Forster, D. E. Morris, Inorg. Synth., 1990, 88-90.

[3] E. a. K. Spearing-Ewyn, N. A. Beattie, A. L. Colebatch, A.J. Martinez-Martinez, A. Docker, T. M.
Boyd, G. Baillie, R. Reed, S. A. Macgregor, A. S. Weller, Dalton Trans., 2019, 48, 14724-14736.

[4] K. Bourumeau, A.-C. Gaumont, J.-M. Denis, J. Organomet. Chem., 1997, 529, 205-213.

[5] B. Mohr, D. M. Lynn, R. H. Grubbs, Organometallics, 1996, 15, 4317-4325.

[6] D. A. Resendiz-Lara, V. T. Annibale, A. W. Knights, S. S. Chitnis, I. Manners, Macromolecules, 2021,
54, 71-82.

[7] J. R. Turner, D. A. Resendiz-Lara, T. Jurca, A. Schéafer, J. R. Vance, L. Beckett, G. R. Whittell, R. A.
Musgrave, H. A. Sparkes, |. Manners, Macromol. Chem. Phys., 2017, 218, 1700120.

[8] H. Cavaye, F. Clegg, P.J. Gould, M. K. Ladyman, T. Temple, E. Dossi, Macromolecules, 2017, 50,
9239-9248.

[9] A. T. Lubben, J. S. Mcindoe, A. S. Weller, Organometallics, 2008, 27, 3303-3306.

[10] G. T. Thomas, L. Macgillivray, N. L. Dean, R. L. Stoddard, L. P. E. Yunker, J. S. Mcindoe, Int. J. Mass
spectrom., 2019, 441, 14-18.
[11] K. L. Vikse, M. P. Woods, J. S. Mcindoe, Organometallics, 2010, 29, 6615-6618.

Page 216



Chapter Five

[12] Y. Zhu, V. H. Rawal, J. Am. Chem. Soc., 2012, 134, 111-114.

[13] J. Wang, G. Meng, K. Xie, L. Li, H. Sun, Z. Huang, ACS Catal., 2017, 7, 7421-7430.

[14] G. L. Moxham, H. E. Randell-Sly, S. K. Brayshaw, R.L.Woodward, A. S. Weller, M. C. Willis, Angew.
Chem. Int. Ed., 2006, 45, 7618-7622.

[15] S. K. Furfari, B. E. Tegner, A. L. Burnage, L. R. Doyle, A. J. Bukvic, S. A. Macgregor, A. S. Weller,
Chem. Eur. J., 2021, 27, 3177-3183.

[16] B. Guzel, M. A. Omary, J. P. Fackler, A. Akgerman, Inorganica Chim. Acta, 2001, 325, 45-50.

[17] K. T.Chan, G.S. M. Tong, W.-P. To, C. Yang, L.Du, D. L. Phillips, C.-M. Che, Chem. Sci., 2017, 8,
2352-2364.

[18] H. Dorn, R. A. Singh, J. A. Massey, A.J.Lough, I. Manners, Angew. Chem. Int. Ed., 1999, 38, 3321-
3323.

[19] T. N. Hooper, A. S. Weller, N. A. Beattie, S. A. Macgregor, Chem. Sci., 2016, 7, 2414-2426.

Page 217



