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Abstract

Chapter 1: This introductory chapter covers topics that are necessary to understand
the research background upon which this thesis is built. These include fundamental
amine-borane and polyaminoborane chemical properties, the origin of catalytic routes
to polyaminoborane formation, the potential applications of polyaminoboranes, the
mechanisms of amine-borane dehydropolymerisation and the general concept of metal

ligand cooperative catalysis.

Chapter 2: In the second chapter, the activation and deactivation pathways of group 9
metal ligand cooperative amine-borane dehydropolymerisation catalysts are
investigated, primarily focussing on rhodium metal-ligand cooperative aminophosphine
complexes (such as Rh('Pr-PN”P)H2Cl) that have recently been reported by the Weller
group. The slow spontaneous dissociation of amine-boranes in solution is discussed
and its poisoning effect on amine-borane dehydropolymerisation catalysts, forming
borohydride complexes. This is related to the as-yet unsolved problem that the
substrate scope for previously reported amine-borane dehydropolymerisation catalysts

is limited primarily to the parent ammonia-borane and its N-methyl derivative.

Chapter 3: In this chapter the structure, mechanism and speciation are investigated
for amine-borane dehydropolymerisation catalysts based upon the previously reported
but broadly overlooked ruthenium aminophosphine precatalyst
Ru(‘Pr2PCH2CH2NH2)2Cl2. The highly unusual and reactive square-planar, d® and low-
spin precatalyst Ru(’'Pro.CH2CH2NH)2 is characterised and its electronic structure
discussed. Such precatalysts are shown to exhibit the highest-yet reported rate of
amine-borane dehydropolymerisation, and this rapid catalysis is utilised for the
synthesis of high molecular weight N-methyl polyaminoborane. ethyl and propyl
polyaminoboranes. Parts of this chapter are published as a communication in an

Angew. Chem. Int. Ed. article.

Chapter 4: This final discussion chapter covers the first report of selective N-ethyl and
N-propyl amine-borane catalytic dehydropolymerisation, forming the N-ethyl and N-
propyl polyaminoboranes utilising the ruthenium catalyst discussed in chapter 3
(Ru(’PrPCH2CH2NH2)2Cl2). The possible routes of catalyst deactivation when using

these amine-boranes as substrates is also discussed.

Chapter 5: Experimental data, figures, tables and methods.
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Abbreviations

A Angstrém (1x10-'° metres)
[BArF4]~ [B(3,5-(CF3)2CsH3)4]~ anion
‘Bu tertiary butyl

°C Degrees Celsius

cal Calorie (unit of energy)

cat Catalyst

cm=3 Per centimetre cubed

COD 1,4-cyclooctadiene

COSY Correlation Spectroscopy
Cp’ 1,2,3,4,5-Pentamethylcyclopentadienyl
Cy Cyclohexyl

(d) NMR doublet splitting

1,2-DFB 1,2-difluorobenzene

DFT Density functional theory

dm-3 Per decimetre cubed

DP Polymer degree of polymerisation

AG° Free energy change at 298 K and 1 atmosphere
AG* Free energy change of activation

AHdiss® Standard bond dissociation enthalpy

D Dispersity

e Electron

E Electrophile

ESI+ Electrospray ionisation (positive)



Et Ethyl

FWHM Full width half maximum

GPC Gel Permeation Chromatography

g Gram

HMBC Heteronuclear multiple-bond coherence
HOMO Highest occupied molecular orbital

Hz Hertz (s™)

Pr Isopropyl (-CH(CHs3)2)

Pr-PNHP HN(CH2CH2PPrz)2, MACHO type ligand

I Nuclear spin quantum number

J Joule (unit of energy)

J One-bond spin-spin coupling in NMR
K Degrees Kelvin

kcal Kilocalorie

Kobs Observed rate constant

K Ligand denticity

In Natural logarithm

LUMO Lowest unoccupied molecular orbital
M Molarity, moles per decimetre cubed
[M] Generic metal centre

Mmx Generic metal centre where x is the oxidation state

MACHO HN(CH2CH2PR2)2
Me Methyl

mg Milligrams



mol
mol%
Mn
Mw

Mw

m/z

NBD

NMR

Nu

OTf
POCOPBuU
‘Bu-PONOP
PNP

ppm

"Pr
iPr-PNHP

R

R1

RZ

Rint

RI

Mole(s)

Relative mole percent

Number average molecular weight

Weight average molecular weight
Molecular weight (g mol~")

Myrtanyl

Mass to charge ratio

Norbornadiene

Nuclear magnetic resonance spectroscopy
Nucleophile

Triflate (-OSO2CF3)
k3-2,6-bis(di-tert-butylphosphinito)benzene)
k3-2,6-bis(di-tert-butylphosphinito)pyridine)
k3-2,6-bis(di-alkylphosphino)pyridine)

parts per million

n-propyl

NH(CH2CH2P'Pr2) ligand

Generic chemical group

Agreement between calculated and observed structure models
Square of the correlation coefficient
Agreement between equivalent observed x-ray reflections
Refractive index

Seconds

Singlet NMR signal



Sec

SN2

SPS

THF

TOF

VTNA

Total electronic spin quantum number
Secondary

Bimolecular nucleophilic substitution
Grubbs-type solvent purification system
Time

NMR triplet splitting

Glass transition temperature
Tetrahydrofuran

Turnover frequency

Variable-time normalized (kinetic) analysis
Generic electronegative atom

Chemical shift (in ppm)

Partial positive charge

Partial negative charge

The input of thermal energy during a reaction

10



Contents

ADSEIFACT . ... 2
DecClaration ... 3
ACKNOWIEAGMENTS ... 4
ADDIEVIATIONS ... 7
1. INEFOAUCTION L. 18
1.1 Amine-boranes and aminoboranes.............cccoo 18
1.2 POlYamiNODOIaNES ......coooieeeeeeeeee e 23
1.2.1 Polyaminoborane characterisation methods ............ccccccoiiiiiii. 25

1.2.2 Substituted polyaminoboranes other than (H2BNHMe)n and (H2BNH2), ... 28

1.3 Polyaminoborane synthesis: mechanistic considerations ...............ccccceeeeieen. 32
1.3.1 Polymerisation mechanism ...........cccooooiiiiiiiii e 32
1.3.2 Aminoborane generation mechanisms...........ccccceeviiiiiiiiecein e, 34

1.4 Metal-ligand cooperative catalySis ..........coooovviiiiiiiiiii e, 41

1.5 Catalyst design for metal-ligand cooperative dehydropolymerisation .............. 43
1.5.1 Ligand effeCtS......coovuieiiiii s 43
1.5.2 Metal centre effeCtS.........ooovviiiiii 44

1.6 Polyaminoborane materials applications.............oooovviiiiiiiiiiiiiicie e, 48

REfEreNCeS... ..o 50
2. The dehydropolymerisation of amine-boranes with group 9 PN"P catalysts......... 56

2.1 The dehydropolymerisation of amine-boranes with precatalysts [Rh('Pr-
PN"P)(NBD)][CI] (1) and Rh(Pr-PN"P)H2CI (2): background and methods........... 59

2.1.1 The effect of air on [Rh('Pr-PNHP)(NBD)][CI] (1) precatalyst activation.....61
2.1.2 The effect of water on [Rh(’'Pr-PNHP)(NBD)][CI] (1) precatalyst activation 67

2.1.3 A summary of the effects of water and air on the dehydropolymerisation of
N-methyl amine-borane with [Rh('Pr-PN"P)(NBD)][CI] (1) c.eeevveeiiieiieeciieeeiee, 73

2.1.4 The attempted dehydropolymerisation of N-alkyl amine-boranes with
precatalyst [Rh('Pr-PN"P)(NBD)I[CI] (1)...veeiieeiieeiiee e 75



2.1.5 Ildentification of the catalyst speciation from the attempted

dehydropolymerisation of HzB-NH2"Pr with precatalyst 1 ...........ccccciiiiin 80

2.1.6 The origin of BH3 causing catalyst poisoning in amine-borane

dehydropolymeriSation. ...........ooeuuuiiiii i 86

2.1.7 The attempted dehydropolymerisation of N-alkyl amine-boranes with
precatalyst RN(Pr-PNPP)H2CI (2) ......ccoouiiiiiiiiiiiie e 89

2.1.8 The variation of reaction conditions to reduce catalyst poisoning in

dehydropolymerisations With 2...............uuuiiiiiiiiiiiiiiees 95

2.1.8.1 The effect of solvent choice on the substrate conversion and catalyst
poisoning for dehydropolymerisations of N-methyl and N-ethyl amine-boranes

With precatalyst 2. 95

2.1.8.2 The effect of added amines on the substrate conversion and catalyst

poisoning for dehydropolymerisation of N-ethyl amine-borane with precatalyst

2.1.8.3 The effect of reaction temperature on the substrate conversion and
catalyst poisoning for dehydropolymerisation of N-ethyl amine-borane with

PreCatalySt 2. ... 105

2.1.8.4 A summary of the effects of amine concentration, solvent and reaction
temperature on the substrate conversion and catalyst poisoning for

dehydropolymerisation of N-ethyl amine-borane with precatalyst 2 ............. 108

2.2 The dehydropolymerisation of amine-boranes with precatalysts Co(/Pr-
PNHP)CI2 (5), Co(Cy-PNHP)CI2 (6) and Co(Cy-PNHP)H2CI (7) ...cooevvveeiiecienee. 112

2.2.1 The attempted dehydropolymerisation of H3B-NH2"Pr with Co('Pr-PNHP)Cl2
(5) & CO(CY-PNHP)CI2 (B) ...eccvveeiiieciie ettt 113

2.2.2 The effect of phosphine substituent on PNHP ligand donating ability and the
attempted dehydropolymerisation of HsB-NH2Me with Rh(Cy-PN"P)H2Cl (7) . 117

2.2.3 A summary of metal centre and ligand phosphine substituent effects on the
dehydropolymerisation of N-alkyl amine-boranes with group-9 MACHO catalysts

12



3. The dehydropolymerisation of methyl amine-borane with group 8 H2NCH2CH2P/Pr2
CALAIYSES ..o 127

3.1 The dehydropolymerisation of HsB-NHzMe with 8 and ‘BuOK........................ 130

3.2 The activation of precatalyst 8 with 2 equivalents of ‘BuOK to form P,P-trans-
RU(Pr2PCH2CH2NH)2 (9) ...ttt e e 134

3.2.1 The proposed electronic structure of 9., 137

3.2.2 Decomposition of 9 into RuzH(u2,k'-NHCH2CH2PPr2)2(u2,k -

NCH2CH2PPr2)(k?-PraPCH2CH2NH2) (10) ....ccviiiiiiiiiiiiccece e 142
3.3 Kinetic analysis of the dehydropolymerisation of HsB-NH2Me with 8 and BuOK
............................................................................................................................. 146

3.3.1 Determination of the order in catalyst and substrate for the

dehydropolymerisation of amine-boranes with in-situ generated 9 .................. 149
3.4 The dehydropolymerisation of HsB-NH2Me with 8 and NH2Me ...................... 154

3.4.1 Kinetic analysis of the dehydropolymerisation of HzB-NH2Me with 8 and

3.5 Speciation during amine-borane dehydropolymerisation with 8..................... 166

3.5.1 Induction period speciation during amine-borane dehydropolymerisation

3.5.2 The identity and formation of 11 during the induction period of amine-

borane dehydropolymerisation With 8 ..o 169
3.5.2.1 The dehydropolymerisation of HsB-NH2Me with 11 as a precatalyst. 176

3.5.3 Catalyst speciation during the active catalysis phase of amine-borane

dehydropolymerisation With 8. 178
3.5.4 The hydrogenation of 9 with H2 to form a ruthenium hydride .................. 183

3.6 The reaction of 8 with borohydride to form ruthenium hydride P,P-cis-
RU(’PraPCH2CH2NH2)2(K'-BH4)H (13) ..o, 186

3.6.1 P,P-cis-Ru(’PrPCH2CH2NH2)2(k'-BH4)H (13) as a precatalyst to amine-

borane dehydropolymerisation ... 189

13



3.7 Possible mechanisms for the dehydropolymerisation of amine-boranes with

precatalysts 8, 9 and 13 ... 193
3.7.1 Precatalyst activation and induction period...........cccccooovviiiiiiiiiiinieeeennnn, 193
3.7.2 Potential amine-borane dehydrogenation mechanisms .......................... 195

3.8 CONCIUSIONS ...ttt e e e e e e e e 199

B9 FULUIE WOTK ... 200

REFEIENCES. ... 202
4. The selective catalytic synthesis of (H2BNHEt)r and (H2BNH"Pr)n.........cccvvveee... 206

4.1 The dehydropolymerisation of HzB-NH2"Pr and HsB-NH2Et with 8 when
activated With NH2Me .........oeiii e 206

4.1.1 The attempted dehydropolymerisation of HsB-NH2"Pr with 8 at low catalyst
loading (0.033 mol%), with NH2Me ..........oooiiiiiiiiiiiie 207

4.1.2 The attempted dehydropolymerisation of HsB-NH2"Pr with 8 at high catalyst
loading (0.33 Mol%), with NH2Me ... 209

4.1.3 The dehydropolymerisation of HsB-NH2Et and H3B-NH2"Pr with 8 at high
catalyst loading (0.5 mol%), with NH2Me ............cooiiiiiiiiic e, 214

4.2 The NMR spectra of polyaminoboranes (H2BNHEt), and (H2BNH"Pr)n......... 218

4.3 The future materials properties investigation of polyaminoboranes (H2BNHEt)n

AN (H2BNH P )n. et 220
4.4 Conclusions and fUtUre WOrK.............ooouiiiiiiiiiiie e 221
REFEIENCES. ...t 222
5. Experimental methods ... 224
5.1 General experimental methods.............cooooeei 224
5.1.1 NMR SpectroSCopiC MeasuUremMeENts ............ueeiieeeeiiiieiiiiiiiieee e eeeeesiinnnnns 225
5.1.2 Gel permeation chromatography (GPC) .............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 225
5.1.3 MaSS SPECITOMEIIY.......uuuiiiiiiiiiiiiiiiiiiiiii bbb 225
5.1.4 Infra-red SpectroSCOPY (IR) .......uuuiuuiiiiiiiiiiiiiiiiiiiiiiiiiiieees 226

ST ISR WAV AV TS o= Tox (0 1= eo ] o)V 226



5.2 Chapter 2 experimental methods and data............cccoovviiii i 227

5.2.1 Synthesis and characterisation of Rh('Pr-PN"P)(k"-BH4)H2 (4)............... 228
5.2.2 Synthesis and characterisation of {{Pr2P(=Se)CH2CH2}2NH..................... 233
5.2.3 Synthesis and characterisation of {Cy2P(=Se)CH2CH2}2NH.................... 235
5.2.4 Synthesis and characterisation of {{Bu2P(=Se)CH2CHz2}2NH.................... 239

5.2.5 Synthesis and characterisation of Rh{k3-(Cy2PCH2CH2)2NH}H2ClI (7).....243

5.2.6 The dehydropolymerisation of methyl amine-borane with Rh(‘Pr-
PNHP)(NBD)][CI] (1) UNAEI @IgON........veeeievieeieiieeeeiieeeereeeeereee st eeentee e enee e 248

5.2.7 The dehydropolymerisation of methyl amine-borane with Rh("Pr-
PNHP)(NBD)][CI] (1) N @I cevveeieieeceie ettt 249

5.2.8 The attempted dehdyropolymerisation of n-propyl amine-borane with
RA(Pr-PNHP)(NBD)JICI] (1) cureeeureeeiie ettt ettt 250

5.2.9 The dehdyropolymerisation of methyl, ethyl and n-propyl amine-borane
With RA(PIr-PNHP)H2CI (2)...cccuvieeiieecee et 251

5.2.10 The dehdyropolymerisation of ethyl amine-borane with Rh('Pr-PNHP)H2ClI
(2), varying the SOIVENT..........uuuiiiiiiiiiiiiiii e 252

5.2.11 The dehydropolymerisation of ethyl amine-borane with Rh(Pr-PNHP)H-ClI

(2), varying the reaction temperature ............ccccoeeeieiiiiiiiiiie e 253

5.2.12 The dehydropolymerisation of ethyl amine-borane with Rh('PrPNHP)H2Cl

(2), varying the amine added ..........ccoooeiiiiiiiiiii e 254
5.2.13 The attempted dehydropolymerisation of n-propyl amine-borane with
Co('Pr-PNHP)CI2 (5) & Co(Cy-PNHP)CI2 (B)......ccvveiiieiiieiiieciee e 255
5.2.14 The attempted dehydropolymerisation of methyl amine-borane by
RA(PNHPCY)H2CT (7) eveeeieeiee ettt 256
5.3 Chapter 3 and 4 experimental methods and data ....................ccccieen 257

5.3.1 Synthesis and characterisation of P,P-cis-Ru('Pr2PCH2CH2NH2)2Cl2 (8).257
5.3.3 Synthesis and characterisation of P,P-trans-Ru(’Pr2PCH2CH2NH)2 (9) ...260

5.3.4 Synthesis and characterisation of Ru(’'Pr.PCH2CH2NH)2 dimer RuzH(u2 k-
NHCH2CH2PPr2)2(u2,k'-NCH2CH2PPr2)(k?-Pr2PCH2CH2NH2) (10)................. 264

15



5.3.5 Synthesis and characterisation of P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H (11)

0 ) TSR PUTPRPPTPPPPRP 281
5.3.7 Dehydropolymerisation of methyl amine-borane with P,P-trans-
RU(PraPCH2CH2NH)2 (9) ..t 285
5.3.8 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru(Pr2PCH2CH2NH2)2Cl2 (8) and MeNHz2...........cooiiiiiiiiiiee e 288
5.3.9 dehydroplymerisation of methyl amine-borane with P,P-cis-
RU(PraPCH2CH2NH2)2(OH)H (11) i 290
5.3.10 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru(PraPCH2CH2NH2)2(K'-BHa)H (13) .vveeieecieeceece e 292
5.3.11 Dehydropolymerisation of ethyl amine-borane with P,P-cis-
Ru(Pr2PCH2CH2NH2)2Cl2 (8) and MeNHz2...........oooiiiiiiiiee e 294
5.3.12 Dehydropolymerisation of n-propyl amine-borane with P,P-cis-
Ru(Pra2PCH2CH2NH2)2Cl2 (8) and MeNHz.............coociiiiiiiiiiec e 295
5.3.13 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru(Pr2PCH2CH2NH2)2Cl2 (8) and MeNHz, recharge experiment..................... 296
5.4 Crystallography ..., 298
5.4.1 Additional crystallographic details ..................euuviiiiiiiiiiiiiiiie 298
5.4.2 CrystallographiC tables..............uuuuiiiiiiiiiiiiiiiiie 301
5.5 Computational detailS .........ccooeiiiiiiiiii s 304

5.5.1 Computed geometries and spin states of P,P-trans-Ru('Pr2PCH2CH2NH)2

(S PSR URRPPRRR 305
5.5.2 Time-Dependent Density Functional Theory (TDDFT) Calculations for P,P-
trans-RU(PraPCH2CH2NH)2 (9) ...eoeiiiiieiiiie e 306
5.5.2 Computed Cartesian coordinates (A) and energies (hartrees) for all
species relating to P,P-trans-Ru(Pr2PCH2CH2NH)2 (9) .....ovveeiiiiiieeiiiieeeee 313
T (=T (=] 101 PR 316

16



Chapter 1: Introduction
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1. Introduction

This thesis will discuss the catalysis of amine-borane dehydropolymerisation by group
8 (Chapter 3) and group 9 (Chapter 2) catalysts. In this first chapter a general
introduction into amine-borane chemistry and polyaminoborane synthesis is given
before the mechanistic insights and catalyst design for the catalytic
dehydropolymerisation of amine boranes are discussed. This is followed by an overall
perspective on polyaminoborane applications and routes toward improved control of

the polymers formed.

1.1 Amine-boranes and aminoboranes

Amine-boranes are Lewis donor-acceptor adducts consisting of an amine electron pair
donor (NRs3, where R = H, alkyl, aryl), and a borane electron pair acceptor (BRs, where
R = H, alkyl, aryl) (Figure 1). This donation of the sp3-hybridised lone pair from the
amine nitrogen into the vacant 2p-orbital of the borane boron forms a dative B—N single
bond, which brings the valence electron count of both atoms to 8 and results in a donor-
acceptor complex. The resulting Lewis adduct donor-acceptor complex (RsB-NRa) is
isosteric and isoelectronic with the related alkanes (RsC—CR3): in both situations a total
of 8 valence electrons are contributed by the two atoms forming each central bond, 4
+4 (2 x C) in alkanes and 3 + 5 (B + N) in amine-boranes. In each case both atoms
across the central bond are sp® hybridised and each form 3 additional bonds (Figure
1). The comparable prototypical examples of alkanes and amine-boranes are ethane

and ammonia-borane (HzB-NHs) respectively.

In contrast to the C—C bond in alkanes, the central bond (B—N) in amine-boranes is
highly polarised, owing to the differing Pauling electronegativities of its constituent
atoms: 2.04 for boron and 3.04 for nitrogen. ' The greater electronegativity of nitrogen
than boron means that the donated electron pair in reality remains more closely
associated with the N donor atom than the B acceptor, resulting in a comparatively
weak bond where only 0.2 e~ are donated from N to B. 2 This is apparent when
comparing the bond lengths and dissociation energies of the B—N in ammonia-borane
with the C—C in the isoelectronic and isosteric ethane. The B—N bond is significantly
longer at 1.66 A and weaker (AHdiss® = 130 kJ mol') than its C—C counterpart (1.53 A,
AHdiss® = 377 kJ mol~') (Figure 1).2 This low bond dissociation energy of dative B-N
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bonds means they are significantly more prone to heterolytic B—N bond cleavage than
C-C bonds.

Amine-boranes Alkanes

o-donation
sp® LP—= p;

R R i R R
R\;}@ C?bR o i RQ:C éRR
R3N BR; | R:C  CRs
H\ /H H\C_C/H
H B H'¢ \H
H H H H
N-B bond: C-C bond:
1.66 A 153 A
AHgiss® = 130 kJ mol™” AHgies® = 377 kJ mol’

Figure 1. The comparative bonding model in amine-boranes and alkanes, relating the
bond lengths and energies of the B—-N vs the C—C bond in H3B-NHj3 vs ethane. 2

The electronegativity differences and polarised B—N bond in amine-boranes lead to
exaggerated polarisation of the N—H and B—H bonds respectively. As hydrogen has an
electronegativity higher than that that of boron and lower than that of nitrogen (B: 2.04,
H, 2.20, N: 3.04), B—H bonds are polarised with a & partial charge on the hydrides and
N—H bonds are polarised with a 8* partial charge on the protons. ' In amine-boranes,
the increased electron density at the acceptor B atom is compensated by polarisation
of the B—H bonds, imparting a &~ partial charge on the hydrides. Correspondingly the
donor N atom compensates by withdrawing a larger charge density from its protons,
imparting a relatively larger &* partial charge on the protons than in the free amine. 3
The consequence of this is that dipolar interactions occur between N—-H &* and B—H &~
moieties on amine-boranes called dihydrogen bonds.# Dihydrogen bonding
interactions have been observed as close-contacts between N-H and B-H in the
neutron-diffraction x-ray crystal structure of H3B-NHs (Figure 2).°> These relatively
strong dihydrogen bonding interactions (17 — 24 kJ mol~') mean that ammonia-borane
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is a solid at room temperature, with a melting point of 124 °C, compared with the

isosteric and isoelectronic ethane which has a melting point of —189 °C.34.6.7

H BH;
\N.‘
H N 5+ o
H e H H
= e \N B/
HsN=-B-H ~N-B.,
3 = \\\ 6.|.H 4 \ H6_
H “H 6H H
\ + 5—
4N'4H
H 'BH,

Figure 2. Left: an example of the dihydrogen bonding interactions observed in the
crystal structure of ammonia-borane. ® Right: the partial charges on ammonia-borane
protons and hydrides.

The polarity of the B—N bond has a profound impact on the reactivity of amine boranes.
Adjacent H &* protons and H &~ hydrides enable the facile overall loss of H2from across
the B-N bond, making amine-boranes highly effective reducing agents. 8 Amine-
boranes have been shown to act as highly selective transfer hydrogenation agents for
polarised bonds such as C=0 and C=N via concerted double H transfer, where
complementary partial charges template the approach (Figure 3).% ' The thermal
elimination of H2 from across the B—N bond is also facilitated, with H2 loss from
H3B-NH3s beginning at ~ 110 °C in solution. ' This in contrast to analogous alkanes for

which dehydrogenation is highly endothermic, requiring much higher temperatures. '2

Upon loss of H2 amine-boranes form aminoboranes (RaN=BRz), that are highly
unstable reactive intermediates that are isosteric and isoelectronic with alkenes. This
instability is due to the presence of both the highly Lewis-acidic unhindered sp? BR2
and the Lewis-basic NRz, which undergo facile reaction between adjacent molecules
that is templated by complementary partial charges (Figure 3)."* Unhindered,
aminoboranes rapidly cyclo-oligomerise in solution, with only bulky derivatives such as

iProN=BH: existing as monomers . '+ 15
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Figure 3. Top: the hydrogenation of polar double bonds by HsB-NHs, templated by
complementary dipolar interactions. '° Bottom: The thermal decomposition of HzB-NH3
in solution by H2 elimination, forming an intermediate aminoborane H2B=NH2, which
subsequently cyclo-oligomerises. Example product given as cyclodimer,
experimentally multiple compounds of the empirical formula BNH4 are formed,
particularly the trimer (H2NBHz2)3 and short-chain oligomers. ' 1516

From the early 2000’s, amine-boranes were of particular interest as high-density
sources of Hz for use as fuels, with 194 g of Hz theoretically released from the complete
dehydrogenation of 1 kg of H3aB-NHa. 17-20 As the thermal dehydrogenation of H3B-NH3
requires a temperature of over 100 °C for the first equivalent of H2 to be released and
170 °C for the second equivalent, transition metal catalysts were proposed to rapidly
release H2 from amine-boranes at ambient temperatures. 2! 22 Early examples of such
catalysts are titanium Cp* complexes (such as Ti(CsMe4/Pr)2) and the iridium complex
Ir(POCOPu)H2 which are reported to release 1 equivalent of H2 from HsB-NHs3 (Figure
4).23. 24 Work on catalysts such as these laid the foundations for the synthesis of
polyaminoboranes via the catalytic dehydropolymerisation of amine-boranes. 2526 The
pursuit of amine-boranes as fuels has slowed due to the difficulty in regenerating (re-
hydrogenating) the dehydrogenation BN products such as borazines, (HBNR)s, back
to amine-boranes to close the loop. To date the regeneration of spent amine-borane
fuels has only been achieved under harsh conditions, requiring heating with hydrazine

in liquid ammonia under high pressure. 2’
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Figure 4. Examples of early transition metal catalysts reported to be capable of
dehydrogenating HsB-NHs, releasing 1 equivalent of Hz. Ti(CsMe4Pr)2 and
Ir(POCOP!s,)H2 shown. 23 24
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1.2 Polyaminoboranes

Polyaminoboranes are boron-nitrogen based polymers that are isosteric and
isoelectronic with polyolefins, consisting of aminoborane monomers (such as
H2B=NHMe) datively bonded to form an extended B-N backbone (Figure 5).
Historically the term polyaminoborane referred to the ill-defined, highly-insoluble
material of empirical formula BNH4 formed by pyrolysis of the parent ammonia-borane
HsB-NH3 in the solid state. 28 During the pyrolysis of solid H3B-NH3 at 120 °C, one
equivalent of Hz is lost from across the B—N bond forming the parent aminoborane
H2B=NH2, which rapidly oligomerises. 2! Modern solid-state NMR studies of this
material have shown it to be a highly branched and crosslinked polymeric material,

alongside linear and cyclo-oligomeric dehydrocoupled side products (Figure 5).1% 2°

H H
H‘ /H H\ ‘NI /H
N. H-B”~ "B-H
H H A A H-N.__N-H
\\N—B/,, Solid-state HHJ H B H
H \'H -H, ” H H
H H H H
H H H\\B_N,H HHH ,H
via B=N o N.__N_
H H H/N_B\H H_/B\ B\ H
" H HHHH

Figure 5. The solid-state pyrolysis of HsB-NH3 at 120 °C produces a wide variety of
dehydrocoupled products, of which the ill-defined non-volatile polymeric material
(H2BNH2)n is deposited as a solid. 15 2°

The first report of a fully characterised, high molecular weight (non-oligomeric)
polyaminoborane is of poly(N-methylaminoborane), (H2BNHMe)n, by Manners et al. in
2008, where an iridium pincer catalyst (Ir(POCOP®y)H2) was used to
dehydropolymerise methylamine-borane (H3B-NH2Me) (Figure 6).2% 26 30 The same
catalyst had previously been shown by Goldberg et al. to dehydrogenate ammonia
borane at low concentrations, whereas Manners et al. performed catalysis using 10
mol dm~3 of ammonia borane.?? Investigation into the exact mechanism of operation
for this catalyst is ongoing in the Weller group, and catalytic amine-borane
dehydropolymerisation mechanisms will be discussed in section 1.3. 3" The use of a
catalyst for the dehydrocoupling of H3B-NH2Me facilitated the selective production of

23



linear (H2BNHMe)n, rather than the branched polymer and oligomers observed in the
pyrolysis of H3B-NHs, via the controlled production of the aminoborane intermediate
(H2B=NHMe). 32 The thermal decomposition of H3B-NH2Me, unlike H3B-NH3 (Figure
5), results primarily in the formation of the cyclic oligomer (H2BNHMe)s as the
thermodynamic product, and so the catalysed dehydrogenation allows access to the
linear, kinetic product (H.-BNHMe)» (Figure 6). 3335

The Ir catalyst used by Manners et al. (I(POCOP®&u)H2) is also capable of
dehydropolymerising HsB:NHs. The linear polymer formed (H2BNH2),, like the
branched material formed from pyrolysis, is however insoluble in all common solvents
hindering characterisation. 26 This is due to the high degree of dihydrogen bonding
between (H2BNH2)» polymer chains, which is somewhat disrupted by the substitution
of an N-H by a methyl group in (H2BNHMe)n. 3¢ Most studies of polyaminoboranes
thus-far reported are of (H2BNHMe)n, partly for the reason that it is the simplest system

that is readily soluble (see section 1.2.2).

IEUZ
- I'r’l-I
Me H o "H
N _:E H Me
H-B~ "B-H A up N
| | HsB'NH2ME - “B
H—N\ ,N—Me 100 - 130 °C 0.3 mol% s
N.gN; , H H
me H H [10M] AB in THF n

Figure 6. The thermal dehydrocoupling of H3sB-NH2Me forming the cyclic trimer
(H2BNHMe)s and the catalysed dehydropolymerisation forming linear (H2BNHMe)n
polymer selectively. 26 33-35
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1.2.1 Polyaminoborane characterisation methods

As previously mentioned in section 1.2, the structural characterisation of insoluble
polyaminoboranes such as (H2BNH2)» and highly crosslinked materials is limited to
solid-state NMR. The techniques discussed here will apply primarily to soluble
polymers such as (H2BNHMe)n. 37 Polyaminoboranes contain boron atoms in the main-
chain backbone which consist of two isotopes: "B and '°B in an approximate ratio of
4:1 respectively. Both of these isotopes are spin active ("B /=-3/2, '°B / = 3) and can
be observed by nuclear magnetic resonance spectroscopy (NMR), of which "B with
the higher abundance and lower quadrupolar nuclear spin, is of more practical use. 3
In "B NMR spectroscopy, polyaminoboranes appear as a broad peak centred around
® — 6 ppm, which is an overlapping signal consisting of all BH2 environments in the
polymer chain, where each B atom has a slightly different chemical shift corresponding
to its position in the chain (Figure 7).26 Individually each "B NMR BH: environment
would appear as a 1:2:1 triplet from 'J coupling to the two attached | = %2 H nuclei. The
BH3 end group has also been detected by "B NMR spectroscopy for short-chain
polyaminoboranes, appearing at — 18 ppm. 25 'TH NMR spectra of polyaminoboranes
show N-H protons as a broad peak at & 2.5 — 3 ppm and B—H hydrides as a broad
peak at & 1.5 — 2 ppm (when recorded in CDCIs); any pendant alkyl chains are also

observed as broadened signals (Figure 8).2°
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Figure 7. The "B NMR spectrum of (H2BNHMe), showing a broad signal
corresponding to BH2 boron environments. Recorded in chloroform-d at 298 K.
Example spectrum from my own unpublished work.
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Figure 8. The 'H NMR spectrum of (H2BNHMe)» showing signals corresponding to
NH, CHs and BH2 "H environments at 2.82, 2.22 and 1.70 ppm respectively. Entrained
solvent from synthesis (THF) and precipitation (pentane) is visible. Recorded in
chloroform-d at 298 K. Example spectrum from my own unpublished work.

As with many polymers gel permeation chromatography (GPC) is an indispensable
technique for the characterisation of polyaminoboranes. GPC measurements allow for
the evaluation of polymer chain length and statistical metrics of the molecular weight
distribution. 3° Polyaminoboranes, like most polymers, are produced as a distribution
of chain lengths, described as polydisperse, and so molecular weights are given as
averages. Commonly used average metrics include number average molecular weight
(Mp), either side of which there are an equal number of polymer chains, and weight
average molecular weight (My) either side of which there are an equal weight of
polymer chains. 40 The breadth of the polymer molecular weight distribution is also

measured, described as dispersity (D), which is calculated as D = Mw/M, (Figure 9).

The GPC average molecular weight values reported for polyaminoboranes are often
obtained by refractive index (RI) detectors which are calibrated relative to polystyrene
standards. This introduces a potential intrinsic error to measurement, as the
hydrodynamic arrangement of polyaminoboranes is unlikely to be identical to that of
polystyrene. The few reports that use direct measurement techniques of

polyaminoborane M,, such as multi-angle light scattering suggest that RI
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measurements overestimate by a factor 3 — 6. 36 41. 42 Ag RI detection is not a direct
measurement of polymer length but rather relative, the value can be significantly
affected by the instrument setup and calibration, meaning that different My and M,
values can be given for the same material on different machines. For this reason, the
comparison of polyaminoborane molecular weights obtained by GPC with RI detection
from different literature sources will not be discussed in detail beyond the
classifications of ‘low molecular weight' (M, < 50,000 g mol-"), ‘moderate molecular
weight’ (100,000 g mol~' > M, > 50,000 g mol~") and ‘high molecular weight’ (M, >
100,000 g mol-"). GPC is however very useful for measuring relative molecular weights
of polyaminoboranes when measured on the same machine under the same

conditions.
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Figure 9. An example GPC trace of (H2BNHMe)n as measured by an RI detector in
THF, showing a logarithmic distribution of molecular weights (Mw) relative to
polystyrene standards. Labelled with the positions of Ms, and M, Example
chromatogram from my own unpublished work

Mass spectrometric analysis of polyaminoboranes has been reported, however the
molecular weights observed are significantly lower than those obtained by GPC
measurement. 3¢ It has also been shown that the mass distributions seen by ESI+ mass
spectrometry of (H2BNHMe)n are not significantly affected by polymer molecular
weight, suggesting that only the lower molecular weight and therefore lower m/z
species are measurable by this technique. #'- 43 Mass spectrometry is however
particularly useful when interrogating the individual aminoborane repeat units that
make up the polyaminoborane, such as evidencing the copolymerisation of differently

substituted monomer units. 36 44
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1.2.2 Substituted polyaminoboranes other than (H.BNHMe), and
(H2BNH2),

Polyaminoboranes can be substituted at the boron or nitrogen atoms by pendant
groups. As mentioned in section 1.2, the vast majority of research published on
polyaminoboranes is of the N-methyl and N-H variants. This is due to the availability
of the pre-monomer amine-boranes (HsB-NH2Me and HsB-NHs for (H2BNHMe)n and
(H2BNH2)~ respectively). There have however been notable reports of other

polyaminoboranes, mainly focussed on N-alkyl substituted derivatives.

A large number of N-alkyl polyaminoborane derivatives have been synthesised by
stoichiometric BH2 transfer methods (see 1.3.2), including unbranched alkyl pendant
groups of C1 to Cs, myrtanyl, allyl and CH2SiMes (Figure 10).4* 4> The synthesis of allyl
substituted polyaminoborane is particularly notable as it is a rare example of a reactive
pendant group that could be used for post-synthetic modification such as crosslinking.
These polymers were obtained in moderate yields (60-70%), however these reactions
required low temperatures for long periods of time to prevent the formation of cyclic
oligomers (- 40 °C, >10 hrs). ** 4% The polymer obtained by this non-catalytic method
also has characteristically large dispersity values (D up to 10.2) and a wide range of
polymer molecular weights, varying with each substituent (M 200,000 — 5,500,000 g

mol-1). 44

A smaller variety of N-alkyl substituted polyaminoboranes have been synthesised by
catalytic methods (Figure 10).2% 26. 46 N-alkyl-aryl substituted polymer have also been
reported, where the aryl group is at the end of an alkyl chain of C14. 2% 33 47 Catalytic
syntheses of allyl and CH2SiMes substituted polymers are also reported. 46 47 The
majority of these polymers are produced by just two catalysts systems:
Ir(POCOPBuU)H2 and Ti(Cp’)2Me/Ti(Cp’)2. The polymers are obtained in moderate yield
(~50%) and highly variable selectivity, but have a much narrower dispersity and range
of molecular weights than those produced by stoichiometric methods, suggesting
controlled dehydropolymerisations (M, ~ 100,000 — 200,000 g mol-', B ~ 1.5 - 2.0). %5
26,33, 47 These dehydropolymerisations however require high catalyst loadings (1 — 7
mol%) and suffer from low selectivity for polyaminoborane, forming also cyclic trimers,
borazines and NBN side products ((H2BNHR)3, (HBNR)3 and (RHN)2BH respectively).
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25,26, 33,46, 47 The dehydropolymerisation of hydrazine-borane (H3B-NH2NHz) has also

been reported, resulting in a highly crosslinked and insoluble polymer. 26

H R
[Cat] or promoter |/
n H3B-NH2R - \B

H H

n

Figure 10. The reported polymerisations of N-substituted amine-boranes to form N-
substituted polyaminoboranes. Amine-boranes with pendant groups highlighted in
green have been synthesized catalytically, all others are only reported from
stoichiometric synthesis. 25 26, 33, 44-47

The dehydrogenation of secondary N-substituted amine-boranes (e.g. HzB-NHMez)
and bulky primary N-substituted amine-boranes (e.g. HsB-NH2/Bu) results only in cyclic
aminoborane oligomers (e.g. (H2B-NMe2)2) or borazines, instead of
polyaminoboranes. 4-% This is thought to be due to steric limitations of the catalysts,
where bulky substrates may impede BH/NH activation during the dehydrogenation or

impede subsequent aminoborane polymerisation.33 3646, 47

Classically, it is expected that stronger inductively donating groups on a Lewis adduct
donor would lead to a stronger donor-acceptor bond, e.g. larger or more N-alkyl
substituents on an amine-borane nitrogen atom. ' 52 For example, the B—N bond of
amine boranes HsB-NH2Me, H3B-NHMe2 and H3B-NMes strengthens with increasing
number of methyl groups, observed as a shortening of the B—-N bond by x-ray
crystallography. 3 With larger N-alkyl substituents however it is clear that steric factors

quickly overtake the increased N donor ability. A comparison between H3sB-NHMe2 and
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H3B-NHPr2 showed a significantly larger B—N distance for H3B-NHPrz2, suggestive of
significant steric clash (1.5965(13) A and 1.6333(6) A respectively) and a weaker B-N

bond. %3

In the dehydropolymerisation of HsB:NH2CH2SiMes with an iron hydride catalyst
(Fe('Pr-PNHP)(CO)H), at catalyst loadings lower than 2%, difficulty achieving full
substrate conversion was reported, with observation that BHs capping of the active
hydride catalyst to form a borohydride (BH4) was observed. 46 The iron borohydride
species is also an amine-borane dehydropolymerisation catalyst, albeit at lower rates
and selectivity than the hydride. 46 % As this catalyst deactivation was not observed
significantly with HsB-NH2Me, it is possible that HsB-NH2CH2SiMes is more prone to
releasing BHs due to a weaker B—N bond, poisoning the active catalyst and therefore
is more difficult to dehydropolymerise. 46 This may extend to other N-substituted amine-
borane substrates and explain the sparse variety of reported N-substituted

polyaminoboranes, this will be explored further in Chapter 2.

Only one account of B-substituted polyaminoboranes has been reported, with aromatic
phenyl and para-CF3 phenyl substituents (Figure 11).5° These polymers have been
prepared unselectively, forming large amounts of borazines and oligomers, and at high
catalyst loadings (> 5 mol%).%® These B-substituted amine-boranes and
polyaminoboranes are susceptible to both the thermal redistribution of pendant groups
across the B—N bond and over-dehydrogenation, leading to poor selectivity and
polymer vyields. 53 % This instability is most prominent with B-methyl amine-borane
(MeH2B-NH3) which decomposes slowly at 20 °C to form MesB-NHs, Me2HB-NHs3,
HsB-NHs and (HNBMe)s, so thus far has not been successfully dehydropolymerised,
unlike it's N-substituted analogue. 26 % The observed products of catalytic
dehydrocoupling are borazine (HNBMe)s and MeB(NH:)2. 3 It is suggested that the
inductive electron donating effect of B-substituted alkyl groups leads to a less
electrophilic boron and so a weaker B—N dative bond, therefore thermodynamically
facilitating B-N bond cleavage and redistribution in the B-substituted
polyaminoboranes such as (MeHBNH:)n, reducing stability. 5'-53 The more electrophilic
boron in (MeHBNH2)» (when compared to (H2BNHMe)n) is also suggested to increase
the B—H hydricity, and therefore the propensity to over dehydrogenate the formed B-
methyl polymer to B-methyl borazine (HNBMe)s. %3
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Figure 11. The reported polymerisations of B-substituted aryl amine-boranes to form
B-substituted polyaminoboranes. %°

Notably, the formation of substituted polyaminoboranes other than (Hz2BNHMe)n with
atom-efficient (catalytic) methods, with high selectivity and at low catalyst loading has
yet to be demonstrated. For the substrate scope of dehydropolymerisation catalysts to
be expanded, the mechanisms of catalysis and reasons for limited substrate scope,
such as steric limitations and catalyst deactivation, need to be better understood. This

will be discussed further in Chapter 2.
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1.3 Polyaminoborane synthesis: mechanistic considerations

Since the initial report by Manners et al. in 2008 there has been considerable effort
directed into understanding the process of amine-borane dehydropolymerisation to
control properties of the polymer produced (i.e. selectivity and molecular weight). 26 41
Dehydropolymerisation consists of two independent steps. First, the dehydrogenation
of the amine-borane pre-monomer to form the true aminoborane monomer. Then
separately the aminoborane is selectively polymerised into the linear, kinetic, product
(H2BNHR) (Figure 12), rather than the cyclic thermodynamic product (H2BNHR)3.56

This overall process is referred to as a cascade polymerisation. >/

Premonomer H Me
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Catalytic/stoichiometric True polymerisation

dehydrogenation monomer

Figure 12. The two steps of amine-borane dehydropolymerisation, amine-borane
dehydrogenation and subsequent aminoborane polymerisation.

1.3.1 Polymerisation mechanism

The polymerisation step in amine-borane dehydropolymerisation is the less well
understood process as it is difficult to probe independently from the dehydrogenation.
The aminoborane monomer produced from dehydrogenation exists only as a transient
species at very low concentration, which is then immediately polymerised, meaning
that the dehydrogenation step must occur concurrently with polymerisation. 32 % To
avoid these practical difficulties, computational studies have been performed into the
mechanism of chain initiation, propagation and termination. Initiation starts by the
attack of a nucleophile into the B atom of an aminoborane forming a Lewis adduct
(Figure 13).5° The identity of this nucleophile is dependent on the method of
polymerisation, and is either a solvent molecule such as THF, an amine, or a metal-
hydride from the dehydropolymerisation catalyst. 34 56. 60-62 This nucleophilic adduct

then attacks from the nitrogen lone pair on the initiated adduct into a second equivalent
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of aminoborane, from which the chain continues to propagate in a head-to-tail manner

(Figure 13). 34 56.59, 62

The energy barrier for polymer chain length extension when initiated by a metal hydride
from a catalyst is calculated to be low at 7.8 kcal mol~', significantly lower than the
energy barrier for on-metal cyclo-oligomerisation at 22.1 kcal mol~', explaining the
selectivity for linear polyaminoborane. ° Isolated metal-bound aminoborane oligomers
from amine-borane dehydrogenation provide evidence for this mechanism. 83 Several
suggestions have been made for the termination step of polymer chain growth based
on end group analysis of polyaminoboranes by NMR spectroscopy and mass
spectrometry, where both —-BH3s and amine capped polymers have been observed,
suggesting electrophiles BHs and H* are attacked by the growing polymer chain
(Figure 13).46. 62 This is supported by the protonated species boronium
(H2B(NMeH2)2*) reducing polymer molecular weight when added into catalytic

dehydropolymerisations, likely acting as a chain transfer agent. 56.62

Initiation Propagation Termination
= _ = H*, BH
Nu = NH,Me, M-H H, ) Me 3
H O " H H') “H H H ’B"N
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) Hy \'H H/ L HMe
Nu: Nu Me Nu H Me

Figure 13. Mechanism for the nucleophile-initiated polymerisation where Nu can be a
solvent, amine or metal-hydride catalyst. Propagation where the aminoborane-
nucleophile adduct attacks into a second equivalent of aminoborane. Termination

where the nucleophilic chain end attacks into an electrophile which can be H* or BHs.
56
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1.3.2 Aminoborane generation mechanisms

The formation of the “true” monomer aminoboranes can be facilitated at room
temperature by catalytic or stoichiometric processes. As mentioned in section 1.1,
aminoboranes can be stable toward oligomerisation if sufficiently sterically hindered.
Upon reaction with primary amines, these hindered aminoboranes (e.g. 'PraN=BH>)
can act as BH2 transfer reagents, stoichiometrically releasing one equivalent of
unhindered aminoborane and the secondary amine (Figure 14).#* As mentioned in
section 1.3.1, amines can act as nucleophilic initiators for aminoborane polymerisation,
and so if the reaction is performed at low temperatures to prevent oligomerisation of
the primary aminoboranes, polyaminoborane can be formed. 44 This method however
has limited selectivity due to side reactions such as diamine-borane formation and can
also form polymer with large dispersity values (P = 1.2 — 10.2). % The release of one
equivalent of 'PrNH2 per monomer unit polymerised in this process means that overall

the polymerisations are poorly atom-economical.

Amine-boranes can be spontaneously dehydrogenated by the addition of a Brgnsted
acid (H-X where X= OTf, Cl or B(CsF5)4), forming a boronium salt (RH2N-BH2X) where
in the case X = B(CsF5)47, the anion is non-coordinating and so the BH2 forms a solvent
adduct (e.g. THF, Et20). % This boronium species can then be deprotonated by an
amine base such as 'Pr2NH releasing an aminoborane (RHN=BH:). 8 When R = Me
the formed aminoborane polymerises, likely initiated by the amine base (Figure 14).
This process is however unselective, producing polyaminoborane of M, < 5000 g mol~

' and is also poorly atom economical.

_ H 7
H"f, — .\{Pr + RNH2 —_— ,"B:N‘\\R + 'PerH
H” "iPr H” “H

R\ /H R\ /X Base H, R

H““N_B"’H + HX —— H“'N_B"’ — H,B—N‘,,H
H o H, P LR [Basen)Ix)

Figure 14. Top: BH2 transfer from 'Pr.N=BH: to a primary amine to form a primary
aminoborane (RHN=BH2). Bottom: Acid promoted exchange across an amine-
borane B—N bond, followed by deprotonation to form a primary aminoborane. 44 58
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The most reported method of aminoborane generation for polyaminoborane synthesis
is the catalytic dehydrogenation of amine-borane premonomers by transition metal
catalysts. These processes can be separated into four main categories based on
mechanism: nanoparticle mediated; inner sphere B—H hydride abstraction; inner
sphere N-H/B-H activation and metal-ligand cooperative. 4'- 4 The latter 3

mechanisms invoke molecular metal-hydrides as active catalytic species. 22

A) Nanoparticle catalysts, such as colloidal nickel used by Manners et al. are formed
by the reduction of molecular transition metal species to M° by the amine-borane
substrate. 3¢ 64. 65 The exact mechanism of amine-borane dehydrogenation with such
species is currently unknown, however it is likely to mirror dehydrogenations of other
H2 donor substrates such as '/PrOH. This would involve transfer of two hydrogen atoms
from across the B—N bond to the nanoparticle surface, releasing an aminoborane,

followed by subsequent elimination of Hz (Figure 15).6¢

H H H R
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[M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M]

Figure 15. The proposed nanoparticle mediated dehydrogenation of amine-boranes to
form aminoboranes. The aminoborane is first adsorbed to the surface of the
nanoparticle, followed by N-H/B—H abstraction and aminoborane formation. Finally,
the adsorbed H atoms are eliminated as Ho. %

B) Inner sphere B—H abstraction catalysts operate via intermediate o-amine-borane
complexes, where an equivalent of the amine-borane substrate is coordinated to the
metal centre by 3-centre 2-electron bonds. 48 62.67. 68 This can be followed by proton
abstraction from the o-amine-borane complex N-H by a base such as an amine or
adjacent metal-hydride, releasing an aminoborane. 48 68.° |n the case of an adjacent
metal hydride acting as a base, a labile metal-dihydrogen complex is formed, such as
in the [Ir(Pr-PNHP)(H)2(H2)][BArF4] precatalyst system reported by Weller et al. 62 68. 70,
" In the case of an amine base, the formed ammonium then re-protonates the formed
metal-hydride to also form a dihydrogen complex, such as the Rh(‘Bu-PONOP)H
precatalyst system reported by Weller et al. (Figure 16).42
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Figure 16. Proposed inner sphere B—H abstraction amine-borane dehydrogenation
mechanism. Top route: amine mediated B—H transfer from a g-amine-borane complex
to the metal centre forming an aminoborane, followed by metal hydride protonation and
H2 loss. 4 Bottom: metal hydride mediated B—H transfer from a o-amine-borane
complex to the metal centre forming an aminoborane, followed by Hz loss. 62 68 70, 71

Inner-sphere B—H/N—H activation catalysts can also operate by concerted oxidative
addition of Hz from a coordinated amine-borane to the metal and simultaneous BN
double bond formation (Figure 17). The active catalyst species is typically of a low
oxidation state and low-coordinate, allowing for facile amine-borane coordination and
metal centre oxidation (e.g. Ir/If!', Col/Co'). 25 31 7274 Examples include the
Ir(POCOPu)H2 system reported by Manners et al. for which DFT calculations suggest
If/If" and Ir'IrY cycles are energetically accessible (where Ir'/IrV is most likely),
however it should be noted that most catalyst systems for which this mechanism has
been proposed also have other suggested mechanisms, such as inner sphere B—H
abstraction or metal-ligand cooperativity. 7> 7> 76 |t also is possible that catalysts
thought to operate by a concerted oxidative addition of Hz from simultaneous B—H/N—
H activation proceed instead by sequential oxidative addition of an amine-borane B—
H bond at the metal centre, followed by N-H transfer and aminoborane dissociation,
then H2 loss via reductive elimination (Figure 17).””- 78 A hybrid mechanism combining
aspects of that shown in Figure 16 and Figure 17 has been proposed by Weller et al.
for amine-borane dehydropolymerisation with precatalyst Rh(‘Pr-Xantphos)H, where
concerted B—H activation and dihydride conversion to a o-bonded dihydrogen
maintains the Rh oxidation state at (Ill). 7° This is followed by amine-promoted hydride

transfer and ammonium protonation of a hydride to eliminate H2. 7°
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Figure 17. Proposed inner sphere B—H/N-H activation mechanisms. Top: concerted
amine-borane B—H and N-H oxidative addition via a 5-membered metallacycle
transition state releasing an aminoborane, followed by reductive elimination of H2 from
the metal centre. 3! 74 Bottom: stepwise amine-borane B—H oxidative addition and N—
H activation releasing an aminoborane, followed by reductive elimination of H2 from
the metal centre. 7778

C) Metal-ligand cooperative catalysts operate via interactions between the amine-
borane substrate, catalyst metal centre and ligand. Cooperative ligands in catalysis
have been studied for a wide variety of chemical transformations; relevant examples

will be introduced in section 1.4.

The first, and less common, proposed mechanism of metal-ligand cooperative amine-
borane dehydrogenation applies to aromatic/dearomatised ring containing ligands. 7°
Pincer ligands with aromatic/dearomatised substituents (phenyl, pyridyl etc.) can act
as transient Brgnsted bases, deprotonating an N—H on a bound amine-borane and
facilitating B—H transfer to the metal centre. & 8! This is analogous to the base
deprotonation a bound o-amine borane complex N-H inducing B—H activation and
hydride transfer to the catalyst metal centre as part of the inner sphere mechanism
mentioned vide infra. 48 6268 70, 71 Examples where the acceptor atom is part-of and
adjacent-to the aryl ring are also reported. 8% 8" This can involve aromatisation of the
aryl system upon addition of an equivalent of H2 between the metal and ligand, then
dearomatized upon H: loss (Figure 18).80 The presence of an aryl containing ligand
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does not however guarantee a metal-ligand cooperative mechanism as counter
examples have been reported, the prominent example being the Ir(POCOPu)H2
system reported by Manners et al. for which N-H and B—H activation are proposed to
occur at the metal centre with a non-participating ligand. 26 82. 8
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Figure 18. Proposed mechanisms for the aryl-assisted metal ligand cooperative
dehydrogenation of amine boranes. Top: phenyl ring assisted B—H transfer via
deprotonation of an amine-borane N-H to release an aminoborane, e.g. POCOP
ligand. Bottom: assisted B—H transfer to release an aminoborane via deprotonation of
an amine-borane N—H by a methine carbon on a PNP ligand, facilitated by reversible
aromatisation/dearomatisation of the pyridine. The pyridine N atom changes from an
L-type to an X-type donor upon reversible hydrogenation of the ligand. 8% 8

The most studied ligand-cooperativity systems for amine-borane dehydrogenation
involve a ligand N—H moiety adjacent to a metal hydride. Such catalysts typically are
coordinated by bidentate or tridentate pincer ligands, such as aminophosphines, which
support the geometry of the N-H and metal hydride in the syn-position. 54 %6 72 The
proposed mechanisms for such ligand cooperativity can be separated into two subtly
different related routes: inner sphere amido-templated cooperative dehydrogenation

and outer sphere dihydrogen bonding templated cooperative dehydrogenation. 46 54 56,
72, 84-87
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The inner sphere mechanism involves a metal-amido active species with a formal lone
pair the ligand nitrogen and a formally vacant metal centre. The resulting partial
charges across the metal-amido bond template the complementary charges on amine-
boranes B—H and N-H, resulting in addition of H2 across the M—N bond. 72 887 This
occurs by deprotonation of an amine-borane N-H by the amido, followed by B—H
transfer to the metal forming an amine and a metal hydride, then releasing an
aminoborane (Figure 19). 8687 This is related to the role of additional amine in the
inner sphere B—H abstraction mechanism mentioned vide infra, where a metal-
coordinated o-amine borane N-H is deprotonated and transfers a B—H hydride to the
metal centre (Figure 16). 48 Also similarly to the inner sphere B—H abstraction
mechanism, the amine N—H and metal hydride eliminate to re-form the metal amido
bond and a sigma dihydrogen complex. 8% 8 This coordinated dihydrogen then

dissociates or is displaced by another amine-borane substrate molecule (Figure 19).8%
87
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Figure 19. The inner sphere amido mediated metal ligand cooperative
dehydrogenation of amine boranes. An equivalent of Hz is transferred from across the
amine-borane B—N bond to across the metal amido bond, releasing an aminoborane.
The formed metal hydride deprotonates the adjacent ligand N—H, eliminating H2 and
re-forming the metal amido bond. 8587

In the outer sphere dihydrogen cooperative bonding mechanism, the ligand &* amine
proton and & metal hydride template the approach of the & B—H and 6" N-H on the
amine-borane via dihydrogen bonding interactions (see section 1.1). %% 56 The
amineborane N-H is then deprotonated by the metal hydride, forming a sigma
dihydrogen complex with ligand-bound amidoborane (Figure 20).54 56 This
amidoborane NH2~ is more negatively charged than the B—H & and so the fragment
switches binding mode, with the NHz~ binding to the &* ligand N-H and the B-H
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displacing the sigma bound dihydrogen from the metal centre (Figure 20).54 % A
variation where the amine-borane N remains bound to the ligand N-H throughout the
mechanism prior to aminoborane dissociation has also been proposed.  The bound
amidoborane then transfers a B—H to the metal centre, releasing an aminoborane and
re-forming the metal hydride (Figure 20).5* 5. 84 The favourability of either the inner or
outer sphere metal ligand cooperative mechanisms is likely dictated by the stability of
the metal hydride relative to the dihydrogen complex. If the hydride rapidly converts to
the sigma dihydrogen complex, for which dissociation is facile, the inner sphere
mechanism will predominate.®5 Computational study is required to deterimine which

pathway is taken by a particular catalyst species.
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Figure 20. The outer sphere dihydrogen bond mediated metal ligand cooperative
mechanism for amine-borane dehydrogenation. The metal hydride deprotonates an
amine-borane N-H to form a dihydrogen complex, which is dissociates upon
rearrangement of the amido fragment. An amine-borane B—H bond is then activated,
re-forming the metal hydride and eliminating an aminoborane. 54 56. 84

40



1.4 Metal-ligand cooperative catalysis

Many early examples of homogeneous organometallic catalysis, where substrates are
activated and transformed, involve direct reaction at the metal centre. Examples
include Ziegler-Natta olefin polymerisation and Monsanto-process methanol
carbonylation. 8 89 The mechanisms of such catalysts operate via classical at-metal
substrate interactions including oxidative addition, migratory insertion and reductive

elimination. 90. 91

In nature, the catalytic transformation of substrate molecules by metalloenzymes are
important processes. %2 Of particular interest is the utilisation of bimetallic catalysts and
metal-ligand cooperativity in enzymes to lower the activation barriers of small molecule
substrates such as N2 and Hz activation so that heterolysis occurs readily at ambient
conditions. % % Nitrogenase enzymes in certain bacteria are a critical component of
the global nitrogen cycle, these often contain bimetallic MoFe active sites which lower
the barrier for N2 homolysis such that it can occur at ambient condition and be utilised
biologically. ** In hydrogenase enzymes, cysteine thiol residues form ligands to Fe or
Ni metal centres facilitating the splitting of hydrogen by acting as a proximal base
(Figure 21).%3 An analogous interaction is responsible for the catalytic activity of an
asymmetric transfer hydrogenation catalyst reported by Shvo et al., where a ligand O
atom facilitates the dehydrogenation of isopropanol and subsequent transfer to

carbonyl substrates (Figure 21).9597
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Figure 21. Top: Metal ligand cooperative activation of dihydrogen by a cysteine ligand
at the active site of a FeNi hydrogenase metalloenzyme. % Bottom: the
dehydrogenation of isopropanol with metal ligand cooperativity in Shvo’s catalyst. % 98

41



The early report by Shvo et al. of metal ligand cooperativity in hydrogenation catalysis
set the stage for further advances in the field. Noyori et al. later reported the
enantioselective asymmetric transfer hydrogenation of ketones with ruthenium
catalysts, finding that amine ligands were favourable. % 19 This was further expanded
on in subsequent publications where N—H containing amine based ligands were shown
to vastly accelerate catalytic rate (TOF from 70 h="to 6700 h=') and an explicit metal-
ligand cooperative mechanism was suggested, involving metal-amido and sigma
dihydrogen complex intermediates (Figure 22).10"-193 The addition of H2 across a
metal-amido bond from a donor substrate such as secondary alcohols by
intermolecular hydrogen bonding had been previously reported in stoichiometric

reactions with group 9 complexes. 194

Adhering to the principle of microscopic reversibility, Shvo and Noyori type metal ligand
cooperative catalysts catalyse both the hydrogenation of ketones and the reverse,
dehydrogenation of alcohols to give ketones and Hz. % 195 From this perspective it is
clear that the fields of hydrogenation/transfer hydrogenation and amine borane
dehydrogenation are intrinsically linked due to the similarity of the mechanisms and
catalysts used; the activation of alcohols and amine boranes by dehydrogenation
catalysts is mechanistically closely related. (Figure 22). The more recent advances in
amine-borane dehydrogenation catalysts such as the use of metal ligand cooperativity
and adjacent metal hydride and amine moieties are born from discoveries in
hydrogenation and transfer hydrogenation in catalysis, such as those by Noyori and

Shvo. Therefore, similar catalyst designs are employed for both processes. 84 87, 106,107
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Figure 22. Left: a simplified Noyori-type transfer hydrogenation mechanism showing
metal ligand cooperative dehydrogenation of an alcohol and hydrogenation of a
ketone. 101-103, 105 Right: The inner-sphere amido mediated metal ligand cooperative
dehydrogenation of amine boranes to form aminoboranes. 85-87
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1.5 Catalyst design for metal-ligand cooperative

dehydropolymerisation

Although much work has been published on the ligand effects of transition metal
homogeneous catalysts for substrate hydrogenation/dehydrogenation, the effect of the
metal centre has been less thoroughly explored. This is even more true for amine-
borane dehydropolymerisation catalysts due to the relative novelty of the research
area. As mentioned in the previous section (1.4) the mechanisms for transfer
hydrogenation catalysts are very similar to that of amine-borane dehydrogenation.
Parallels can be drawn between metal and ligand effects on each of the two
mechanisms, with the catalyst mechanisms referred to interchangeably here. Almost
all recent advances in polyaminoborane synthesis involve amido metal ligand

cooperative catalysts, so this will be the focus here. 46 54. 56, 80, 84

1.5.1 Ligand effects

For efficient activation of H2 or other substrates such as alcohols or amine-boranes
across a metal-nitrogen bond in a hydrogenation/dehydrogenation reaction, via either
an inner or outer sphere metal cooperative mechanism, an adjacent metal hydride and
ligand N—H are necessarily present at some point on the catalytic cycle.'%® Octahedral
complexes are ideal for templating this reactivity as the H—-M-N angle is constrained
to ~ 90°. Multidentate amine ligands help stabilise the transition state for H2 activation
(either H2 elimination or substrate dehydrogenation) across the M—N bond in the
correct conformation and bring the H-N-M-H dihedral angle close to 0° (Figure 23).
A commonly used ligand type for this purpose is aminophosphine MACHO pincer
ligands (HN(CH2CH2PR2)2).1%° A strongly hydride-polarised M-H unit is also
advantageous for metal ligand cooperative dehydropolymerisation catalysts as the
larger &- on the hydride aids both templating of the approaching amine-borane (outer
sphere mechanism) and protonation by the ligand or amine-borane N-H preceding H2
loss (Figure 23)."° This is facilitated by strong sigma donor ligands such as
phosphines (e.g. MACHO pincer ligands or other aminophosphines). Strong sigma
donor ligands trans to the metal hydride also increases donating ability, many metal
ligand cooperative dehydropolymerisation catalysts exhibit strongly sigma donating

trans hydrides. 54 56. 84,87, 110
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Figure 23. N-H bearing MACHO ligand cooperative dehydrogenation catalysts
showing reaction geometries and inductive effects (red arrows) from strong sigma
donors that increase hydride donating ability. 109 110

1.5.2 Metal centre effects

Most hydrogenation/dehydrogenation and amine-borane dehydropolymerisation
catalysts are based on d® metal centres. Most amine-borane dehydropolymerisation
catalysts operating by a metal ligand cooperative mechanisms have active catalytic
species that have d® metal centres, which are Fe', Ru', Rh'!l. 54 56, 84, 87, 110 The
energetic barriers to the operation of amido metal ligand cooperative dehydrogenation
catalysts are primarily the substrate activation to add H2 across the M-N bond from
the approaching substrate, or the subsequent loss of dihydrogen across this same

bond, and so the specific preference for 3d/4d d® metal centres lies here. 54 56. 84,87

As mentioned previously, octahedral geometry presents the optimal orientation for
amido metal ligand cooperative dehydrogenation catalysts. The low spin d® electronic
configuration is the only commonly observed singlet spin configuration for octahedral
geometry.”® Examples of high spin states disfavouring small molecule binding and
activation at metal centres have been reported.” 12 Low spin electronic
configurations can be favoured for 3d metals such as Fe' by strong field ligands such
as phosphines (e.g. MACHO pincer ligands). 46: 13 This is also seen in nature where
H2 activating hydrogenase metalloenzymes contain strong field CN- and CO ligands
to retain low spin in 3d Fe and Ni metal centres (see Figure 21).93 114
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d® metal centres such as Ni" are also low spin however they favour square planar
complexes that are not as conducive to amido metal ligand cooperativity as octahedral
geometry. This is due to the required deformation energy to bring the metal hydride
and ligand N-H into the same plane, a necessity for the elimination of H2 (Figure
24).'%  Consequently, although d® (and also d’) square planar
hydrogenation/dehydrogenation complexes with NH functionalised ligands exist, they
are not thought to operate through ligand cooperative mechanisms. 1% 115 Utilising
ligands where the cooperative functional group is coordinated adjacent to the M-H

may allow cooperativity with d® metal centres and is an area requiring further work. 198
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Figure 24. The conformational changes required for d® complexes to act as metal
amine-amido ligand cooperative dehydrogenation catalysts with MACHO type ligands.
The required migration of the metal hydride toward the ligand N-H effectuates an
energy penalty to this mechanism, and so metal-only dehydrogenation mechanisms
predominate. 108 115

Within d® metal complexes, periodic trends dictate the varying ability to act as effective
hydrogenation/dehydrogenation catalysts. From Mn' to Fe! to Co'", the free energy
change for metal ligand cooperative dehydrogenation becomes more favourable as
metal centre oxidation state and electronegativity increases, as the resulting hydride
becomes more stable. "® Simultaneously, the back donation ability of the metal from
Mn' to Fe' to Co'" centre decreases, so the barrier to metal-only inner sphere
dehydrogenation increases, further favouring a metal ligand cooperative mechanism
(Figure 25)."7

The row effect also plays a role in dehydrogenation catalyst effectiveness, with
significant differences between 3d, 4d and 5d metals. Catalysis in 3d metals is

complicated by the tendency to undergo single electron processes that may compete
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with the intended two electron processes or even lead to catalyst decomposition. "4
Down the groups e.g. from Co'' to Rh!" to Ir'" metal centre back donation ability
increases as radial extension increases due to better overlap with the substrate (e.g.
H2) antibonding orbitals. This results in more favourable heterolytic dihydrogen
cleavage down the group (Figure 25)."% 118 This more favourable hydrogen activation
facilitates the dehydrogenation step in dehydrogenation catalysts, however amine-
borane dehydropolymerisation is an acceptorless dehydrogenation where H2 needs to
be subsequently displaced from the catalyst. The increased back bonding ability of 5d
metal centres such as Ir'"" disfavours Hz loss as the activated hydride is too stable. 8
"9 This is seen when comparing structurally identical Ir'" and Rh'"
dehydropolymerisation catalysts with cooperative capable ligands, where the rhodium
species operates via a metal-ligand cooperative mechanism, but the iridium does not
due to a higher barrier to Hz loss. %6 68 Due to the increased stability of higher oxidation
states in lower transition metal rows, this iridium catalyst can instead operate via an
I'/Ir¥ oxidative addition/reductive elimination cycle that is inaccessible to Rh. ¢ This
is likely also the case for an osmium amine-borane dehydrogenation catalyst,

operating via an Os'/Os' cycle. 119121

Metal backbonding ability

30
¥

Mn' > Fe!' > co'l

5d > 4d > 3d

Figure 25. Transition metal d orbital backdonation to the o* orbitals of hydride donor
substrates. Back donation ability increases with decreasing oxidation state within the
same electronic configuration (d®) due to higher electron density at the metal centre
and increases 5d > 4d > 3d due to increased d orbital radial extension leading to better
overlap. 117, 118
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The balance between favourable substrate activation and favourable subsequent H2
dissociation in an amine/amido metal ligand cooperative dehydropolymerisation
catalyst is best found in second row (4d) transition metals (Figure 26)."'8 122 This, with
the preference for low spin d® focuses the ideal metal centre properties on Ru'" and
Rh'. 3d metal centres Fe'' and Co'"' can be similarly favourable if strong field ligands
are used that disfavour high spin, and favour electron density donation into antibonding
orbitals of approaching Hz-donor substrates. For a full analysis of metal centre effects,
the ionic radius and ligand Lewis donor ability need to be considered as these vary
from 3d to 4d and 5d metals, also playing a part in favouring or disfavouring metal

ligand cooperative mechanisms. 15 122
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Figure 26. A simplified free energy diagram using the inner sphere metal amido amine-
borane dehydrogenation mechanism as an example, showing generalised metal row
effects on the barriers to amine-borane dehydrogenation (left) hydride loss as H2 (right)
for 3d, 4d & 4d metal centres. 5d dark blue, 4d green, 3d red. 118 122
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1.6 Polyaminoborane materials applications

Inorganic polymers, including polyaminoboranes, are a more modern field than organic
polymers such as polyolefins and often fulfil different needs. Whilst the ubiquitous
organic polymers overwhelmingly fill the roles in modern life for structural applications
due to their resilience and chemical inertness, inorganic polymers, although utilised
significantly less frequently, have wide ranging physical properties suiting them to fill
numerous roles. The main example of a commercially successful inorganic polymer is
silicones (polysiloxanes, (SiR20)n) which are used as high temperature thermal fluids,
lubricants, and specialised adhesives. Many other known classes of inorganic
polymers such as polysilazanes (SiR2NR)n), polyphosphazenes ((PR2N)n) and
polythiazyl ((SN)n) have been investigated for their physical and electrical properties
such as thermal resistivity and electrical conductivity, however have yet to see use
outside specialised applications. 23125 For example, silicon based polymers and
polyborazylenes (polymers with borazine monomers, BsN3Rs3) are under development
as preceramics for the synthesis of low-density silicon carbide and boron nitride
respectively. 126 127 Applications for which are high tensile strength and thermally

resistant structural materials in aerospace technology. '8

The initial focus of work on polyaminoborane synthesis was on its potential use as a
hydrogen storage material, helping the transition away from fossil fuels as a portable
energy source. Hydrogen itself is too low density to be used as a portable fuel, requiring
high pressures to be viable which add unavoidable safety risks, along with the potential
chemical explosive capacity. '?° Polyaminoboranes and the precursor amine-boranes
were among the materials suggested due to the high mass percentage of Hz2 (14 wt%
for (H2BNH2)n).13° The hydrogen can be released thermally or by catalysis (as
discussed previously in sections 1.1 and 1.2) and by hydrolysis. 3" The difficulty comes
with the regeneration of the subsequent BN material (e.g. polyborazylene) back to the
amine-borane or polyaminoborane, which is thermodynamically uphill especially for
the direct reaction with H2. 132 Little progress has been made to surmount this obstacle,
with the most viable process thus far involving the use of an excess of hydrazine in

liqguid ammonia under high pressures at 60 °C. %’

The more recent focus for polyaminoborane applications is as a shapable preceramic

for the improved synthesis of boron-nitride. 2® Boron nitrides are refractory materials
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with high chemical resistance. Similarly to the isoelectronic carbon, boron nitrides can
form multiple polymorphs: namely diamond-like cubic boron nitride (c-BN) and
graphite-like hexagonal boron nitride (h-BN). Current synthetic techniques involve the
heating of B203 and NHs at high temperatures to form amorphous boron nitride,
followed by annealing and hot pressing at even higher temperatures. 33 By using
polyaminoboranes as a preceramic, more complex BN materials such as porous
structures and fibres may be attainable, using the polymer to template the structure

which can then be thermolyzed into BN.

The homopolymer polyaminoboranes (H2BNHz)» and (H2BNHMe)n are brittle materials
with a glass transition temperatures close to their thermal decomposition points, and
so are far from amenable to classical polymer processing techniques (melt casting,
extrusion etc). %6 This is due to the large number of relatively strong dihydrogen bonding
interactions between polymer chains (see 1.2). If this dihydrogen bonding network
could be disrupted, for example by the inclusion of bulkier monomers in a copolymer,
the processability of the formed polyaminoboranes may improve, allowing for more
thorough investigations of materials properties. The solubility effect of varying
polyaminoborane N-substituents has been reported anecdotally, as larger pendant
alkyl groups are introduced the solubility in non-polar solvents increases. 2% 45 The
related polyolefins show similar effects, where even small amounts of long alkyl chain
co-monomer (< 5%) introduced to polyethylene drastically reduces the crystallinity and

melting temperature of the polymers. 134

In order to fully explore the materials properties of polyaminoboranes such as glass
transition temperature, solubility and ceramic yields upon pyrolysis, improved control
over their synthesis needs to be demonstrated. The ability to selectively vary chain
length, monomer ratios and crosslinking are critical to explore their full range of
polyaminoborane materials properties, as is true with polyolefins. Metal ligand
cooperative catalysts have been shown to be the best way to control polyaminoborane
formation. Catalyst control and further mechanistic understanding of amine borane
dehydropolymerisation is needed to be able to synthesize polyaminoboranes with
tuneable properties, which would be a step toward taking these polymers from being

of only academic interest to applications as functional materials.
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2. The dehydropolymerisation of amine-boranes with group 9 PN"P

catalysts

The tridentate MACHO ligands NH(CH2CH2PR2)2 are versatile components of many
reported metal ligand cooperative catalysts, specifically in
hydrogenation/dehydrogenation catalysis (Figure 27) (see section 1.4). '3 The first
reported MACHO catalyst ‘RU-MACHO’ [Ru(PNHPPh2)(CO)CIH] was developed for
the catalytic reduction of esters by hydrogenation. # These catalysts generally have
active species with M?* d® metal centers and metal hydrides adjacent to the ligand NH.
They operate via inner or outer sphere metal ligand cooperative mechanisms (see

section 1.3).57

'MACHO' ligand 'Ru-MACHO'
H
s
R,P PR —Ru-
2 \/\N/\/ 2 )
Cl
H PhS
R = Ph, Cy, iPI', tBu Saito et al
2012

Figure 27. Left: The structure of tridentate aminophosphine MACHO ligands. Right:
the first reported MACHO catalyst: Ru-MACHO. #

Catalysts with  MACHO ligands have also been used for amine-borane
dehydropolymerisation with group 8 and 9 metals (Fe, Ru, Co, Rh, Ir). " These
MACHO catalysts can often be used at low loadings (< 0.5 mol%) and are particularly
fast, for example the ruthenium catalyst Ru(’‘Pr-PN"P)(PMe3)H2 has a reported TOF of
up to 20 s for the dehydrogenation of H3B-NH2Me. > ¢ In one of the most recent
developments, Weller et al. reported the MACHO-containing precatalyst [Rh('Pr-
PNHP)(NBD)][CI] (1) as a dehydropolymerisation precatalyst for methyl amine-borane
(HsB-NHz2Me).

Complex 1 is a robust precatalyst that has been shown to be capable of catalyzing
amine-borane dehydropolymerisation at very low catalyst loadings (0.01 mol%) and
which remarkably works in air, despite the active catalyst species being highly air
sensitive (Figure 28)." The activation route of the precatalyst 1, specifically how the

NBD placeholder ligand is lost and the metal centre is oxidized from Rh' to Rh'!, is
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currently not known. Initially there is an induction period to the dehydropolymerisation
of H3sB-NH2Me with 1 after which complexes Rh(‘Pr-PN"P)H2CI (2) and Rh('Pr-PN"P)H3
(3) are observed by 3'P{’"H} NMR spectroscopy. "' The dihydride chloride 2 can itself
be used as a precatalyst, removing the induction period and expediting the formation
of the catalytically active trihnydride species Rh('Pr-PNHP)H3 3, likely via a base-
promoted hydride transfer from amine-borane (Figure 28)."" This releases an
equivalent of boronium salt [H2B(NMeH2)2][CI] which can be observed by "B NMR."
Upon completion of amine-borane dehydropolymerisation, the active catalyst 3
converts back into the off-cycle species complex 2 as both species are in equilibrium,

which is observed by post-catalysis in-situ 3'P{'H} and "H NMR spectroscopies."

Complex 3 is reported to operate via an outer-sphere ligand cooperative mechanism,
where H3B-NH2Me forms a dihydrogen bonded outer sphere adduct across the Rh—H
and adjacent N-H prior to dehydrogenation, as supported by DFT calculations (Figure
29)." This Rh MACHO system is reported to exhibit a first order dependance of rate
on the catalyst concentration and an initial ‘pseudo zeroth order’ dependance on the
concentration of H3sB-NH2Me. This is due to a pre-equilibrium involving H3B-NH2Me
binding to the active catalyst species 3 that lies towards the dihydrogen bonded adduct
3-AB, and so when H3B-NH2Me concentration decreases as catalysis progresses, the
concentration of 3-AB and therefore rate of dehydrogenation does not decrease until

almost all of the H3B-NH2Me is consumed. !

cl . trace NH,Me

I'Prz Cl . H )
H P H3B:NH;Me ? H | PPr,  H3B-NH;Me H —|-PPr,
N—Rh '/ » N-Rh-H N—Rh—H
( AR (_ 7 C /|
P -NBD Py - [H2B(NMeH,),][Cl] P
'Pr, Pr; "Pr;
1 Slow 2 Fast 3

Figure 28. The activation of precatalyst 1 to precatalyst 2 via loss of the NBD ligand
and the potential oxidative addition of H2 from an amine-borane. The conversion of 2
to catalytically active species 3 via base-promoted hydride transfer from an amine-
borane to form a metal hydride and an equivalent of boronium chloride.
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H
H,B=NHMe H —|-PPr,
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1 Me
H H
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H.SY
H Me” H-H
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Figure 29. The proposed mechanism for the dehydrogenation of HsB-NH2Me
catalyzed by Rh MACHO catalyst Rh(PNHP/Pr)Hs (3) with an outer-sphere mechanism.
11

The aim of this chapter is to develop further the understanding of how the amine-
borane dehydrogenation precatalysts 1 and 2 are activated and deactivated. This
understanding will be then used to aid catalyst design. A better understanding of how
these catalysts operate will also be used to attempt the dehydropolymerisation of N-
alkyl substituted amine-boranes other than the already reported N-methyl. "' It has
previously been reported that dehydropolymerisation catalysts that are effective for
HsB-NH2Me (such as Ir(POCOPBu)H:) are often unable to dehydropolymerise amine-
boranes with larger N-alkyl groups, which has been suggested but not proven to be a
result of increased substrate steric bulk hindering catalyst turnover.'?'3 By
understanding the reason for which substrate scope is limited for such
dehydropolymerisation catalysts, the dehydropolymerisation of a wider range of amine-

boranes and may be possible.
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2.1 The dehydropolymerisation of amine-boranes with precatalysts
[Rh(‘Pr-PN"P)(NBD)][CI] (1) and Rh(‘Pr-PN"P)HCI (2): background
and methods

The catalytic dehydropolymerisation of amine-boranes can be monitored by multiple
techniques that provide a wealth of information about the catalyst operation. The
volume of hydrogen gas evolved during catalysis can be measured eudiometrically and
plotted over time to provide reaction progress profiles, from which kinetic data can be
extracted. The measurement of Hz release is a proxy for measuring the transient
aminoborane product of amine-borane dehydrogenation, which is rapidly polymerised
immediately after formation. This method measures the rate of catalytic amine-borane
dehydrogenation, which is the proposed rate determining process in the overall
dehydropolymerisation. The reported energy barrier for the chain-end polymerisation
of aminoboranes (AG* = 7.8 kcal mol™') is significantly lower than the typical overall
energy span for catalytic amine-borane dehydrogenation (AG* = 15 — 25 kcal mol™)

and therefore the rate of catalysis is related to that of the dehydrogenation step.'! 141

An important consideration to be taken into account when interpreting the kinetic data
obtained from H2 gas evolution measurements is whether the overall
dehydropolymerisation is 100% selective for polyaminoborane. The selective
dehydropolymerisation of amine-boranes (to aminoboranes) releases 1 equivalent of
H2 gas per aminoborane monomer produced, however over-dehydrogenated products
such as borazines result in the release of further Hz (Figure 30). This selectivity is
monitored by "B NMR spectroscopy and needs to be noted when using the recorded

kinetic data to aid in mechanistic elucidation.
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Figure 30. The catalytic dehydropolymerisation of HsB-NH2Me to cyclotriborazane or
polyaminoborane via aminoborane H2B=NHMe releasing 1 equivalent of Hz. Further
dehydrogenation (over dehydrogenation) is the release of further H2 and the formation
of products such as borazine.
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NMR spectroscopy is important in tracking dehydropolymerisations as it allows for the
monitoring of both catalyst and BN product speciation. 'H and 3'P{'H} NMR
spectroscopies are particularly important for monitoring the catalyst speciation, i.e.
precatalyst activation, resting-state identity and catalyst poisoning. 3'P{'H} NMR
spectroscopy allows for convenient identification and relative quantification of catalyst
species when a phosphorous containing ligand (such as a MACHO ligand) is present.
"H NMR spectroscopy can also be used to track speciation as most amine-borane
dehydropolymerisation catalysts exhibit metal hydrides that typically lie up-field
(negative ppm values) of the aliphatic region, which is obscured by solvent, amine-
borane and polyaminoborane signals. ' 16 "B NMR spectroscopy is used to track the
conversion of amine-boranes into polyaminoboranes, alongside identifying side

products, and calculating selectivities.

Mass spectrometry can also be used to track catalyst speciation, this is particularly
useful if no spin active nuclei such as phosphorous are present in the ligands, or if no
metal hydrides are present in the catalyst resting state. Active catalyst species during
amine-borane dehydropolymerisation are however often transient reactive species that
are prone to decomposition during analysis, such as by interaction with the mass
spectrometer carrier solvent, and so this technique is less commonly used. Catalyst
decomposition during mass spectrometric analysis can be partially mitigated by the
coupling of the mass spectrometer to a glove box, preventing exposure to atmospheric

oxygen and moisture. '’
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2.1.1 The effect of air on [Rh(‘Pr-PN"P)(NBD)][CI] (1) precatalyst

activation

Precatalyst 1 is reported to be air-tolerant, such that dehydropolymerisations of
HsB-NH2Me can be performed in air and form poly(N-methylaminoborane) with 98%
selectivity. "' Complex 1 is air stable, however the catalyst activation intermediate 2
and active species 3 are air sensitive. Dehydropolymerisations of H3B-NH2Me with
precatalyst 1 exhibit an induction period (Figure 31) during which the precatalyst 1 is
converted into the active catalytic species 3 (as measured by 3'P{'H} NMR
spectroscopy). ' It was noted that this induction period was significantly reduced when
catalysis is performed initially under an atmosphere of air rather than argon, however
the reason why was not determined. This involved loading the catalyst and H3sB-NH2Me
into the reaction vessel with an initial atmosphere of air, which upon the initiation of

catalysis was displaced by the Hz produced.
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Figure 31. A typical hydrogen evolution plot for the dehydropolymerisation of
H3B-NH2Me (1 mol dm=3in THF) by precatalyst 1 (0.5 mol%) initially loaded under
argon, showing an ~ 1000 s induction period.

The effect of air upon the activation of precatalyst 1 during the dehydropolymerisation
of HsB-NH2Me was investigated by eudiometric measurements of Hz2 evolution, with
varying amounts of air present in the reaction vessel atmosphere prior to catalysis.
Reactions were performed under otherwise identical conditions: 293 K, 1 mol dm=3
HsB-NH2Me in dry THF solvent (10 ppm of H20), with 0.5 mol% 1 relative to
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HsB-NH2Me (Figure 32). The THF solvent was added to the solid precatalyst and
HsB-NH2Me to initiate the reactions. Dehydropolymerisations were set up under an
initial atmosphere of argon and various volumes of air (0, 2.5 cm3, 5 cm?) were injected
into the solvent of the stirring reaction mixture. For reference, 2.5 cm? of air represents
~ 2 equivalents of O2 to precatalyst 1. A reaction initially set up in-air was also
performed. The volume of hydrogen evolved from the catalysis runs was measured,
which was used as a proxy for the effective aminoborane concentration produced
during catalysis and plotted over time (Figure 33). As the initial N-methylamine borane
concentration was 1 mol dm=3, reaching an effective aminoborane concentration of 1
mol dm~3 represents the release of 1 equivalent of H2 per amine-borane, as occurs in

the selective formation of polyaminoborane.
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Figure 32. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dm~3
in THF) with precatalyst 1 (0.5 mol%), varying the reaction vessel atmosphere: argon
(0 cm? air), argon + 2.5 cm? air, argon + 5 cm? air, air.

All kinetic profiles with complex 1 show an initial induction period, a pseudo zeroth
order region of constant rate and finally a declaratory period. ' A profound effect is
seen with varying air present during catalysis, with reaction rate increasing and
induction period decreasing as the amount of air is increased. The measured rate
during the pseudo zeroth order region increases from (4.4+0.03)x10* mol dm=3 s
under argon to (1.84+0.07)x10-3 mol dm~3 s~ when initially set up with a reaction vessel
atmosphere of air. The induction period (time to the pseudo zeroth order region)
decreases from ~ 2000 s under argon to ~ 200 s in air (Figure 33,Table 1). These
together suggest that the presence of air (likely oxygen) is aiding the activation of
precatalyst 1 toward active species 3, reducing the time until catalysis initiates and also

increasing the concentration of 3 during the active catalysis phase.
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This hypothesis is supported by in-situ 3'P{'H} NMR spectra recorded at the end of
catalysis, which show precatalyst 1 still present at the end of catalysis (44.9 ppm, d,
Jern = 125 Hz) when performed solely under argon, which decreases as the amount of
air introduced increases (Figure 34). Concurrently the 3'P NMR signal from complex
2 (75.7 ppm, d, Jrrn = 115 Hz) increases as the amount of air introduced to the reaction
increases, as measured at the end of catalysis (Figure 34). The measurement of the
amount of complex 2 present after catalysis can be used as a proxy for the fraction of
the added precatalyst 1 that is converted to the active catalyst species 3. This is as 3
is reported to be fully converted back to off-cycle species 2 at the end of catalysis. "
Only when catalysis is performed with an initial atmosphere wholly comprised of air is
the conversion of 1 to 2 complete at the end of catalysis. This was also visually
apparent as the precatalyst 1 (Rh') is yellow whereas 2 (Rh'") is colorless; all catalysis
reaction mixtures were still yellow after the completion of hydrogen evolution, except

that which was set up initially with an atmosphere of air which was colorless.
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Figure 33. Effective H2B=NMeH concentration over time from eudiometric H2 evolution
measurement for the dehydropolymerisation of HaB-NH2Me (0.112 g, 1 mol dm=3 in
THF) by precatalyst 1 (0.5 mol%) in THF with varying reaction vessel atmosphere:
argon, argon + 2.5 cm? air, argon + 5 cm? air, air. Induction period is seen to decrease
and rate of reaction increase as the amount of air present is increased.
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Amine borane Polymer .
Kobs 2 ) - 1 conversion Polymer M, . .
Atmosphere L conversion P selectivity © = Dispersity '
(mol dm—2 s~1) o o to29(%) (g mol-1)
(%) (%)
4.4x10-4
Ar (£3x10%) 95 99 44 25,600 1.7
Ar + 2.5 cm? 9.2x10-4
air (£7x105) 97 99 64 42,200 1.6
) 1.1x10-3
3
Ar + 5 cm? air (£9%10-6) 97 99 74 53,000 1.5
. 1.8x10-3
Air (7x10-6) >99 94 100 81,000 1.7

Table 1. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dm=3 in
THF) with precatalyst 1 (0.5 mI%), varying the reaction vessel atmosphere: argon,
argon + 2.5 cm? air, argon + 5 cm?3 air, air. Rates @ determined by eudiometric
measurement. Amine-borane conversion ® and polymer selectivity ¢ determined by in-
situ "B NMR spectroscopy at the end of catalysis, precatalyst 1 conversion to complex
2 4 determined by in-situ 3'P{"H} NMR spectroscopy, both measured after the end of
hydrogen evolution. Polymer M, ¢ and dispersity f determined by GPC.
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Figure 34. 3'P {"H} NMR spectra recorded from in-situ aliquots at the end of the
dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm~3 in THF) by precatalyst 1
(0.5 mol%) in THF with varying reaction vessel atmosphere: argon, argon + 2.5 cm?
air, argon + 5 cm3 air, air. Decreased intensity of precatalyst 1 and increased intensity
of complex 2 is shown as the amount of air present increases.
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As the conversion of precatalyst 1 into complex 2 is an irreversible process during
catalysis, the NMR analyses suggest that air plays a constructive role in this
conversion, possibly aiding loss of the NBD ligand. The oxidation of coordinated
alkenes by oxygen with group 9 d® metal centers (Rh' & Ir') has been reported, for
example the release of 2-cyclooct-1-enone from [Rh(C2H4)(COD)CI2] upon exposure
to oxygen, however a mechanism for this reaction that is also applicable to NBD
complexes has not been reported. '8 ° An as-yet unidentified analogous process may
occur during the air-assisted activation of precatalyst 1 during the induction period of

amine-borane dehydropolymerisation.

In the absence of oxygen, the loss of NBD from precatalyst 1 may occur via metal
assisted hydrogenation to NBE (norbornene). 2° The direct hydrogenation of complex
1 (to complex 2) is however reported to be a slow process, requiring 7 days at 4 bar of
H2 in 1,2-DFB solution to reach completion, which may suggest another (faster) as-yet
unidentified mechanism for NBD loss occurs during the induction period of amine-
borane dehydrogenation in the absence of air.!" Attempts to observe free NBD or its
products (such as norbornene or norbornane) post catalysis by "H NMR spectroscopy

were unsuccessful.

As measured by GPC, the molecular weight of the poly(N-methylaminoborane) is also
affected by the presence of air during catalysis. Polymer M, increases with increasing
air present during dehydropolymerisation, from 25,600 g mol~' under argon to 81,800
g mol~'in air (Table 1). Conversion of H3B-NH2Me and selectivity for polymer (both
approaching 100%) are unaffected as measured by "B NMR spectroscopy. Strong
linear correlations are seen between the fractional amount of complex 2 observed at
the end of catalysis with both the polymer M, (R? = 0.9952) and kobs (R?> = 0.9965)
(Figure 35).

The increase in polymer M, cannot be attributed directly to the increased conversion
of the precatalyst 1 to active catalyst 3, as this process is proposed to release one
equivalent of boronium species [H2B(NMeH2)2][CI] per metal centre (Figure 28), this
species acts as a chain transfer agent that limits polymer molecular weight. This has
been reported by Weller et al. where increasing loadings of precatalyst 1 give larger
kobs values but the same polymer molecular weight. ' A possible explanation for the
increase in polymer M, with increasing air present during catalysis is that air is
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removing a chain terminating agent, and thus a polymer growth-limiting contaminant
from catalysis, the possible identity of which will be discussed further in section 2.1.6.
The air introduced to these catalysis runs was not pre-dried and so water may also

play a part in the variations seen.
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Figure 35. A plot of the measured kobs and polyaminoborane M, against the fractional
amount of complex 2 at the end of catalysis (which varies with the amount of air added
to the reaction), as measured by 3'P{'"H} NMR spectroscopy integrals. Strong linear
correlations are shown between both M, and kobs with the fractional amount of 2
observed.
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2.1.2 The effect of water on [Rh(’‘Pr-PN"P)(NBD)][CI] (1) precatalyst

activation

Water is also suggested to be a trace conponent during the dehydropolymerisation of
HsB-NHz2Me with precatalyst 1 that may affect catalyst activation and operation. It was
noted by Weller et al. that when THF dried with a solvent still was used (5-10 ppm
H20), a longer induction period was observed than when SPS dried THF was used
(~35 ppm H20). " To further investigate this, dehydropolymerisations of H3B-NH2Me
with precatalyst 1 (0.5 mol%, 0.005 mol dm-3) were performed in THF solvent (2.5 cm?,
1 mol dm~2 of H3B-NH2Me) of varying water content (10, 50 & 100 ppm) under argon.
These water contents as concentrations correspond to 0.00056, 0.0028 and 0.0056
mol dm=3 respectively, and so 100 ppm of water in the THF solvent represents ~ 1
equivalent of H20 to precatalyst 1. The hydrogen evolved over time was measured in
an identical method to that described in 2.1.1 (Figure 36). It should be noted that the
amount of water added to catalysis cannot be increased indefinitely, and at
concentrations approaching that of the catalyst, the apparent catalytic hydrolysis of
amine-boranes to form boric acid and Hz can be observed by "B NMR spectroscopy.
When ~ 400 equivalents of water to precatalyst 1 (at 0.5 mol% relative to HsB-NHz2Me,
0.005 mol dm=2 in 2.5 cm?® of THF) was added to dehydropolymerisation rapid H>
release was observed, and an in-situ "B NMR spectrum showed a broad peak at 20

ppm which corresponds to B(OH)z. 2!
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Figure 36. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dm~3
in THF) with precatalyst 1 (0.5 mol%), varying the water content of the solvent: 10, 50
& 100 ppm.
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All catalytic runs show comparable profiles and no significant change in the length of
the induction period. The rate of hydrogen evolution is observed to approximately
double when THF water content is increased from 10 to 100 ppm, (4.4+0.03)x10-* mol
dm=3s~"to (1.1£0.006)x10~3 mol dm=3 s~! (Figure 37). The lack of change in induction
period suggests that the effect of water on catalysis is not the same as air, with the
conversion of precatalyst 1 to complex 2 unlikely to be the primary cause of the
increased rate. In-situ 3'P{"H} NMR spectra recorded immediately after catalysis
however show decreasing amounts of unactivated precatalyst 1 with increasing water
concentration, from 44 % conversion to complex 2 at 10 ppm H20 to 64% at 100 ppm
of H20 (Figure 38). A linear correlation (R? = 0.997) between water content during
catalysis and the amount of complex 2 present at the end of catalysis is observed,
however water appears to have a significantly reduced effect on this than the presence
of air (Figure 39). The reason for this is currently unclear, as if water aided the
conversion of complex 1 to complex 2 (and therefore active species 3) during the
induction period, shorter induction periods with increased water concentration should

be observed however this is not the case.
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Figure 37. Effective H2B=NMeH concentration over time from eudiometric Hz evolution
measurement for the dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm=2 in
THF) by precatalyst 1 (0.5 mol%, 0.005 mol dm=3) in THF with varying water content
of the solvent: 10, 50 & 100 ppm. Induction period is unchanged, and the rate of
reaction increases as the amount of water present is increased.
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Figure 38. 3'P{'H} NMR spectra recorded from in-situ aliquots at the end of the
dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm=2 in THF) by precatalyst 1
(0.5 mol%) in THF with varying water content of the solvent: 10, 50 & 100 ppm.
Decreased intensity of precatalyst 1 and increased intensity of complex 2 is shown as
the amount of water present increases.
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Figure 39. Water concentration in the THF used for the dehydropolymerisation of
H3B-NH2Me (0.112 g, 1 mol dm~3) with- precatalyst 1 (0.5 mol%) against the observed
fractional amount of complex 2 at the end of catalysis, as measured by 3'P{'"H} NMR

spectroscopy integrals

69



It is possible given the relationship between rate and catalyst that rather than directly
reacting with precatalyst 1, water may act as a co-catalyst for amine-borane
dehydrogenation (with complex 3) and therefore increase the rate of catalysis. Co-
catalysts in amine/amido metal ligand cooperative hydrogenation and
dehydrogenation have been reported, including the alcohol-assisted heterolytic
cleavage of H2 across a metal-amido bond. %223 An analogous process may occur here
where water may aid in the catalytic dehydrogenation of amine-boranes with active
species 3. Schneider et al. report the water-assisted heterolytic cleavage of H2 across
a metal-amido bond in a complex analogous to 3: Ru(PN"P/Pr)(PMes)H2. 2* A similar
effect may occur with catalyst 3 where water could form a hydrogen bonded adduct
with catalyst 3 which lowers the barrier to amine-borane dehydrogenation, acting as a
cocatalyst (Figure 40). As the reported turnover limiting step to catalytic
dehydrogenation with catalyst 3 is H3B-NH2Me N-H activation, this is likely the

mechanistic step that is facilitated by the presence of water (Figure 40)."
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Figure 40. The reported mechanism for dehydrogenation of amine-boranes by catalyst
3 (highlighted in blue) and the proposed mechanism steps where water can act as a
cocatalyst (outer, unhighlighted). Adapted from literature.
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The molecular weight of the formed polyaminoborane is also affected by the presence
of varying amounts of water during catalysis. As mentioned vide supra, increasing the
water concentration of the catalysis solvent leads to a marginally increased fractional
amount of complex 2 present at the end of catalysis as measured by 3'P{"H} NMR
integrals, meaning an increased effective active catalyst (3) concentration during
dehydropolymerisation. The amount of complex 2 present at the end of catalysis shows
a strong linear correlation with increasing molecular weight (Figure 41), from an M, of
25,600 g mol' with 44% complex 2 (10 ppm water) to 39,500 g mol~" with 64%
complex 2 (100 ppm water), as measured by GPC (Table 2). This trend is contrary to
that reported by Weller et al. In the seminal report with precatalyst 1, where under
conditions of air and water exclusion with catalysis performed under an argon
atmosphere, increasing the catalyst concentration has no effect on the polymer M. '
As with air, this trend could also be explained by the reaction and sequestration of a
chain terminating (therefore molecular weight limiting) contaminant present during
catalysis by in this case water (see 2.1.6). The trend could also be simply explained by
the increased rate of catalysis with the presence of a water co-catalyst resulting in an
increased rate of polymer chain propagation (as more aminoborane is available in a

shorter time period), which outpaces chain termination.

THF water K. a Amine borane Polymer 1 conversion Polvmer M. e
content (mol dO:r?% s) conversion P selectivity © t0 29 (%) (y moH)ﬂ Dispersity f
(ppm) (%) (%) ’ ’
4.4x10-4
10 (3x10-) 95 99 44 25,600 1.7
9.0x10-4
50 (£7x10-) 96 99 52 32,000 1.6
1.1x10-3
100 (£6x10-) 95 99 64 39,500 1.6

Table 2. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dm=3 in
THF) with precatalyst 1 (0.5 ml%), with varying water content of the solvent: 10, 50 &
100 ppm. Rates determined by eudiometric measurement &, amine-borane conversion
b and polymer selectivity ¢ determined by in-situ "B NMR spectroscopy at the end of
catalysis, precatalyst 1 conversion to complex 2 ¢ determined by in-situ 3'P{"H} NMR
spectroscopy, both measured after the end of hydrogen evolution. Polymer M, ¢ and
dispersity f determined by GPC
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Figure 41. A plot of the measured kobs and polyaminoborane M, against the fractional
amount of complex 2 at the end of catalysis (which varies with the amount of water
added to the reaction), as measured by 3'P{"H} NMR spectroscopy integrals. Strong
linear correlations are shown between both M, and kobs with the fractional amount of
complex 2 observed.
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2.1.3 A summary of the effects of water and air on the
dehydropolymerisation of N-methyl amine-borane with [Rh('Pr-
PNYP)(NBD)][CI] (1)

To summarise, the addition of air (likely dominated by the effect of oxygen) and to a
more limited extent water increase the rate of the dehydropolymerisation of N-methyl
amine-borane with precatalyst: from (4.4+£0.03)x10™# mol dm=3 s~ (10 ppm water,
under argon) to (1.8+0.007)x10=3 mol dm= s~' with an initial reaction vessel
atmosphere of air and to (1.1+£0.006)x10-3 mol dm=2 s=' when 100 ppm of H20 is
present (Table 2). In the case of air, the increase in catalytic rate is likely due to more
precatalyst being converted from the inactive NBD precatalyst 1 to complex 2 (and
eventually the active species 3). Air also decreases the induction period, potentially as
it promotes the conversion of precatalyst 1 to complex 2. These effects are possibly
due to the oxygen in air aiding in the dissociation of norbornadiene from 1, however
this needs further investigation to identify what happens to the NBD after conversion
of precatalyst 1 to complex 2. Attempts to do this with "H NMR experiments have been
unsuccessful due to the large number of peaks present from amine-borane
dehydrocoupling products. The action of air (oxygen) on precatalyst 1 requires further

investigation.

Increased addition of water and air also separately led to increases in the molecular
weight of the polymer formed: from 25,600 g mol-' (10 ppm water, under argon) to
81,000 g mol~" with an initial reaction vessel atmosphere of air and to 39,500 g mol~’
when 100 ppm of H20 is present. The increase in the degree of polymerisation of the
formed poly(N-methylaminoborane) with increasing air and water during the
dehydropolymerisation of N-methylamine borane with precatalyst 1 could be attributed
to the reduction in concentration of a chain terminating species present in catalysis
(see 2.1.6).

Increasing water concentration of the solvent used in N-methylamine borane
dehydropolymerisation with precatalyst 1 results in increased rate of catalysis and
moderately increased conversion of precatalyst 1 to complex 2 measured at the end
of catalysis (by 3'P{"H} NMR spectroscopy), but no significant change in induction
period length. This suggests that the action of water is not during the induction period,

but during the active catalysis phase, possibly as a co-catalyst. This is supported by
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comparing the data from dehydropolymerisations of N-methylamine borane with
precatalyst 1, where 100 ppm of H20 or 2.5 cm?3 of air are added. Both show a 64%
conversion of precatalyst 1 to the post-catalysis off cycle species 2 as measured by
31P{"H} NMR integrals at the end of catalysis, and so implicitly the same concentration
of active species 3 was present during catalysis. With 2.5 cm? of air present during
catalysis, in the pseudo zeroth order region the rate of dehydrogenation is
(9.240.07)x10** mol dm=3 s~'. However when 100 ppm of water is present in the
reaction mixture solvent, a higher rate of (1.1£0.006)x10-2 mol dm s~! is observed.
This strongly suggests that water can act as a rate-accelerating cocatalyst with active

species 3.
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21.4 The attempted dehydropolymerisation of N-alkyl amine-
boranes with precatalyst [Rh(‘Pr-PN"P)(NBD)][CI] (1)

Following on from the work of Weller et al. with precatalysts 1 and 2 for N-methylamine
borane dehydropolymerisation, attempts were made to dehydropolymerise other N-
alkyl amine-boranes. ' As the catalytic dehydropolymerisation of N-propylamine
borane has not been reported (the polymer poly(N-propylaminoborane) is reported by
stoichiometric synthesis methods only), the reactivity of this substrate with precatalyst

1 was investigated. %

Dehydropolymerisations of H3B-NH2"Pr were attempted with precatalyst 1 at an amine-
borane concentration of 1 mol dm— (0.182 g in 2.5 cm?® of THF) and with a catalyst
loading of 0.5 mol% (0.005 mol dm-3) (Figure 42). The initial attempt performed under
argon (with rigorous exclusion of air) resulted in no Hz evolved after 1 hour, as
measured eudiometrically. This is supported by the in-situ "B NMR spectrum recorded
after 1 hour that shows primarily unreacted HsB-NH2"Pr at —18.9 ppm (Figure 43).
Notably, small amounts of anions BH4~ and BsHs™ are observed in the "B NMR
spectrum at <1 % of the total integral (— 37.7, pentet, Jgn = 82 Hz and — 29.6 Hz, nonet,
Jsr = 33 Hz respectively, Figure 43).26 These are not observed when precatalyst 1 is
exposed to H3B-NH2Me. The in-situ 3'P{"H} NMR spectrum shows two species,
unactivated precatalyst 1 (10% total integral) as a doublet (Jprn = 126 Hz) at 48.8 ppm
and a new rhodium-coupled species (90% total integral) as a doublet (Jrrn = 110 Hz)
at 79.3 ppm (see 2.1.5). " This suggests poisoning of the catalyst to form an inactive

species seen at 79.3 ppm by 3'P NMR spectroscopy.
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Figure 42. The attempted dehydropolymerisations of N-propylamine borane (0.182 g,
1 mol dm=3 in THF) with precatalyst 1 (0.5 mol%), varying the reaction vessel
atmosphere: argon, air.
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Figure 43. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol dm=3 in THF) by 1
(0.5 mol%) in THF. Primarily unreacted HsB-NH2"Pr is seen as a quartet corresponding
to the BH3, at —18.9 ppm. Inset shows trace amounts of BH4~ and B3sHs™ anions.
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Figure 44. *'P {'"H} NMR spectrum recorded from an in-situ aliquot after one hour of
the attempted dehydropolymerisation of HsB-NH2"Pr (0.182 g, 1 mol dm=3) by 1 (0.5
mol%) in THF. 90% conversion of precatalyst 1 to a new species at 79.3 ppm is shown.
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In an attempt to facilitate dehydropolymerisation of HsB-NH2"Pr with precatalyst 1
catalysis was also attempted where the reaction vessel was initially filled with air, as it
was shown that this significantly increased rates of reaction and reduce induction
periods with H3sB-NHz2Me (see 2.1.1). HsB-NH2"Pr (0.182 g, 2.5 mmol) and precatalyst
1 (6.7 mg, 0.005 mmol, 0.5 mol%) were added to the reaction vessel in a glovebox
under argon, the argon was then removed in-vacuo and air was allowed to enter

(Figure 42). The THF solvent was added last to start the catalysis run.

After a ~500 s induction period, a partial evolution of H2 was observed by eudiometric
measurement, with only 0.35 equivalents of the starting HsB-NH2"Pr appears to have
been dehydrogenated. A brief pseudo zeroth order region of catalysis
((2.86+£0.003)x10* mol dm=3 s~') and then a deceleration of rate is shown (Figure 45).
This partial dehydrogenation is also seen in the in-situ "B NMR spectrum recorded
after 2000 seconds that shows primarily unreacted HsB-NH2"Pr at —18.9 ppm (41%)
and a small amount of oligomer and/or N, N, N-tripropylborazane are present as a broad
signal at —6.5 ppm (Figure 46).2” Also present in the "B NMR are a doublet at 27.8
ppm corresponding to HB(NH"Pr)2, 2° a broad singlet at 21.8 ppm corresponding to
B(OH)s from the reaction with water (in the air) and an unknown signal at 1.8 ppm
(Figure 46).28.2°

The solid obtained from this reaction mixture by precipitation with pentane was
analysed by GPC and showed no evidence of polymer. A small amount of anion [BH4]~
is also observed in the "B NMR spectrum at <1 % of the total integral (— 37.7, pentet,
Jar = 82 Hz). The in-situ *'P{"H} NMR spectrum shows one organometallic species, a
doublet (Jern = 110 Hz) at 79.3 ppm, the same species observed when the
dehydropolymerisation of H3sB-NH2"Pr was attempted under argon (Figure 47). A
singlet at 57.1ppm is also seen by 3'P{'"H} NMR, lacking P-Rh coupling. This suggests
that this corresponds to a non-coordinated phosphine, or more likely the corresponding
phosphine oxide such as ('Pr2P(=0)CH2CH2)2NH. Free phosphine ('Pr2PCH2CH2)2NH
has a reported 3'P chemical shift of —1 ppm whereas P(=O)Mes has a more similar
reported shift of 39.3 ppm. 30 3! As this species is not present after
dehydropolymerisations of HsB-NH2Me with precatalyst 1 that are performed with an
initial reaction vessel atmosphere of air, it may correspond to a decomposition product
of the newly formed organometallic species that is visible as a doublet at 79.3 ppm in
the in-situ 3'P{"H} NMR spectrum.
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Figure 45. Effective H2B=NMeH concentration over time from eudiometric H2 evolution
measurement for the attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol
dm=3) by precatalyst 1 (0.5 mol%) in THF with an initial atmosphere of air. An induction
period is seen, followed by a short pseudo zeroth order catalysis period (2.86x10* +
3x10¢ mol dm=3 s~') and then a deceleration of rate.
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Figure 46. "B NMR spectrum recorded from an in-situ aliquot after one hour of the

attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol dm=3 in THF) by 1

(0.5 mol%) in THF. Primarily (41%) unreacted HsB-NH2"Pr is observed at —18.9 ppm.

Small amounts of oligomer/N, N, N-tripropylborazane are present at — 6.5 ppm. % Inset

shows trace amounts of BH4~ as a pentet at — 37.7 ppm.
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Figure 47. 3'P {"H} NMR spectrum recorded from an in-situ aliquot after one hour of
the attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol dm=3) by 1 (0.5
mol%) in THF, initially under air. Conversion of precatalyst 1 to a new species at 79.3
ppm is shown, alongside a singlet at 57.1 ppm, possibly indicative of free phosphine
oxide after catalyst decomposition.

To summarize, the attempted dehydropolymerisation of HzB-NH2"Pr with precatalyst 1
using conditions that are efficacious with H3sB-NH2Me are ineffective. Eudiometric
measurements and "B NMR spectra show partial dehydrogenation with the absence
of polymeric material and 3'P{"H} NMR spectra show conversion of precatalyst 1 to a
new rhodium species at — 79.3 ppm (Jprn = 110 Hz) which appears to be catalytically
inactive (Figure 44). The presence of air during catalysis appears to marginally
improve the catalyst engagement with HsB-NH2"Pr as shown by "B NMR

spectroscopy, however the products are unselective (Figure 46).
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2.1.5 Identification of the catalyst speciation from the attempted

dehydropolymerisation of H3B-NH:"Pr with precatalyst 1

During the attempted dehydropolymerisation of H3B-NH2"Pr (1 mol dm=3 in 2.5 cm?
THF) with precatalyst 1 (0.5 mol%, 0.005 mol dm=3) both in the presence of air and
argon, conversion to a new rhodium-coupled species is observed in the 3'P{"H} NMR
spectrum at —79.3 ppm. Catalysis is impeded suggesting that this species is the result
of catalyst decomposition. Small amounts (although likely significant relative to catalyst
concentration) of BH4~ (pentet, — 37.7 ppm) are observed in the in-situ "B NMR spectra
after attempted dehydropolymerisation, and a broadened pentet is seen adjacent to
this signal at —35.7 ppm with Jgy = 80 Hz, possibly corresponding to a coordinated
borohydride (Figure 46).

The in-situ '"H NMR spectrum recorded after attempted dehydropolymerisation of
HsB-NH2"Pr with precatalyst 1 supports the formation of a borohydride complex, with
a broad signal at — 2.37 ppm that is indicative of a coordinated borohydride (Figure
49), and almost identical to that seen by Schneider et al. for iron k'-borohydride
complexes with the PN"P MACHO ligand (—2.58, broad, Figure 48).32 The in-situ 'H
NMR spectrum also shows two overlapping multiplets at —16.27 and —16.40 ppm that
in total integrate to 2H relative to the 4H of the borohydride at —2.37 ppm (Figure 49).
These signals correspond to rhodium hydrides that resemble those present in complex
2. Together this NMR data suggests the formation of a rhodium k'-borohydride-
dihydride complex.
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"H NMR BHy: — 2.58 ppm, broad

Schneider et al. 2013

Figure 48. The k' borohydride complex Fe(PN"PPr)(CO)(BH4)H reported by
Schneider et al. 2
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Figure 49. '"H NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol dm=3 in THF) by 1
(0.5 mol%) in THF. 1:1:1:1 quartet at —0.16 ppm corresponds to free BH4~. The broad
signal at —2.37 ppm corresponds to coordinated BH4~ (4H) and the multiplets at —16.27
and —16.40 ppm correspond to rhodium hydrides (2H total). Left inset expands upon
the overlapping hydride signals. Right inset shows the "B NMR signal

To confirm the tentative assignment of the rhodium k'-borohydride-dihydride complex,
the species was synthesized independently. This was achieved via a modified
procedure from Schneider et al. where 2 was reacted with a slight excess (1.2 eq.) of
["BusN][BH4] in THF (Figure 50, see experimental for further details). 3> Complex 4
[Rh(PNHPPr)(k'-BH4)H2] was isolated as a crystalline solid in a 22% yield by
evaporation of the reaction solvent THF, extraction of the solids with pentane and

subsequent cooling to —20 °C overnight.

H
B
cl HH‘ H
H —| PPr2 ["BuMNI[BH] H PP
N—Rh-H » N-Rh-H
(_P/ | ~ ["BuyNICI (_P/ [
’PrZ ’Pr2
2 4

Figure 50. The synthesis of Rh(PNHPPr)(k'-BH4)H2 (4) from 2 and ["BuaN][BH4] in
THF, adapted from literature procedure. 32
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The NMR spectra of the formed Rh(PN"P/Pr)(k'-BH4)H2 (4) match well with the species
observed after attempted dehydropolymerisation of HsB-NH2"Pr with precatalyst 1.
Both show a 3'"P{'"H} NMR signal at ~79 ppm (d, Jrne = 109 Hz), a "B NMR signal at
— 35 ppm (br) and "H NMR hydride signals corresponding to a coordinated BH4~ and
two rhodium hydrides (Figure 49, Figure 51). The broad peak observed in the '"H NMR
spectrum of complex 4 (-2.37 ppm in THF, —1.36 ppm in benzene-ds) corresponds to
a collapsed 1:1:1:1 quartet of the coordinated BH4 signals where the bridging and
terminal hydrides are in fast exchange at 298 K (Figure 51).33 This peak splits into
bridging (-9.89 ppm, 1H) and terminal (-0.13 ppm, 3H) BH4 hydrides upon cooling to
185 K (Figure 52).

Due to initial difficulties isolating complex 4 due to its high solubility in most solvents,
variable temperature NMR studies were performed on an in-situ generated sample.
Complex 4 was later isolated and room-temperature NMR spectra of the pure material
were obtained. A single crystal x-ray diffraction structure was recorded of complex 4
confirming the presence of a k'-BH4 and two hydrides, both cis and trans to the
borohydride (Figure 53). The crystals were well-diffracting with an Ri,: of 0.031 for the
space group P-1, and an R1 of 0.079 that suggests good agreement between the model
and observed diffraction data. The N—H and Rh—H hydrogen atoms were all located in
the electron density map, allowed to ride on their parent atoms and freely refined. The
B—H hydrogen atoms were also located in the electron density map and their bond

distances were equally restrained to 1.1 A,

82



1
28 M B

e

~-15.79
~-16.05

* ,;H ‘ﬁ'»\
HB_ . A
‘H H /
H —|-PPr, it S B
N T/R]h —H T -20 -30 -40 50

pm

=

Pry 1 31P{1H} EEEE
4
"
t
- - R —
A 00 20 80 “ T0 &0 50
ppm
v —
T e
@ —a
(421 —
0 5 -10 -15 -20
pPpm

Figure 51. '"H NMR spectrum of complex 4 showing the hydride region with peaks
corresponding to BH4 hydrides (*) and Rh-H hydrides (1 and 1). Top inset: BH4 signal
at —34.4 ppm in the "B NMR spectrum. Bottom inset: 3'P{'H} NMR spectrum showing
a signal at 79.0 ppm for complex 4 alongside a trace of starting material complex 2
(75.5 ppm). All recorded in benzene-ds, 298 K.
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Figure 52. In-situ low-temperature in-situ '"H NMR spectrum from the synthesis of
complex 4 showing the hydride region with peaks corresponding to BH4 hydrides and
Rh-H hydrides (1 and 1). Separation of the bridging (#, — 0.13 ppm) and terminal (*, —
9.89 ppm) BH4 hydrides is observed. Recorded in THF, 185 K.
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Figure 53. Molecular structure of Rh(PNHP/Pr)(k'-BH4)H2 (4) as determined by single
crystal X-ray diffraction. Displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms are placed in calculated positions. N-H, Rh—H and B—H were located
in the Fourier difference map, allowed to ride the parent atoms and freely refined.
Selected distances [A], bond lengths [A] and angles [°]: Rh(1):--B(1) 2.709(8), Rh(1) —
N(1) 2.188(2), Rh(1) — P(1) 2.2677(7), Rh(1) — P(2) 2.2590(7), P(1) — Rh(1) — N(1)
84.32(7), P(1) — Rh(1) — P(2) 168.31(3), P(2) — Rh(1) — N(1) 85.25(7).

Metal borohydride complexes analogous to complex 4 have been previously reported
as deactivated catalyst species observed during the dehydropolymerisation of
H3B-NH2Me (Figure 54).% '>2 Manners et al. report the rapid and complete poisoning of
amine-borane dehydropolymerisation catalyst Ir(POCOP!Bu)H2 upon exposure to N-
aryl amine-boranes such as HsB-NPhH2, forming BHs-inactivated species
Ir(POCOPBuU)(BH3)H2 (Figure 54).3* No polyaminoboranes are formed and
Ir(POCOPBuU)(BH3)H2 is reported to be a poor amine-borane dehydropolymerisation

catalyst for amine-boranes, including H3sB-NH2Me. 34 35

o
H\n-B\
H trace { H rBu2 trace H tBUQ
NPl [BH M PP O PH' [BHy] O—|P
Fe—CO Y s N Fe—CO Qc;?'lr\H — QS_P,"{_I'.II\H
(-P <"F’/I-|I ‘Bu, ‘Bu, H-Bs
‘PrZ 'Prz , H
During H3B-NH,Me During H3B-NH,Ph
dehydropolymeristaion dehydrogenation
Schneider et al. 2015 Manners et al. 2012

Figure 54. BHs-deactivated catalyst species previously reported to form during
amine-borane dehydeogenations. % 34
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When synthesised independently and added to methyl amine-borane, no catalytic
activity is seen with complex 4. This was evaluated by the addition of complex 4 (0.5
mol%) to H3B-NH2Me (1 mol dm~3 in THF) under argon, where after 3 hours no Hz gas
had been evolved and no conversion of the H3B-NH2Me was observed by "B NMR
spectroscopy. The formation of complex 4 during attempted dehydropolymerisation of
HsB-NH2"Pr is likely from BHs capping of the active species in catalysis, complex 3
(Rh(’Pr-PNHP)H3), which fits well with the observation of catalysis starting but not
reaching completion as evidenced by "B NMR and eudiometric measurements
(Figure 45, Figure 46).

The importance of BHs capping to form complex 4, apparently favouring the NH-
adjacent rhodium hydride, is that the subsequent coordinated BH4 may block the metal-
ligand cooperative operation of the catalyst. The Rh—H and N-H templated approach
of amine-borane substrates could then be hindered, thus preventing the
dehydrogenation to form aminoboranes. The preference for the BH4 formation adjacent
to the ligand N—H is reported to be thermodynamically controlled in the related k'-BHa
complex Fe(Pr-PN"P)(CO)(BH4)H, caused by dihydrogen-bonding between the

adjacent B—H and N—H groups. 32 This is likely also the case in complex 4.
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2.1.6 The origin of BH3 causing catalyst poisoning in amine-borane

dehydropolymerisation.

The origin of the BHs that is observed to deactivate the active catalyst species 3
forming borohydride complex 4 during dehydropolymerisation is likely from B—N bond
cleavage of the amine-borane substrate. The release of BHs3 in solution by amine-
boranes has been investigated computationally and reported in the literature. The first
proposed route is that of direct and reversible B—N bond cleavage of amine-boranes
releasing an amine and solvation stabilised BHa. 3¢ In this process amines are attacked
by nucleophilic solvents such as THF via an Sn2 transition state, releasing THF-BH3
and an amine (Figure. 55). The stabilised Lewis adduct THF-BH3 allows the otherwise
highly reactive BH3 to persist in solution. The free energy barrier to this process is
reported to be 27.5 kcal mol~" with H3B-NH3 in solution, and so dissociation is slow
This reaction also has a positive AG°, +14.6 kcal mol~', and so the equilibrium lies
heavily against dissociation. 3¢ The subsequent BH3z capping of complex 3 to form
complex 4 is however likely to be irreversible and so drives further amine-borane

dissociation.

As low catalyst loadings are used in dehydropolymerisation (typically <1 mol%), only
a small amount of amine-borane dissociation is required to completely shut down
catalytic activity. The apparent increased tendency for B-N bond cleavage and BHs
release from HsB-NH2"Pr relative to HsB-NH2Me is potentially due to the increased
favourable solvation of the subsequently released amine NH2"Pr compared to NH2Me.
This increased favourability for B—-N bond cleavage in amine-boranes with larger N-
alkyl substituents has been reported computationally. In gas-phase calculations N-alkyl
amines such as NH2"Pr bind more strongly to BHs than NH3 (forming a stronger B—N
bond), as expected with alkyl inductive effects promoting nitrogen lone-pair donation,

however calculations modelling THF solvation reverse this trend. 3¢

_ TR
via --B--
Co B\ N’:‘H

HHH
H3B-NH,R + THF — H,B-THF + NH,R

Figure. 55 The proposed reversible BH3 transfer from an amine-borane to THF via an
SN2 type transition state. 36
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The second proposed route for spontaneous BH3 formation is the oligomerisation and
heterolysis of the aminoborane intermediate produced from amine-borane
dehydrogenation. Aminoboranes are known to spontaneously oligomerise in solution
forming products such as cyclotriborazane (BH2NH2)3. 37 An intermediate in this
process is the linear dimer H3B—NH2—BH=NH2 which is reported to lose BH3 to THF in
solution via an Sn2 transition state in an overall exergonic process (AG° = — 3.5 kcal
mol="). 38 This occurs in a process with a free energy barrier of 15.6 kcal mol,
releasing THF-BH3 and HB(NH:): (Figure 56).3 Tentative evidence for the occurrence
of this process during the attempted dehydropolymerisation of HsB-NH2"Pr with 1 is
the presence of HB(NH"Pr)2 in the in-situ "B NMR spectrum (27.8 ppm, d, Jsn = 125
Hz) (Figure 46).2° The free energy barrier to this process with H3B-NHz is reported to
be significantly higher in non-coordinating solvents such as toluene (19.9 kcal mol-"')
due to the lack of a solvent-assisted pathway, however still accessible at ambient

temperatures. 38

AG in kcal mol!

Reaction coordinate

Figure 56. A free energy profile of the proposed oligomerisation and BH3s transfer to
THF of aminoborane H2B=NH2 in solution. 38

The aminoborane dimerization to release BHs has a significantly lower free energy
barrier than direct amine-borane B—N bond cleavage (15.6 vs 27.5 kcal mol~') however
free aminoboranes only exist at low concentrations during dehydropolymerisation as a
transient intermediate. 37> 3 |t is possible that both of these processes contribute to the
presence of BHs in solution and therefore the observed catalyst poisoning during

dehydropolymerisation. As both processes are slow spontaneous dissociations, a
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precatalyst such as 1 with a long induction period and low rate of amine-borane
dehydrogenation (TOF ~ 0.01 s™) is understandably susceptible to significant catalyst
poisoning over the course of dehydropolymerisation. It is apparent from the results
presented in the first part of this chapter (and by Weller et al. in 2021) ' that the
induction period observed for dehydropolymerisation of amine-boranes with
precatalyst 1 is likely due to the relatively slow loss of NBD from the complex. This
induction period has been shown to shorten when catalysis is performed with exposure
to air. A precatalyst without such a lengthy induction period may avoid some of this
catalyst deactivation by limiting the time in the presence of the amine-borane, rapidly

converting it to polymer.

The presence of BHs in the catalysis mixture may also affect the subsequent
polyaminoborane molecular weight produced from amine-borane
dehydropolymerisation. As BH3s is Lewis acid, it may be capable of capping the
nucleophilic nitrogen proposed to occur at the end of the growing polyaminoborane
chain during head-to-tail aminoborane polymerisation. 3° This could explain the
increasing polyaminoborane = molecular ~ weight observed  after the
dehydropolymerisation of methyl amine-borane with precatalyst 1 [Rh(Pr-
PNHP)(NBD)][CI] when increasing amounts of air or water were introduced (see 2.1.1
and 2.1.2). This could be due to water and oxygen in air reacting with any BH3 present

and therefore removing this potential chain-terminating agent.
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2.1.7 The attempted dehydropolymerisation of N-alkyl amine-
boranes with precatalyst Rh('Pr-PN"P)H.CI (2)

Precatalyst 2 is reported to catalyze the dehydropolymerisation of methyl amine-
borane with no induction period and at slightly faster rates than precatalyst 1 during
the active phase of catalysis: 2.7x10~3 mol dm=3 s~' with precatalyst 2 and 1.9x1073
mol dm~3 s~1 with precatalyst 1 (both at 0.5 mol%, 1 mol dm~3 of H3B-NH2Me in 2.5 cm?3
of THF, 293 K). ' As discussed in section 2.1.6 the formation of the proposed catalyst
poison BHs is a slow process, and so the use of a catalyst that is rapid and free of
induction period may to some extent outpace catalyst deactivation to complex 4. To
evaluate this, dehydropolymerisations were attempted of N-methyl (control, previously
reported) ', N-ethyl and N-propyl amine-borane with precatalyst 2 (Figure 57)." In
order to further increase the rate of dehydropolymerisation the catalyst loading was
increased to 1 mol% and the amount of solvent used reduced from 2.5 cm?3 to 0.5 cm?3
of THF, increasing the absolute catalyst concentration (relative to attempted catalysis
with precatalyst 1, from 0.005 to 0.05 mol dm~3). This also increases the amine-borane
concentration during catalysis to 5 mol dm=3, however this catalyst system shows a
pseudo zeroth-order relationship to amine-borane concentration and so this alone
should not affect the rate of catalysis. As catalysis in the presence of air improved
engagement of precatalyst 1 with N-propyl amine-borane relative to under argon, the
reactions with precatalyst 2 were also performed with an initial reaction vessel

atmosphere of air.

Under these conditions with precatalyst 2 the dehydropolymerisation of all three amine-
borane substrates show rapid gas evolution by eudiometric measurement, releasing
~1 equivalent of H2 per amine-borane (Figure 58). Notably, the dehydropolymerisation
of H3B-NH2"Pr slows significantly toward the end of the reaction and fails to reach 1
equivalent of H2 released per amine-borane (Figure 58, 0.95 eq.). The rates of
dehydrogenation measured over the pseudo zeroth order regions decrease with
increased amine-borane N-alkyl substituent size: (3.60+0.02)x102 mol dm=3 s~ for
methyl, (1.54+0.01)x1072 mol dm~3 s~" for ethyl and (3.55+0.04)x10~3 mol dm~3 s~* for
n-propyl (Table 3). This could be explained by increased formation of catalytically
inactive complex 4 with increased amine-borane N-alkyl substituent size, as seen in
the post-catalysis in-situ 3'P{'H} NMR spectra (2.1% 4 for Me, 15.9% 4 for Et and
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66.2% 4 for "Pr Figure 59). This suggests significantly increased propensity to release

BHs for amine-boranes with larger N-alkyl substituents.
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Figure 57. The attempted dehydropolymerisations of N-propylamine, N-ethyl and N-
methyl amine-borane (0.182, 0.147 and 0.112 g respectively, 5 mol dm=3in 0.5 cm?3 of
THF) with precatalyst 2 (1 mol%, 0.05 mol dm=3), with an initial reaction vessel
atmosphere of air.
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Figure 58. Effective H2B=NRH concentration over time from eudiometric Hz2 evolution
measurement for the dehydropolymerisations of N-propyl, N-ethyl and N-methyl
amine-borane (0.182, 0.147 and 0.112 g respectively, 5 mol dm= in 0.5 cm? of THF)
with precatalyst 2 (1 mol%, 0.05 mol dm=3), with an initial reaction vessel atmosphere
of air. Rates of reaction with each substrate follow the trend H3B-NH2Me > H3B-NH2Et
> H3sB-NH2"Pr.
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Amine_borane Kops 2 Amine-borane Polymer 2 conversion to 49 | Polymer M, & Dispersit
(mol dm3 s=") | conversion ® (%) | selectivity © (%) (%) (g mol=") persity
H3B-NH;Me ;34620;__00; 95.1 97.7 2.1 33,500 1.7
H1B-NH,Et (1;5145__00; 95.0 889 159 62,400 15
3.55E-03
H3B-NH,"Pr (+ 4E-05) 92 4 78.3 66.2 51,200 15

Table 3. Data recorded from the dehydropolymerisations of HsB-NRH2 (R = Me, Et,
"Pr, 5 mol dm= in 0.5 cm3 of THF) using 2 (1 mol%) initially under air. Rates 2
determined by eudiometric measurement; amine-borane conversion ® and polymer
selectivity ¢ determined by in-situ "B NMR spectroscopy; precatalyst 2 conversions to
complex 4 ¢ determined by in-situ 3'P{"H} NMR spectroscopy. Polymer M, ¢ and
dispersity f determined by GPC.

H
B
H"
H H cl
H —| PP H —| PP,
N—Rh-H N—-Rh-H
/ S/
-P ,.r‘ (,P |.|4
’PI'; 4 ‘Pl"z 2
H.B-NH;Me H,B-NH,Et H;B-NH;"Pr
2
2
‘ ‘ 4
4 | H } 2
I N I ‘, || || 1
o LA UL JUL JUI M
(2] (4] "‘ ~ (.D
e & _ 3 8 I
80 75 80 75 80 75
ppm ppm ppm

Figure 59. 3'P {'H} NMR spectra recorded from in-situ aliquots at the end of the
dehydropolymerisations of N-propylamine, N-ethyl and N-methyl amine-borane (0.182,
0.147 and 0.112 g respectively, 5 mol dm=2 in 0.5 cm? of THF) with precatalyst 2 (1
mol%), with an initial reaction vessel atmosphere of air. Increasing conversion of
precatalyst 2 to complex 4 is observed with increased amine-borane N-alkyl
substituent size.
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Assuming that conversion of the active catalyst species 3 (Rh(PNHP)Hz) to inactivated
species 4 (Rh(PNHP)(BHs)Hz2) is rapid at the onset of catalysis under these conditions,
the amount of complex 2 (Rh(PNHP)H2Cl) detected by 3'P{"H} NMR spectroscopy at
the end of catalysis can be used to infer the amount of catalyst 3 that was present (not
poisoned) during the active catalysis phase. Plotting this effective amount of catalyst 3
as a concentration against the measured rate of catalysis during the pseudo zero-order
region shows a non-linear relationship (Figure 60). This suggests that the decrease in
rate observed with increasing substrate N-alkyl substituent is not only due to catalyst
poisoning, but also the dehydrogenation of the amine-boranes with larger pendant
groups is intrinsically slower. If each amine-borane was dehydrogenated at the same
rate, a linear correlation of rate and effective catalyst concentration that passed through

(0,0) would be expected.

004 - H,B-NH,Me
\ o
770.03 -
w
S 0.02 -
g H3B-NH,"Pr o
£0.01 - \
o
0 1 1 1
0 0.02 0.04 0.06

Calculated [3] during catalysis (mol dm=3)

Figure 60. A plot of kobs (mol dm— s') as measured from H2 evolution during the
pseudo zeroth-order region of catalysis against the inferred concentration of active
species 3 during catalysis (calculated from the fraction of poisoned species complex 4
visible by 3'P{'H} NMR spectroscopy at the end of catalysis). Data points from the
dehydropolymerisations of H3B-NRH2 (R = Me, Et, "Pr, 5 mol dm=3in 0.5 cm? of THF)
using 2 (1 mol%, 0.05 mol dm=3) initially under air.

In-situ "B NMR spectra of the reaction mixtures show broad peaks for all three
dehydropoymerisations, at — 5.4, — 7.1 and — 6.7 ppm corresponding to (H2BNHMe)n,
(H2BNHEt)n and (H2BNHn"Pr)n respectively. All three dehydropolymerisations show
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>90% conversion of the amine-borane substrate by "B NMR integrals (Table 3). The
selectivity for the respective polyaminoboranes decreases with increasing N-alkyl
substituent size from 97.7% with Me to 78.3% with "Pr, corresponding to an increase
in B(OH)3, HB(NH"Pr)2 and other unidentified B-containing side products, as observed
by "B NMR (Table 3). The observation of Me, Et and "Pr polyaminoboranes is
supported by GPC measurement that show strong polymer peaks for the solid material

precipitated with pentane from all three dehydropolymerisations (Figure 61).

This represents the first reported catalytic dehydropolymerisations of HsB-NH2Et and
HsB-NH2"Pr to form polyaminoboranes (H2BNH"Pr), and (H2BNHEt).. The successful
catalytic synthesis of this polymer with precatalyst 2 and evidence for the formation of
BHs poisoned catalyst species 4 suggests that the limitation to synthesizing a wider
range of N-substituted polyaminoboranes is related to BHs release, rather than that
repulsive steric interactions between bulkier amine-boranes and catalysts inhibit
dehydrogenation as previously suggested in the literature. 2 13 Also notable is that the
(H2BNH"Pr)» GPC polymer peak exhibits a bimodal distribution (Figure 61). A possible
explanation for this is that although complex 4 appears to be incapable of
dehydrogenating amine-boranes, the hydrides present of the species may be capable
of initiating head-to-tail polymerisation of aminoboranes. This would explain why a
bimodal distribution is not seen from the dehydroplymerisation of HsB-NH2Et with
precatalyst 2, where significantly less complex 4 is formed (Table 3, Figure 61). A
method of testing this hypothesis would be to add complex 4 to the
dehydropolymerisation of HsB-NH2Me with precatalyst 2 and analyze the produced
(H2BNHMe)n by GPC to see if the expected bimodal distribution is produced.

The dispersity values of the (H2BNHEt)» and (H2BNH"Pr)» formed with catalyst 2 (both
1.5) are significantly narrower than those synthesised by stoichiometric BH2 transfer
methods reported in the literature (2.6 and 2.1 respectively) representing a more
controlled polymerisation. 2®> The M, of the polymer obtained varies from 33,500 g mol~
for (H2BNHMe)n, 62,400 g mol~" for (H2BNHEt)» and 51,200 g mol~' for (H2BNH"Pr),
(Table 3). Dividing these values by the respective repeat unit molecular weights for
these polymers gives comparable degrees of polymerisation: 781, 1096 and 722
repeat units for (H2BNHMe)n, (H2BNHEt)» and (H2BNH"Pr)» respectively.
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Figure 61. Overlaid normalised GPC traces of the polymers: poly(N-
methylaminoborane), poly(N-ethylaminoborane) and poly(N-propylaminoborane) from
the dehydropolymerisation of H3B-NH2Me, H3B-NH2Et and H3B-NH2"Pr, (5 mol dm=3in
0.5 cm?3 of THF) by precatalyst 2 (1 mol%, 0.05 mol dm=3) initially under air.
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Figure 62. Top: The head-to-tail chain propagation aminoborane mechanism with
complex 3 as an initiator proposed by Weller et. al. '’ Bottom: The proposed head-to-
tail polymerisation of aminoboranes initiated by complex 4.
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2.1.8 The variation of reaction conditions to reduce catalyst

poisoning in dehydropolymerisations with 2

To further improve dehydropolymerisations of N-ethyl and N-propyl amine-boranes the
effect of various rection conditions on the relative conversion of precatalyst 2 to
poisoned catalyst species 4 was investigated. The aim is to reduce the BH3 poisoning
of the active catalyst species 3 so that lower catalyst loadings than 1 mol% can be
used to depolymerise these amine-boranes (H3B-NH2Me can be dehydropolymerised
at 0.01 mol% of precatalyst 2). ' These trial dehydropolymerisations were performed
on H3B-NH2Me or H3B-NH2Et at 1 mol dm= concentration with 0.5 mol% catalyst
loading of precatalyst 2. These conditions were chosen so that the conversion of the
catalyst to poisoned species 4 was significant enough to be measured by 3'P{'"H} NMR
integrals, but incomplete so that relative conversions can be compared (less than

100% complex 4 at the end of catalysis).

2.1.8.1 The effect of solvent choice on the substrate conversion and
catalyst poisoning for dehydropolymerisations of N-methyl and N-

ethyl amine-boranes with precatalyst 2

The dehydropolymerisation of H3B-NH2Me (1 mol dm~3) with precatalyst 2 (0.5 mol%,
0.005 mol dm=3)was performed in the following solvents: THF, 1,2-difluorobenzene and
toluene. This was done to determine whether there was an effect on conversion to the
deactivated species 4 (Figure 63). Toluene and 1,2-difluorobenzene (1,2-DFB) were
chosen for this comparison as they are non-coordinating and have been used as
amine-borane catalytic dehydropolymerisation solvents in the literature. ' 40 The
maximum solubility of Hs3B-NH2Me in 1,2-DFB and toluene is low, ~ 0.2 mol dm=3, and
so catalysis was performed as a slurry with an effective concentration of 0.2 mol dm~
3. For this reason, rates of catalysis from eudiometric measurements are not compared.
Catalysis was complete in all 3 solvents in under 1000 s as observed by "B NMR
spectroscopy and eudiometric measurements. In-situ 3'P{"H} NMR spectra recorded
at the end of catalysis show varying degrees of catalyst poisoning to species 4, 47%
with 1,2-DFB, 12% in THF and <5% in toluene (Figure 64).

The decrease in formation of complex 4 in toluene when compared to THF can be
explained by the disfavouring of amine-borane B—N bond cleavage due to the lack of

a coordinating-solvent mediated mechanism that lowers the energy barrier (see Figure
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56). This is consistent for both of the proposed amine-borane BHs release mechanisms
discussed in 2.1.6, which operate via the formation of a solvent-BHs adduct (e.g.
THF-BHa). 36 38 The increase in conversion to complex 4 in 1,2-DFB when compared
to THF is more difficult to explain, one possibility is that the MeNH2 or HB(NMeH)2
formed from methyl amine-borane BHs loss is most favourable solvated in 1,2-DFB.
Irrespective of mechanism, 1,2-DFB appears to be a poor choice of solvent for amine-
borane catalytic dehydropolymerisations due to the high proportion of catalyst which

becomes poisoned by BH3 capping.

Cl
H\ K—l‘/P'Prz
N—/Rh—H
-
'Pr,
2 N
H3B'NH2Me — \B
_H2 s A
THF/toluene/1,2-DFB, n
293 K, [1M] AB, 0.5
mol% 2, argon

Figure 63. The dehydropolymerisations of N-methylamine borane (0.112 g, 1 mol
dm=3) with precatalyst 2 (0.5 mol%), varying the reaction solvent, using THF, toluene
or 1,2-DFB.
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Figure 64. The percentage conversion of precatalyst 2 to poisoned species 4 during
the dehydropolymerisation of HsB-NH2Me in solvents THF, toluene and 1,2-DFB.
Values obtained from in-situ 3'P{"H} NMR spectra integrals.

96



As toluene showed promise for reducing catalyst poisoning of precatalyst 2 to complex
4 (likely via active species 3), dehydropolymerisations of HsB-NH2Et, which appears to
be more prone to BHs loss than HzB-NH2Me, were attempted with precatalyst 2 at 0.5
mol% in toluene and THF (Figure 65). In THF the in-situ "B NMR spectrum recorded
after 1 hour shows very little conversion of the HsB-NH2Et, with integrals showing ~
5% conversion to cyclic trimer (H2BNEtH)s (Figure 66). Coordinated (in complex 4)
and uncoordinated borohydride alongside BsHs~ can also be seen suggesting
significant BH3 production. Interestingly, the total integral for these BHas-related species
is very close to that of the HB(NHEt)2 also present (0.35% and 0.37% of the total
respectively (Figure 66). This is evidence for the release of BHs primarily from the
rearrangement of aminoboranes, in this case two equivalents of H2B=NEtH forming
one equivalent of BH3 and one equivalent of HB(NHEt)2 (see 2.1.6). The presence of
BsHs~ which forms from BHs aggregation and the poor conversion of HsB-NH:zEt
indicate complete catalyst poisoning. 4! This is observed by an in-situ 3'P{'H} NMR

spectrum recorded after 1 hour that shows complex 4 as the only species present.

In toluene complete conversion of precatalyst 2 to poisoned species 4 was also
observed by in-situ 3'P{'"H} NMR spectroscopy. The in-situ "B NMR spectrum however
showed significantly higher conversion of the HsB-NH2Et substrate (66%), forming a
mixture of (H2BNHEt)n (— 6.8 ppm, br) and HsB—NHEt-BH>—NH2Et (BH3, — 18.4 ppm,
q; BH2,— 6.8 ppm, t, Figure 67). The formation of (H2BNHEt) suggests that the catalyst
persisted in solution longer in toluene than in THF, before ultimately forming 4. The
improved conversion of HsB-NH2Et by precatalyst 2 in toluene when compared to THF
is similar to the reported improvement of (H3sB-NH2CH2SiMe3s) by Fe(PNHP Pr)(CO)H:
in toluene vs THF. 12 It is likely that this iron catalyst is also forming a BH3 capped
complex, which is a known species, and this poisoning is limited in toluene. The
poisoning of this iron catalyst is reported by Gluer et al. at low catalyst loadings with
HsB-NH2Me, forming Fe(PNHPPr)(CO)(k'-BH4)H which is analogous to complex 4.3
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Figure 65. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1
mol dm=3) with precatalyst 2 (0.5 mol%), varying the reaction solvent, using THF or
toluene.
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Figure 66. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of H3B-NH2Et (0.147 g, 1 mol dm~3) by 2 (0.5 mol%)
in THF. Primarily unreacted HsB-NH2Et is seen as a quartet corresponding to the BHs,
at —18.9 ppm. The left inset shows the doublet corresponding to HB(NHEt)2. The right
inset shows BsHs~, complex 4 and BH4™ signals.

98



w0 T 0 @ =N
32§ rnoges
| m
Et
N_| NH,E
H,B-NH,Et HgB B e
HE
H Et
N"\
pB\.
H H
n
i
[
1\
[ .
[
" r \
| | |
A
o _JI"‘"._/ _/'I L_
. _ _
@ 3 =
— . = ) . & B
50 40 30 20 10 0 -10 20 -30 -40 -50
ppm

Figure 67. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of HsB-NH2Et (0.147 g, 1 mol dm=3) by precatalyst 2
(0.5 mol%) in toluene. Unreacted HsB-NHzEt is observed along with oligomer H3B—

NHEt-BH2—NH2Et and polymer (H2BNHE)n.
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2.1.8.2 The effect of added amines on the substrate conversion and
catalyst poisoning for dehydropolymerisation of N-ethyl amine-

borane with precatalyst 2

Gluer et al. also reported the use of in-situ NMe2Et as a BHs scavenging agent to
prevent catalyst poisoning and subsequently observed a 3-fold increase in maximum
turnover number of the catalyst (Fe(PN"P/Pr)(CO)Hz). ®* Dehydropolymerisations were
performed on H3B-NH2Et at 1 mol dm=2 concentration in THF with 0.5 mol% catalyst
loading of 2 and 5 equivalents to catalyst of NEts or NH2Et to evaluate their

effectiveness as BHs scavenging agents (Figure 68).

In-situ "B NMR integrals after catalysis with the presence of 5 equivalents of NH2Et
showed most promise, with 87% conversion of the HsB-NH2Et substrate, forming
primarily (H2BNHEt)n alongside small amounts of H3B-NHEt-BH>—NH2Et and
HB(NHEt)2. This is a significant improvement over when precatalyst 2 is used without
amine, where 6% conversion is observed by "B NMR spectroscopy and only
(H2BNHE)s is formed (Figure 66). This suggests that EtNH2 helps prolong the catalyst
lifetime, likely by scavenging BH3 (Figure 69). This is supported by the in-situ 3'P NMR
spectra that show remaining precatalyst 2 at the end of catalysis, with 87% conversion
to complex 4 rather than the 100% seen without NH2Et (Figure 70). In this case it is
likely that the precatalyst 2 observed at the end of catalysis was converted into the
active species 3 and then upon the completion of catalysis is converted back to the off-

cycle complex 2, rather than being unreacted throughout. "

With 5 equivalents of NEts, lower conversion (63%) of H3B-NH:zEt is observed by "B
NMR spectroscopy, however significant amounts of HiB-NHEt-BH>—NH2Et are
present which has an overlapping BHs signal with H3sB-NH2Et, meaning this conversion
value is an underestimate (Figure 69).4> 43 Large amounts of H3B-NH:Et are left
unreacted. The observed presence of H3B-NEts in the "B NMR spectrum could
suggest BH3 scavenging, however the direct displacement of BHs from H3B-NH2Et by
NEtsis also likely to occur (Figure 71).44 In-situ 3'P{'"H} NMR spectra show that despite
the highest amount of precatalyst 2 remaining after catalysis with 5 equivalents of NEts
present (54 %), significant conversion to two new unidentified species is observed
(77.0 ppm, d, 109 Hz & 73.2 ppm, dt, 106 Hz, 13 Hz, Figure 72).
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The simultaneous presence of precatalyst 2 as observed by 3'P{'H} NMR and
unreacted H3B-NH2Et by "B NMR is difficult to explain as under other conditions,
catalysis would promptly continue with the rapid conversion of 2 to the active trihydride
species 3 [Rh(PNHPPr)Hs] (Figure 71, Figure 72). It is possible that during the
activation process of precatalyst 2 where an amine-borane coordinates and is then
deprotonated transferring a hydride and forming catalyst 3, HsB-NHzEt is outcompeted
by HsB-NEts in coordinating to precatalyst 2. As HzB-NEts has no N—H protons it cannot
undergo the same base-promoted hydride transfer to form active catalyst 3 (Figure
73). Overall, NEts and NH2Et both show improvements in amine-borane conversion
when present during the dehydropolymerisation of HsB-NHz2Et with precatalyst 2,
allowing the formation of polymer (H2BNHEt).. NEts is a less suitable additive than
NHzEt, as it appears to promote the formation of multiple unknown and apparently
catalytically-inactive rhodium containing species observed by 3'P{'H} NMR

spectroscopy (Figure 72).
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Figure 68. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1
mol dm~3 in THF) with precatalyst 2 (0.5 mol%), with 5 Eq. of added NEts or NH2Et as
BHs scavengers.
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Figure 69. The percentage conversion of HaB-NH2Et to dehydrocoupled species as
measured by in-situ "B NMR spectroscopy integrals from attempted
dehydropolymerisations (0.147 g, 1 mol dm=3) by precatalyst 2 (0.5 mol%) in THF. A
comparison of BH3s scavenging additives shows highest conversion of HsB-NH2Et
when NH2Et is present.
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Figure 70. The percentage of precatalyst 2 remaining as measured by in-situ 3'P{'H}
NMR integrals after attempted dehydropolymerisations of HsB-NH2Et (0.147 g, 1 mol
dm=3) by precatalyst 2 (0.5 mol%) in THF. A comparison of BH3 scavenging additives
shows highest remaining quantity of precatalyst 2 when NEts is present.
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Figure 71. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of HaB-NH2Et (0.147 g, 1 mol dm~3) by precatalyst
2 (0.5 mol%) in THF with 5 Eq. of NEts. Unreacted H3sB-NHzEt is observed along with
oligomer HsaB—NHEt-BH2—NH:zEt, N,N, N-triethylborazine (HBNEt)s, HsB-NEts and
polymer (H2BNHEt)n. 4°
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Figure 72. In-situ 3'P{'H} NMR spectrum recorded after the attempted
dehydropolymerisation of H3B-NH2Et (0.147 g, 1 mol dm~2) by precatalyst 2 (0.5 mol%)
in THF, with 5 Eq. of NMes relative to precatalyst 2. Complexes 2 and 4 are observed
(76.1 ppm & 79.8 ppm respectively) alongside other unknown peaks at 77.0 and 73.2

ppm.
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2.1.8.3 The effect of reaction temperature on the substrate
conversion and catalyst poisoning for dehydropolymerisation of N-

ethyl amine-borane with precatalyst 2

Resendiz-Lara et al. report the attempted dehydropolymerisation of N-substituted
amine-borane H3B-NH2(CHz)4Ph with Ir(POCOPBu)H2 at 20 and —40 °C, showing that
selectivity for the polymer (H2BNH(CH2)4Ph)n is improved from 28 % at 20 °C to 45%
at —40 °C. 8 Although it is not explicitly stated, it is likely that with H3B-NH2(CHz)sPh
this catalyst system is suffering from BH3s poisoning, such as has been reported with
HsB-NH2Ph. 34 The reported increased selectivity for polyaminoborane with decreasing
temperature for dehydropolymerisation may be the effect of a reduction in BHs release
at lower temperatures. This was investigated by attempting dehydropolymerisations of
HsB-NH2Et (1 mol dm~3) with precatalyst 2 (0.5 mol%) in THF at temperatures 0, 20
and 40 °C (Figure 74).

At all three temperatures, complete catalyst poisoning was observed, with complex 4
as the only species observed by post-catalysis in situ 3'P{"H} NMR spectra after 1 hour.
At 20 and 40 °C little conversion of the H3B-NH2Et substrate was observed by in-situ
"B NMR spectroscopy (6 and 5% respectively by relative integrals, Figure 75) and the
only product formed was the cyclic trimer (H2BNHEt)s, indicative of rapid formation of
the catalytically inactive complex 4. At 0 °C significant conversion of the HaB-NH2Et
substrate was observed by in-situ "B NMR spectroscopy (82% by relative integrals,
Figure 75), with a broad peak at —6.7 ppm corresponding to polymer (H2BNHEt)n, with
a small amount of overlapping oligomer H3B—NHEt-BH>—NH2Et (Figure 76). This
suggests that catalyst poisoning to complex 4 was more gradual at 0 °C and therefore
a significant proportion of the H3B-NH2Et substrate was dehydropolymerised to form
(H2BNHELt)n before the catalyst was fully taken offline. The effect of low temperature to
decrease the formation of BHs capped complex 4 during catalysis is likely due to
disfavouring B—N bond cleavage at lower temperatures. At =10 °C, activation of
precatalyst 2 did not occur, as observed by in-situ 3'P{"H} NMR spectroscopy.
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Figure 74. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1
mol dm~3 in THF) with precatalyst 2 (0.5 mol%), performed at 0, 20 and 40 °C.
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Figure 75. The percentage conversion of HsB-NH2Et to dehydrocoupled species as
measured by in-situ "B NMR spectroscopy integrals from attempted
dehydropolymerisations (0.147 g, 1 mol dm=3) by precatalyst 2 (0.5 mol%) in THF at 0,
20 and 40 °C.
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Figure 76. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of H3B-NH2Et (0.147 g, 1 mol dm=3) by precatalyst 2
(0.5 mol%) in THF at 0 °C. Unreacted H3B-NH2Et is observed along with oligomer HsB—

NHEt-BH2—NH:Et,
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2.1.8.4 A summary of the effects of amine concentration, solvent
and reaction temperature on the substrate conversion and catalyst
poisoning for dehydropolymerisation of N-ethyl amine-borane with

precatalyst 2

In this section several reaction condition variations have been shown to positively affect
the efficacy of precatalyst 2 when used at 0.5 mol% (0.005 mol dm=3) for
dehydropolymerising N-alkyl substituted amine-borane HsB-NH2Et, by helping delay
the poisoning of the active species 3 by free BHs to catalytically inactive species 4. The
non-coordinating solvent toluene likely helps reduce BH3s formation as it does not
participate in either of the postulated BHs release mechanisms (amine-borane B—N
bond cleavage and aminoborane oligomerisation-dissociation, 2.1.6). In comparison
THF is thought to facilitate these processes by lowering energy barriers, forming the
Lewis adduct THF-BHs. 36 38 This is apparent when comparing the conversion of
H3B-NH2Et with THF vs toluene, where in toluene reaches 57% conversion with 94%
polymer selectivity and THF reaches only 6% conversion with 0% polymer selectivity
(as measured by "B NMR integrals, Figure 77). At the end of catalysis however both
show complete conversion of the catalyst to inactive species 4 by *'P{"H} NMR

spectroscopy (Figure 78).

Lowering the reaction temperature to 0 °C (when compared to 20 °C) during
dehydropolymerisations significantly increases the conversion of HsB-NHz2Et over the
course of catalysis (from 6% with 0% polymer selectivity to 82% with 92% selectivity,
Figure 77). The lower temperature likely slows the formation of borane capped species
4 (100% conversion to 4 was reached at both temperatures (Figure 78), possibly
because there is a significant energy barrier to spontaneous BHs3 loss from amine-
boranes in solution, which is less likely to be overcome if there is less thermal energy
in the system. 3¢ 38 The addition of amine NH2Et to the dehydropolymerisation of
HsB-NH2Et with precatalyst 2 also helps prevent catalyst poisoning, showing a
conversion of 87% to inactive species 4 at the end of catalysis in THF compared to
100% when performed with no added NH2Et (Figure 78). NH2Et may act as a BHs
scavenging agent, re-forming HsB-NH2Et. Understanding all of these observations is

important, as the main challenge to the dehydropolymerisation of a broader amine-
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borane substrate scope appears to minimise the aforementioned catalyst poisoning by
BHs.

100 - - 100
= 87% )
& | 82% I Q
= 75 94% 95 g
=
H ] 2
) =]
T | 57% i =
= 50 90 -
c (vy)
; z
§ 25 A 84% -85 ]
c 5
(=] —
0 80

THF 20°C  Toluene 20°C  THF0°C  THF 20°C 5 eq.
NH,Et

Figure 77. Green: The percentage conversion of HsB-NH2Et to dehydrocoupled
species as measured by in-situ "B NMR spectroscopy integrals. Purple: The
percentage selectivity for polymer (H2BNHEt), of dehydrocoupled species formed.
Both as measured by in-situ "B NMR spectroscopy integrals from attempted
dehydropolymerisations (0.147 g, 1 mol dm=3) by precatalyst 2 (0.5 mol%, 0.005 mol
dm=3). Catalysis attempted with: THF at 20 °C, Toluene at 20 °C, THF at 0 °C and THF
at 20 °C with 5 eq. (0.025 mol dm=3) of NH2Et.
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Figure 78. The percentage conversion of precatalyst 2 to inactivated species 4 as
measured by in-situ 3'P NMR spectroscopy integrals from attempted
dehydropolymerisations (0.147 g, 1 mol dm=3) by precatalyst 2 (0.5 mol%, 0.005 mol
dm-3). Catalysis attempted with: THF at 20 °C, Toluene at 20 °C, THF at 0 °C and THF
at 20 °C with 5 eq. (0.025 mol dm~3) of NH2Et.
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In an attempt to selectively produce (H2BNHEt)» from complete conversion of
HsB-NH2Et by catalytic dehydropolymerisation with precatalyst 2, all of the previously
discussed advantageous reaction conditions were applied simultaneously: using
toluene as a solvent; performing the reaction at 0 °C and adding 5 equivalents of NH2Et
relative to catalyst (Figure 79). The in-situ "B NMR spectrum recorded after the
cessation of hydrogen evolution (as measured eudiometrically) shows the complete
conversion of the HaB-NH2Et substrate, however no (H2BNHEt)n is present. The main
products that are observed are doublets corresponding to BH environments, N,N,N-
triethylborazine, (HBNEt)s (31.8 ppm), HB(NHEt)2 (27.6 ppm) and an unidentified
species (33.3 ppm, Figure 80). A possible identity for the species at 33.3 ppm is a
further dehydrogenated borazine oligomer such as 1,2-(BsNsEtsH2), the unsubstituted
derivative (NH) of which is reported to exhibit three very closely overlapped BH

doublets at ~ 32 ppm and a very broad B singlet at ~ 30 ppm. 4’

The presence of N,N,N-triethylborazine and related products suggests over-
dehydrogenation, where 2 equivalents of H2 are lost from the H3sB-NH2Et substrate.
This likely occurs sequentially, where (H2BNHEt), and (H2BNHEt)3 that are formed first,
continue to interact with the catalyst and are dehydrogenated. The in-situ *'P{"H} NMR
spectrum shows the presence of both complex 2 (46%) and complex 4 (33%) alongside
an unidentified Jrrn coupled species at 76 ppm (21%), the presence of complex 4
demonstrates that even under optimised conditions the issue BH3 poisoning is still not
entirely overcome (Figure 81). The combination of toluene as a solvent and either the
addition of NH2Et or performing catalysis at 0 °C should be further investigated to
establish whether these conditions help prevent catalyst conversion to complex 4,

whilst maintaining selectivity for polyaminoborane (H2BNHE?)n.
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Figure 79. The attempted dehydropolymerisation of N-ethylamine borane (0.147 g, 1
mol dm=3 in toluene) with precatalyst 2 (0.5 mol%, 0.005 mol dm~3), performed at 0 °C
and with 5 equivalents of NH2Et relative to catalyst present.
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Figure 80. "B NMR spectrum recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of H3B-NH2Et (0.147 g, 1 mol dm=3) by precatalyst 2
(0.5 mol%) in toluene at 0 °C with 5 Eq. of added NHz2Et. N,N,N-triethylborazine
(HBNEt)s is observed along with HB(NHEt)2 as the major products, alongside an

unidentified doublet at 33.3 ppm. 4548
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Figure 81. 3'P{"H} NMR spectrum recorded from an in-situ aliquot after one hour of
the attempted dehydropolymerisation of H3B-NH2Et (0.147 g, 1 mol dm=3) by 2 (0.5
mol%) in toluene at 0 °C with 5 Eq. of added NH2Et. Complexes 2 and 4 are observed,
with an unidentified rhodium complex present at 76.0 ppm.
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2.2 The dehydropolymerisation of amine-boranes with precatalysts
Co('Pr-PN"P)CI; (5), Co(Cy-PN"P)CI. (6) and Co(Cy-PN"P)H.CI (7)

Due to apparent limitations for dehydropolymerisation scope with the rhodium
precatalysts 1 and 2, where the active catalytic species 3 appears to be rapidly
poisoned by trace BHs in solution to form 4, the analogous cobalt complexes were
screened for their reactivity with N-propyl amine-borane. Co(Pr-PN"P)Cl2 (5) and
Co(Cy-PN"P)Cl2 (6) are reported by Boyd et al. to be competent
dehydropolymerisation precatalysts for HsB-NH2Me, capable of forming (H2BNHMe)n
selectively. 1% Unlike the rhodium PN"P precatalysts 1 and 2, the active species formed
from cobalt precatalysts 5 and 6 appear to be intolerant of air, as catalysis does not

proceed when initiated in the presence of air

Due to the paramagnetic nature of these catalysts and the subsequent difficulty
performing NMR speciation studies, the mechanism of operation is not fully
understood. It has been shown however that the N-methylated complex Co('Pr-
PNMepP)Cl> is catalytically inactive, and therefore a metal-ligand cooperative
mechanism is invoked. '° The apparent approximate first-order rate dependence in
amine-borane substrate for these catalysts compared to the pseudo zeroth-order for
precatalysts 1 and 2 suggests a different mechanism of operation. % " Like precatalyst
2, precatalysts 5 and 6 are thought to form cobalt hydride active catalytic species via

base-promoted hydride transfer from amine-boranes, facilitated by amine. 1%
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2.2.1 The attempted dehydropolymerisation of H:B-NH2"Pr with
Co('Pr-PN"P)CI. (5) & Co(Cy-PN"P)CI. (6)

Dehydropolymerisations of H3B-NH2"Pr (5 mol dm=2 in 0.5 cm® THF) were attempted
with precatalysts 5 and 6 (0.5 mol%, 0.025 mol dm-3), each activated with 2 equivalents
of NH2Me (Figure 82). These conditions are analogous to those reported for the

dehydropolymerisation of H3B-NH2Me by pretacalysts 5 and 6 by Weller et al. °

H B2
’/:/ Cl 5:R=Pr
<-p 6: R=Cy
H /”Pr
HsB-NH,"Pr - N
_H2 Hf \H
THF, 293 K, [SM] AB, n
0.5 mol% 5/6, argon
2 Eq. NH>,Me

Figure 82. The attempted dehydropolymerisations of N-propylamine borane (0.182 g,
5 mol dm~3 in THF) with precatalysts 5 or 6 (0.5 mol%), performed with 2 equivalents
of NH2Me relative to catalyst present.

By eudiometric measurement both precatalysts showed rapid catalysis after a short ~
100 s acceleratory period, followed by a slow decay in rate as part of an approximate
first-order regime. Both catalysts cease H2 evolution after approximately the same
amount of time (~ 2000 s), however with precatalyst 6 significantly more hydrogen is
released than for precatalyst 5 in this time: 0.75 and 0.35 equivalents per HsB-NH2"Pr
respectively (Figure 83). This is also reflected in the initial rates of catalysis which are
(3.1£0.09)x10* mol dm=3 s~ for precatalyst 5 and (1.2+0.01)x10~3 mol dm=3 s~ for
precatalyst 6 (Table 4). This suggests that phosphine Cy groups on 6 make the
dehydropolymerisation of HsB-NH2"Pr intrinsically faster than the 'Pr groups on 5, as
also seen with H:B-NH2Me. "0

The origin of this rate acceleration with Cy groups may be due to steric interactions
between the phosphine substituents and molecules bound to the metal centre, where
if the rate limiting step involves dissociation of the formed aminoborane or Hz, this may
be favoured by higher steric congestion local to the metal. It should be noted however

that isopropyl- and cyclohexyl- substituted phosphines have a very similar local steric
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profile, the cyclohexyl group can be viewed as a peripheral extension on an isopropyl
group, where the added bulk is distant from the phosphorous atom. 4° The relative
electronic effect of varying ligand phosphine substituents will be investigated in section
22.2.
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Figure 83. Effective H2B=NH"Pr concentration over time from eudiometric H2 evolution
measurement for the dehydropolymerisations of H3B-NH2"Pr (0.182g, 5 mol dm=2 in
0.5 cm? of THF) with precatalysts 5 and 6 (0.5 mol%), performed with 2 equivalents of
NH2Me relative to catalyst present. Precatalyst 6 shows a higher initial rate and higher
overall conversion than precatalyst 5.

k. a Amine borane Polymer Polvmer M. d
Precatalyst os conversion ? selectivity © y N Dispersity ©
(mol dm— s71) (g mol-1)
(%) (%)
3.1x104
5 (£9x10°9) 24 99 - -
1.2x10-3
6 E1x10°9) 48 95 61,100 14

Table 4. Data recorded from the dehydropolymerisations of HzB-H2"Pr, 5 mol dm=3 in
0.5 cm® of THF) using precatalysts 5 and 6 (0.5 mol%). Rates determined by
eudiometric measurement; polymer properties determined by GPC. Amine-borane
conversion and polymer selectivity determined by in-situ "B NMR spectroscopy.
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In-situ "B NMR spectra recorded after hydrogen evolution had ceased (~ 1 hour) show
incomplete conversion of the H3sB-NH2"Pr substrate to (H2BN"Pr)» for both precatalysts
5 and 6, with 24 and 48% conversion respectively, as measured by relative integrals
(Figure 84, Figure 85). In "B NMR spectra recorded post-catalysis with both
precatalysts 5 and 6 free BH4™ is also observed, alongside two broad signals possibly
corresponding to coordinated cobalt-borohydride complexes (—-43.9 and —-35.3 ppm,
Figure 84, Figure 85). Co(’Pr-PNP)(k2-BH4) which would correspond to the BHs
capping of a cobalt (1) hydride is a known compound, but the "B NMR is not reported.
The analogous cobalt (II) and cobalt (l1l) borohydrides are unknown.®® The presence
of borohydride complexes suggests that like precatalyst 2, precatalysts 5 and 6 are
susceptible to BHs3 poisoning in solution before the dehydropolymerisation of

HsB-NH2"Pr is complete.

The fact that both precatalysts 5 and 6 appear to be fully poisoned after approximately
the same time frame (~ 2000 s), despite precatalyst 6 facilitating much more rapid
dehydropolymerisation than precatalyst 5, suggest that BHs formation may be
independent of catalyst, such as in direct B-N bond cleavage of amine-boranes (see
2.1.6). Catalysis with precatalyst 6 appears to further outpace BHs formation when
compared to precatalyst 5, therefore allowing for a higher amine-borane conversion
before complete catalyst poisoning. GPC measurement of the material obtained from
the precipitation of the reaction mixture with 5 showed no polymer signal, suggesting
that oligomer of < 5000 g mol~" was formed. GPC measurement of the corresponding
material from catalysis with precatalyst 6 showed (H2BN"Pr), polymer with an M, of
61,100 g mol~"'and a dispersity of 1.4 (Table 4). This is comparable to the (H2BNH"Pr),
polymer made by precatalyst 2 (see 2.1.7).
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attempted dehydropolymerisation of HaB-NH2"Pr (0.182 g, 5 mol dm=3) by 5 (0.5
mol%) in 0.5 cm? of THF. Unreacted H3B-NH2"Pr is observed along with a small
amount of polymer (H2BNH"Pr)n. Inset shows free borohydride and two peaks

tentatively assigned as cobalt borohydride complexes.
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Figure 85. "B NMR spectrum recorded from an in-situ aliquot after one hour of the

attempted dehydropolymerisation of H3B-NH2"Pr (0.182 g, 5 mol dm=3) by 6 (0.5
mol%) in 0.5 cm?® of THF. Unreacted H3B-NH2"Pr is observed along with polymer
(H2BNH"Pr)n. Inset shows free borohydride and two peaks tentatively assigned as

cobalt borohydride complexes.
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2.2.2 The effect of phosphine substituent on PNHP ligand donating
ability and the attempted dehydropolymerisation of H:B-NH:2Me with
Rh(Cy-PN"P)H.ClI (7)

When comparing dehydropolymerisation of amine-boranes with precatalysts 5 and 6,
catalysis is significantly more rapid with the cyclohexyl substituted PN"P ligand on
precatalyst 6. To investigate how PNHP ligand phosphine substituents affect ligand o-
donating ability, the phosphine selenides of each 'Pr-PN"P, Cy-PN"P and ‘Bu-PN"P
were synthesized (see experimental 4.2.2 to 4.2.4). Analogous to the Tolman electronic
parameter, P-Se NMR coupling constant can be used to evaluate the electron o-
donating ability of a phosphine. %3 This is demonstrated numerically where Jpse is
proportional to the inverse of the donor capacity of the phosphine (Equation 1). NMR
coupling arises as a nuclear spin-spin interaction that is mediated by the electrons in
a chemical bond, specifically of the s orbitals which have the highest radial distribution
proximal to the nucleus (Fermi contact mechanism). High o-donating ability of a
phosphine relates to the lone pair that principally resides in the p orbital, and so a more
electron withdrawn, poorer donating lone pair that resides closer to the nucleus in s
orbitals exhibits a larger coupling constant when coupling to spin - "Se (8%

abundance). %3

1] 1

PSe x o donation

Equation 1. The relationship between phosphorous-selenium NMR coupling
constant and phosphine lone pair o-donation ability. 53

The donating ability of a phosphine is affected by its bonded substituents, with alkyl
groups increasing lone pair donation by inductive effects and hyperconjugation. More
donating alkyl substituents lead to a smaller phosphorous selenium coupling that can
be observed by 3'P NMR spectroscopy, where satellite signals appear around the
corresponding phosphorous peak. The diselenides of Pr-PN"P, Cy-PNHP and ‘Bu-
PNHP were synthesized and 3'P{'"H} NMR spectra recorded. The cyclohexyl derivative
was found to have the smallest "Jpse coupling constant (688 Hz) and therefore the
most strongly o-donating phosphines, the tertiary butyl and isopropyl derivatives had
similar coupling constants suggesting similar o-donating ability ("Jrse = 693 and 695
Hz respectively, Figure 86).
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Figure 86. >'P{"H} NMR spectra of Pr-PN"P, Cy-PN"P and Bu-PN"P diselenides,
highlighting the P-Se coupling constant. Recorded in DCM-d2 at 298 K.

From dehydropolymerisations with precatalysts 5 and 6 where the cyclohexyl-
substituted precatalyst 6 led to faster rates of dehydrogenation, it was hypothesized
that a stronger o-donating ligand may lead to a more electron rich cobalt hydride, which
in turn facilitates the higher rate of catalysis. With precatalyst 6, this higher rate of
catalysis appeared to outrun BHs catalyst poisoning and facilitate the
dehydropolymerisation of bulkier amine-boranes (2.2.1, Figure 83). As the cyclohexyl-
substituted phosphine was found to be the strongest o-donating, the cyclohexyl
derivative of precatalyst 2 was synthesized: Rh(Cy-PNHP)H2ClI (7). Precatalyst 7 was
synthesized via the reported route for the synthesis of precatalyst 2 but using the ligand
Cy-PNHP instead of Pr-PNHP."

Dehydropolymerisation of HsB-NH2Me by precatalysts 2 and 7 was performed as a
direct comparison of phosphine ligand substituent effects, with 1 mol dm=3 of amine-
borane in 2.5 cm3® THF and 0.5 mol% of precatalyst (Figure 87). As previously
reported, dehydropolymerisation of HzB-NH2Me with precatalyst 2 led to the selective
production of (H2BNHMe),, as observed by in-situ "B NMR spectroscopy (Figure
88)."" The dehydropolymerisation of H3B:NH2Me with precatalyst 7 started more
rapidly than that with precatalyst 2 but slowed toward completion, releasing less than

1 equivalent of H2 per amine-borane. This can be seen in the in-situ "B NMR spectrum
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where incomplete dehydropolymerisation is evident, with 20% of the HsB-NH2Me
unreacted (Figure 88). Also seen by "B NMR is a broad signal at — 35.5 ppm,
analogous to that exhibited by borohydride complex 4 (Rh('Pr-PN"P)(k'-BHs)Hz2). This
is mirrored by in-situ 3'P{'H} NMR spectra which show primarily complex 2 after
catalysis with precatalyst 2, but with precatalyst 7 show an approximately 1:1 ratio of
complex 7 and a new species at 69.7 ppm (d, 110 Hz, Figure 89). This new signal
likely corresponds to the BH3 capped species Rh(Cy-PN"P)(k'-BH4)H2 (complex Y), a
hypothesis supported by the fact that the Rh-P coupling constant is 110 Hz, the same
as in complex 4. Also supporting this idea is that a coordinated borohydride signal is
seen in the "B NMR spectrum after catalysis with precatalyst 7, that is similar to that
seen for complex 4. After catalysis with precatalyst 7, a broad signal at — 2.1 ppm is
observed in the '"H NMR spectrum (Figure 89), analogous to that for the BHas in
complex 4 (both recorded in THF). Rh(Cy-PN"P)(k'-BH4)H2 (complex Y) was not

isolated or characterised.

ci
H —|7PR, .
(_N_th_H 2:R='Pr
/ P =
7:R=C
R,H Y |H me
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0.5 mol% 2/7, argon

Figure 87. The attempted dehydropolymerisations of N-methylamine borane (0.112 g,
1 mol dm=3 in THF) with precatalysts 2 or 7 (0.5 mol%).
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Figure 88. "B NMR spectra recorded from an in-situ aliquot after one hour of the
attempted dehydropolymerisation of HsB-NH2Me (0.112 g, 1 mol dm~23) by precatalyst
7 (Cy, left) or precatalyst 2 (Pr, right) (0.5 mol%) in 2.5 cm?3 of THF. In Cy, left with 7,
significant amounts of unreacted HsB-NH:2Me are observed alongside polymer
(H2BNHMe)n and cyclic trimer (H2BNHMe)s. A broad signal at — 35.5 ppm
corresponding to coordinated BH4~ in a borohydride complex Is also seen. In (‘Pr, right)

with precatalyst 2, primarily (H2BNHMe)n is observed.
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Figure 89. 3'P{"H} NMR spectra recorded from in-situ aliquots after one hour of the
attempted dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm~3) by precatalysts
2 and 7 (0.5 mol%) THF. With precatalyst 2, primarily complex 2 and a small amount
of complex 4 are observed after catalysis. With precatalyst 7, approximately 1:1 signals
for complex 7 and the probable rhodium complex Rh(PN"PCy)(k'-BH4)H2 (complex Y)
at 69.7 ppm are observed after catalysis. The 'H NMR spectrum inset for when
precatalyst 7 is used shows the presence of coordinated BH4~,
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2.2.3 A summary of metal centre and ligand phosphine substituent
effects on the dehydropolymerisation of N-alkyl amine-boranes with
group-9 MACHO catalysts

Overall, it appears that rather than improve substrate conversion as seen with the
cobalt precatalysts 5 and 6, cyclohexyl substitution for isopropyl on the PN"P ligand of
the rhodium system does not offer the same advantages (precatalysts 2 vs 7).
Precatalyst 7 appears to be more susceptible to BH3 poisoning than precatalyst 2 as
shown by the increased conversion to the apparent corresponding borohydride
complex Rh(Cy-PN"P)(k'-BH4)H2 (complex Y). The stronger inductive effect for the Cy
substituted ligand phosphines on precatalyst 7 when compared to 'Pr substituted
phosphines on precatalyst 2, likely make the corresponding hydrides on the active
catalytic species formed from precatalyst 7 (likely Rh(Cy-PNHP)H3, analogous to
complex 3 Rh(’Pr-PNHP)H3) more nucleophilic than on the active catalytic species
formed from precatalyst 2 (3, Rh(Pr-PN"P)H3). This may increase the propensity to
attack the electrophilic BHs and accelerate catalyst poisoning in precatalyst 7

compared to precatalyst 2.

Why the opposite trend is seen with the cobalt precatalysts 5 and 6, where the Cy-
substituted precatalyst 6 appears to be more resistant to BHs than 'Pr-substituted
precatatalyst 5 and reaches a higher conversion of HsB-NH2"Pr under the same
conditions, is more difficult to explain. This is possibly related to how ligand substituent
steric interactions affect the mechanism of each catalyst, such as if the rate limiting
step is a dissociative process which may be favored by high local steric bulk. An
investigation into this would likely require kinetic measurements (i.e. Eyring analysis)
from each of the 2, 7, 5, & 6 precatalysts alongside a thorough computational
comparison to evaluate how MACHO-ligand phosphine substituents affect the

mechanism of amine-borane dehydrogenation with Rh and Co metal centres.
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Chapter 3: The dehydropolymerisation of methyl amine-borane with
group 8 H2.NCH.CH:P'Pr; catalysts
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3. The dehydropolymerisation of methyl amine-borane with group 8
H2NCH.CH:P'Pr; catalysts

The aminophosphines 'Pr.PCH2CH2NH:2 (R = 'Pr, 1Bu) were first reported as ligands for
ruthenium-based ketone hydrogenation catalysts such as Ru(’‘PrPCH2CH2NH2)2Cl2
(8), where their very low catalyst loadings (as low as 0.0001 mol%) and operation
under mild conditions (e.g. 40 °C) was noted.! Complex 8 was later used as a
precatalyst by Fagnou et al. for the rapid dehydrogenation of HsB-NH3 and H3sB-NH2Me
where up to 2 equivalents of H2 per amine-borane were released, however under the
conditions reported dehydrocoupling was unselective and did not primarily form
polyaminoboranes. 2 The suggested mechanism of operation in both of these cases
where 8 acts as a precatalyst is the same: H2 transfer to or from a ruthenium hydride
active catalyst, facilitated by an adjacent nitrogen atom in a ligand cooperative fashion

(see section 1.4) (Figure 90).2 3

H H i
H=N—B-H e
H HH, HH, I-:I H H, H,
LN by TN ST qooN
~R4-P° —— > NZRU—P ' HN—Ru—P° —— > N—Ru-P
(_P |1| Pr, -H,B=NH, (_P/I Pry i <-P Ill 'Pr, .iproH (_P/I_l| 'Pr,
iPr, 'Prz P, iPr,

Figure 90. Left: the proposed metal-ligand cooperative dehydrogenation of ammonia
borane across a ruthenium nitrogen bond in a ruthenium aminophosphine amido
hydride complex, forming an aminoborane and a ruthenium dihydride. 2 Right: the
proposed metal-ligand cooperative hydrogenation of a ketone (acetone) by an adjacent
ruthenium aminophosphine amine and hydride, forming isopropanol and a ruthenium
amido hydride. >4

Interestingly, in dehydrogenations of amine-boranes with complex 8 the first equivalent
of hydrogen was released extremely rapidly, in some cases <10 s, possibly forming
polyaminoboranes which are then further dehydrogenated. This first equivalent of H2
was released significantly faster than by MACHO-based group 9 catalysts such as 2
(Rh('Pr-PNHP)H2CI), 5 (Co(Pr-PNHP)Cl2), or 6 (Co(Cy-PNHP)Cl2) for which
dehydropolymerisations typically take ~1000 s to reach completion. 2 5 This made
complex 8 a good candidate for the dehydropolymerisation of larger N-alkyl substituted
amine-boranes, where outpacing poisoning by BH3 is key (see 2.1.6), if the selectivity

of the catalyst could be tuned to prevent over-dehydrogenation. The Bu derivative of

127



8 (Ru(‘BBu2PCH2CH2NH2)2Cl2) has been reported to unselectively dehydrocouple sec-

butylamine-borane, releasing up to 2 equivalents of Hz2, when heated above 60 °C. "

Another advantage to rapid catalysis may be the ability to form polyaminoboranes with
a higher degree of polymerisation (longer chain length). The degree of polymerisation
(DP) for a simplified chain growth mechanism (such as in anionic chain polymerisation)
is proportional to the rate of chain propagation divided by the rate of chain termination
(Equation 2).2 This may mean that for a fast dehydrogenation catalyst such as 8,
assuming that chain termination is catalyst-independent, high degrees of
polymerisation for the formed polyaminoboranes may be possible. For the catalytic
dehydropolymerisation of amine-boranes, the calculated energy barrier to the chain-
end polymerisation of aminoboranes (AG* = 7.8 kcal mol-') ® is much lower than the
typical free energy barrier to amine-borane dehydrogenation (AG* = 15 — 25 kcal mol~
1)2.5.10 "and therefore at a first approximation the rate of polymer chain propagation is
dependent on the rate of catalytic dehydrogenation in which the aminoborane

monomer is formed.

k[Prop]

DP oc————
ock [Term]

Equation 2. The relationship between the rates of chain termination and chain
propagation with the degree of polymerisation for a chain polymerisation mechanism.®

Under the conditions used by Fagnou et al. where 8 (0.5 mol%) is activated by 30
equivalents of BuOK, polyaminoborane (H2BNHMe), was formed with low selectivity
from H3B-NH2Me (mol dm=2 in THF) only when the reaction was stopped after 1
equivalent of H2 was released. However, unselectively dehydrocoupled products such
as borazines were formed if the reaction was allowed to continue, overall releasing 2
equivalents of H22 Complex 8 was evaluated as an amine-borane
dehydropolymerisation catalyst in a subsequent publication by Manners et al., where
(H2BNHMe)n was formed from HsB-NH2Me when catalysis was performed at —20 °C.
" The polymer formed was analyzed by GPC where it was found to be of low molecular
weight and relatively wide dispersity (M, = 9000 g mol, dispersity = 2.5). " It was also

reported that the active catalyst species generated by 8 seemed to attack polymer
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(H2BNHMe)n in solution at temperatures above —10 °C, likely forming trimethylborazine

(HBNMe)s, however no further details were given. '

ClH,

H2 |/N,>

N—Ru-P
/ I
<-P Cl PI'2
'Pr,

8 N + Various dehydrocoupled
H, ) \H BN products
30 Eq. 'BuOK n
THF, 0.03-0.5 mol% 8,
argon

H3B'NH2ME

Y
n
w

Figure 91. The reported dehydrocoupling of H3B-NH2Me by precatalyst 8.2
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3.1 The dehydropolymerisation of H:B-NH:Me with 8 and ‘BuOK

In an attempt to use complex 8 to synthesize polyaminoboranes selectively, the
dehydropolymerisation of H3sB-NH2Me was performed under varying conditions: 30
equivalents (the same as used by Fagnou et al. and Manners et al), 2 equivalents or
no 'BuOK were used, with 0.33 mol% of precatalyst 8 and 1 mol dm= of H3B-NH2Me
in THF solution (Figure 92).% ' For reaction of 8 with 30 equivalents of ‘BuOK prior to
addition to the amine-borane, dehydrogenation was immediate and at a rate too fast
for eudiometric measurement, resulting in some of the produced H2 escaping from the
bottom of the eudiometric apparatus before the water could be displaced. This resulted
in no recorded hydrogen evolution plot. Approximately 1 equivalent of H2 was released
in under 5 seconds, with a further 0.5 equivalents released over the course of 3
minutes. An in-situ "B NMR spectrum recorded after 5 minutes showed the presence
of a wide range of dehydrocoupled products similar to that reported by Fagnou et al.
These varied from (H2BNHMe)» short chain oligomers, linear dimer
H3sBNHMeBH2NH2Me and (HBNMe)s to borazines and HB(NHMe)2 (Figure 93).2

Reaction of 8 with only 2 equivalents of ‘BuOK before addition to the H3B-NH2Me,
resulted in no induction period and the immediate extremely rapid release of ~1
equivalent Hz. This was rapid enough for some of the produced Hzto escape from the
bottom of the eudiometric apparatus before the water could be displaced. The in-situ
"B NMR spectrum recorded after H2 evolution had ceased showed the selective
formation (>99 %) of polyaminoborane (H2BNHMe)» and compete conversion of the
HsB-NH2Me (Figure 94). This polymer was precipitated from the reaction mixture with
pentane and analyzed by GPC, which found a M, of 70,500 g mol-' and D of 1.8.

When only precatalyst 8 was used without added ‘BuOK, a long induction period of ~
4 hours was observed where no catalysis took place, after which 1 equivalent of Hz
was released in under 5 seconds. The induction period length made recording kinetic
data via producing a hydrogen evolution plot difficult. The in-situ "B NMR spectrum
recorded after H2 evolution had ceased, showed the selective formation of
polyaminoborane (H2BNHMe)n and complete conversion of the HzB-NH2Me substrate
(Figure 95). The polyaminoborane precipitated from this reaction mixture with pentane
was analyzed by GPC and found to have an M, of 50,000 g mol' and a dispersity of
1.5, comparable to the polymers produced by Rh MACHO precatalysts 1 and 2.
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Figure 92. The attempted dehydropolymerisation of H3B-NH2Me (1 mol dm=3in THF)
by precatalyst 8 (0.33 mol%) with varying ‘BuOK added: 0, 2 or 30 equivalents.
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Figure 93. In-situ "B NMR spectrum from the unselective dehydrocoupling of
H3B-NH2Me (1 mol dm=3in THF) by 8 (0.33 mol%), with 30 equivalents of BBuOK added.

A mixture of dehydrocoupled products is observed.
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Figure 94. In-situ "B NMR spectrum from the selective dehydropolymerisation of
H3sB-NH2Me (1 mol dm in THF) by 8 (0.33 mol%), with 2 equivalents of BuOK added.
Primarily polyaminoborane (H2BNHMe). is observed, very small amounts of
HB(NHMe)2 and borazine (HBNMe)s are also formed.
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Figure 95. In-situ "B NMR spectrum from the selective dehydropolymerisation of
H3B-NH2Me (1 mol dm= in THF) by 8 (0.33 mol%), with no ‘BuOK added. Only
polyaminoborane (H2BNHMe)n is observed.
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These results show for the first time that ruthenium aminophosphine complex 8 can be
effectively used for the selective dehydropolymerisation of amine-borane HsB-NH2Me.
Precatalyst 8 shows significantly higher rates of catalysis than previously reported
dehydropolymerisation precatalysts such as 1 and 2, with complete hydrogen evolution
completed in under 10 seconds compared to 1 and 2 which typically take > 1500 and
500 seconds respectively (all at 0.3 — 0.5 mol% with 1 mol dm= H3B-NH2Me in THF). 3
Kinetic data from this catalyst system will be discussed in detail later in the section 3.3.
When activated with ‘BuOK, 8 rapidly forms an active catalytic species, which when in
the presence of excess ‘BuOK (30 equivalents) appears to over-dehydrogenate amine-
boranes releasing >1 equivalent of H2. This was demonstrated by adding 8 (0.5 mol%)
and 30 equivalents of BuOK to a pre-prepared sample of polyaminoborane
(H2BNHMe)n, upon which H2 was released rapidly and the in-situ "B NMR spectrum
recorded showed an array of products similar to that when 8 and 30 equivalents of
'BuOK is added to H3B-NH2Me (see supplementary Figure S1). (H.BNHMe) is not
rapidly dehydrogenated by ‘BuOK alone. In-situ 3'P{"H} NMR spectra were recorded
for these preliminary experiments and the speciation of this catalyst system will be

discussed later (see 3.5).
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3.2 The activation of precatalyst 8 with 2 equivalents of ‘BuOK to
form P,P-trans-Ru('Pr.PCH2CH:NH) (9)

To understand the activation of 8 with ‘BuOK, an investigation into the speciation was
performed. Upon the addition of 2 equivalents of ‘BuOK to a THF solution of 8 in an
NMR tube, the solution slowly turned from a pale orange to a deep pink over the course
of 15 minutes. This pink solution was analyzed by 3'P{'H} NMR spectroscopy, where
conversion of 8 (65 ppm) to a new phosphorous-containing species at 70.5 ppm was
observed (Figure 97)." The 'H NMR spectrum showed no hydride signals in the region
of 0 to —40 ppm. This newly formed species was extremely sensitive to air, with rapid
decomposition resulting in dark green coloration of the solution and loss of 3'P{'H}
NMR signals. This reaction was scaled up to use 20 mg of 8, and the THF solvent then
removed in-vacuo. The dark pink residue was then extracted in a small amount of
pentane and cooled to —80 °C for two days to induce crystallization (see experimental
4.3.3 for further details).

The resulting extremely air sensitive pink crystals were analyzed by single crystal x-
ray crystallography and a crystal structure obtained (Figure 96). The molecular
structure showed a square-planar complex formed by the dehydro-dehalogenation of
8, where the aminophosphine ligands had rearranged from the cis-phosphine
configuration to having trans-phosphines. The crystals were well-diffracting, with an
Rint of 0.029 for the space group P-1. The Ry of 0.034 suggests excellent agreement
between the observed and calculated structure factors, validating the model. The N—
H protons, located in the electron density map, were found to lie along the Ru—N-C
plane with the sum of all angles around N1 = 360°. This suggests that the N atom is
sp?-hybridised. The Ru—N distance was also found to be significantly shorter than in 8
(1.931(2) A vs 2.174(3) A), suggesting a bond order higher than 1. ' This allowed
assignment of this species to be the bis-amido ruthenium complex P,P-trans-
Ru('Pr2PCH2CH2NH)2 (9). The isopropyl CHs carbon atoms do not make a close
approach to the ruthenium atom, with the minimum Ru---C distance being 3.7 A. This
suggests no agostic or anagostic interactions are present with the ligand isopropyl
groups, which typically show M---C distances of significantly less than 3.5 A for 4d
metals. "> No residual electron density was detected above and below the P-Ru—N
plane, ruling out the possibility of a hydride complex such as P,P-trans-
Ru(’ProPCH2CH2NH)2(H)2.13-16
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Figure 96. Molecular structure of P,P-trans-Ru(’'Pr.PCH2CH2NH)2 (9) as determined
by single crystal X-ray diffraction. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are placed in calculated positions apart from H1/H1’
that was located in the final difference map. Selected bond lengths [A] and angles [°]:
Ru(1) — N(1) 1.931(2), Ru(1) — P(1) 2.2943(6), C(1) — N(1) 1.473(3); P(1) — N(1) —
Ru(1) 82.45(7), P(11) —Ru(1) —N(1) 97.55(7), N(1) — Ru(1) — N(11) 180.0, P(1) — Ru(1)
—P(11) 180.00(3), C(1) — N(1) — Ru(1) 127.67(18).

31P{'H} and '"H NMR analysis of the bulk sample of complex 9 supported the structural
assignment. Upon dissolution in cyclohexane-di2, a single peak is observed in the
31P{"H} NMR spectrum at 74.4 ppm that corresponds to equivalent ligand phosphines.
The 'H NMR spectrum shows a broad signal at 5.95 ppm corresponding to the N-H
protons (2H), this is significantly shifted from complex 8 which has a shift of 3.65 ppm
for its NH2 protons (4H), further supporting suggestion that the ligand N atoms are sp?-
hybridised.” Only two isopropyl CH3z environments are present in the 'H NMR
spectrum, suggesting high symmetry in solution as strongly roofed doublets of doublets
at 1.37 and 1.22 ppm (both Juw=7.0 Hz, Jvp = 7.0 Hz). These signals collapse to
doublets upon phosphorous decoupling. No hydride signals were detected in the 'H
NMR spectrum (0 to — 40 ppm) (see experimental 4.3.3 for further details). The reaction
of 1 equivalent of BuOK (instead of 2 equivalents) with complex 8 results in a mixture
of 8 and 9 observed by *'P{"H} NMR spectroscopy (Figure 97). No mono-amido

intermediate is observed suggesting that it is not isolable.
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Figure 97. 3'P{'H} NMR spectrum of the NMR scale reaction between 8 and 1
equivalent of ‘BuOK, showing some unreacted 8 at 65 ppm and a new peak at 70.5
ppm corresponding to 9.
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3.2.1 The proposed electronic structure of 9

The structure of 9 is of fundamental interest due to its unusual combination of d®
electron count at the ruthenium and square-planar geometry. This combination is rare,
and even more so that the complex is low-spin (S = 0). Other known Ru d® square-
planar complexes are based on mono-amido MACHO ligands such as
Ru[N(CH=CHPBu2)2]Cl and Ru{N[Si(CH3)2CH2PBu2]2}Cl and are paramagnetic with
S = 1 (Figure 98). '35 The first example of a low-spin, square-planar d® ruthenium
complex, reported by Schneider et al., is MACHO complex Ru[N(CH2CH2PBuz2)2]ClI. It
is reported to be stabilised in the S = 0 spin state by the strong 1-donation from the

filled nitrogen pz orbital into the ruthenium non-bonding dx: orbital.

The diamagnetic nature of complex 9 was determined by '"H NMR spectroscopy where
no peak shifting or broadening was observed, which would be expected for a
paramagnetic species (S > 0). 618 To the best of my knowledge complex 9 represents
the newest example of a d°, square-planar, low spin complex, where only two are
previously reported (Ru[N(CH2CH2PBu2)2]Cl and [I{N(CH2CH2P!Bu2)2}CI][PFe]),and is

the second ever featuring a ruthenium centre (Figure 98).5 19-21

Schneider et al, 2014 Schneider et al, 2011
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Figure 98. Examples of reported square-planar d® ruthenium complexes, showing
two examples of S = 1 and the only example of S = 0: Ru[N(CH2CH2P!Buz2)2]Cl. ' 15
19 [I{N(CH2CH2PBuz2)2}CI][PFs] was also included as the only other reported low spin
square-planar d® complex. 2°
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Group theory and the molecular structure observed by single crystal x-ray
crystallography can be used to construct a simple ligand field splitting diagram for
complex 9 that helps to explain its unusual electronic properties. This can be done by
approximating Dsh symmetry for the strictly square planar complex, and by assuming
the strong o-donation from the ligand phosphines and amines to be approximately

equal.

In a g-only model for a square-planar d® complex the dxy, dy- and dx: orbitals are non-
bonding due to the lack of overlap with the ligand orbitals and are of similar relative
energies (Figure 99). The dz orbital is of a slightly higher energy and is weakly-
antibonding in combination with the ligand s orbitals. Populating this ligand field
splitting diagram with 6 d electrons and 8 electrons from ligand o-donation gives a
paramagnetic (S = 1) 14 electron complex (Figure 99).23 This results in the dz: orbital

being singly occupied, resulting in a triplet (S = 1) ground state.
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Figure 99. The ligand field splitting diagram of a square planar (Da4n) 4d transition metal
complex with a d® metal centre, considering only ligand o-donation. The resulting 14
electron complex is in a triplet state where S = 1.
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By constructing a ligand field splitting diagram that invokes 1-bonding, such as from
the amido ligands in complex 9, the effect on the relative energy levels of d-orbitals
explains the observed diamagnetism. In the case of complex 9, only one set of
populated ligand p orbitals are of the correct geometry to form 1-bonding interactions
with a d-orbital, which are the amido pz orbitals with eq symmetry (Figure 100). Strong
TT-donation into the dxz orbital such as by an amido ligand forms a bonding and an
antibonding interaction, where the antibonding interaction becomes the new LUMO. In
the newly formed orbital arrangement with strong enough 1-donors, the energy gap
between the dxz and the dz becomes larger than the spin pairing energy and so a
singlet (S = 0) ground state results (Figure 100)."° This is the apparent case for 9.
Populating this diagram with the 6 4d electrons from the Ru' centre, 6 electrons from
the ligand o-donation and 2 electrons from the ligand amido 1T-donation gives a total
electron count of 16 (Figure 100). Although 4 electrons are available in total from the
two amido p:z orbital lone pairs, only one d-orbital of appropriate symmetry and
orientation is available to donate into (dxz), meaning that a total of two electrons are

donated from the two amido ligands.
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Figure 100. The ligand field splitting diagram of a square planar (D4n) 4d transition
metal complex with a d® metal centre, with ligand o and Tr-donation. The resulting 16
electron complex is in a singlet state where S = 0.
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In complex 9, the strong Tr-interaction between amido ligand pz orbitals and the
ruthenium dxz orbital strengthens the ruthenium-nitrogen bond. This matches what is
observed in the x-ray crystal structure of complex 9, where the Ru—N bond distance
(1.931(2) A) is shorter than the single bond seen in complex 8 (2.174(3) A). The Ru—

N bond length in complex 9 is typical of Ru(ll) amido complexes (~ 1.9 A). 1922

Orbital energy and electron density isosurface DFT calculations courtesy of Prof. Stuart
Macgregor at the University of St. Andrews, optimised from the recorded single crystal
x-ray crystal structure of complex 9, show clearly the Ru—N 1r-bonding interaction in
the HOMO-5, analogous to that reported by Schneider et al. for
Ru(N{CH2CH2PtBuz2}2)Cl (Figure 101)." The corresponding antibonding interaction
between the dxz and amido pz orbitals is the LUMO.
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Anti-bonding

Bonding

Figure 101. Calculated electron density isosurface models for selected orbitals in 9,
arranged decreasing orbital energy from top to bottom. The m-bonding interaction
between the amido pz orbitals and the ruthenium dxz is seen as the HOMO-5. The
corresponding out of phase antibonding interaction is seen as the LUMO. The fifth d-
orbital dx=y> (not shown) is the LUMO+1. Courtesy of Prof. Stuart Macgregor at the
University of St. Andrews.
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3.2.2 Decomposition of 9 into RuzH(p2,k'-NHCH2CH2P'Pr2)2(p2,k’-
NCH2CH2P'Pr;)(k?-Pr.PCH.CH2NH2) (10)

Complex 9 undergoes facile dimerisation in solution in CsD12 over the timescale of a
few hours, turning from pink to a brown colouration. Alkane CeD12 was chosen as the
NMR solvent to rule out solvent-induced decomposition of the very reactive complex 9
and to prevent obscuring of the aliphatic region in the '"H NMR spectrum. The 3'P{'H}
NMR spectrum of this brown solution shows the presence of 4 separate phosphorous
environments of approximately equal intensity integrals (60.3, 68.3, 75.1 and 77.6
ppm, all multiplets, Figure 102). The 'H NMR spectrum of this solution shows the
presence of a metal-hydride signal at —11.56 ppm that exhibits a complex splitting
pattern; the "H{3'"P} NMR spectrum of this signal shows a sharp singlet suggesting
coupling to multiple inequivalent phosphorous environments (Figure 103). The hydride
splitting pattern was simulated and found to be an overlapped dddd, resulting from
coupling to all four inequivalent phosphorous environments with constants Jup = 12,
15, 36 & 61 Hz. The coupling to all 4 phosphorous environment was confirmed by "H-
3P HMBC NMR spectra. These 'H and 3'P{"H} NMR spectrum signals all belong to a

single new species, complex 10.
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Figure 102. 3'P{'H} NMR spectrum of a sample of 9 left in solution for 12 hours,
showing 4 phosphorous environments corresponding to 10. Recorded in CsD12 at 298
K.
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Figure 103. Top: '"H{3'"P} NMR spectrum of the ruthenium hydride in 10, showing a
sharp singlet. Bottom: 'H NMR spectrum of the ruthenium hydride in 10, showing a
complex splitting pattern corresponding to coupling to 4 inequivalent phosphorous
environments.
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To identify the product formed, 9 was left as a concentrated pentane solution overnight,
before cooling to —80 °C to grow crystals (see 4.3.4 for details). The resulting brown
crystals were analyzed by single crystal x-ray diffraction and a crystal structure was
obtained (Figure 104). This allowed assignment of this species to be the dimeric
ruthenium complex Ru2H(p2,k'-NHCH2CH2PPr2)2(j2,k'-NCH2CH2PPr2) (k-
ProPCH2CH2NH2)  (10) which  exhibits two ruthenium atoms bridged by 3
aminophosphine ligand derived nitrogen atoms. The Ru---Ru distance is 3.004 A,
longer than would be expected for a ruthenium—ruthenium bond (2.6 — 2.8 A). 2325 A
hydride is present on one of the ruthenium atoms, transferred from the 3 carbon at the
nitrogen end of one of the aminophosphine ligands (Figure 104). The crystals were
well-diffracting with an Rint of 0.0435 for the space group P-1, and an R1 of 0.0290
that suggests good agreement between the model and observed diffraction data. The
full characterisation details for 10, including 2D-NMR and mass spectrometry are

reported in the experimental 4.3.4.

VN

@
N4 @

Figure 104. Molecular structure of 10 as determined by single crystal X-ray diffraction.
Displacement ellipsoids are shown at the 50% probability level. N-H, Ru-H (H 100)
and H32a were located in the difference map and freely refined. All other hydrogen
atoms are placed in calculated positions. Selected bond lengths [A] and angles [°]:
N(1) — C(32) 1.263(3), Ru(1) — N(2) 2.059(2), Ru(2) — N(2) 2.159(2), Ru(1) — N(3)
2.159(2), Ru(2) — N(3) 2.178(2), Ru(2) — N(4) 2.178(2), Ru(1) — N(1) 2.059(2), Ru(1)
-+ Ru(2) 3.004, C(31) — C(32) — N(4) 120.0(2).
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Schneider et al. reported the decomposition of Ru(N{CH2CH2PBuz}2)ClI (analogous to
9) via the beta-hydride elimination from the ligand backbone adjacent to the nitrogen
atom to form a secondary aldimine and a ruthenium hydride (Figure 105)."° It is likely
that 9 also undergoes beta-hydride elimination to form an intermediate monomeric
ruthenium hydride which subsequently reacts with a second equivalent of 9 forming
the diruthenium species 10 (Figure 105). Complex 10 is not catalytically active for the
dehydropolymerisation of methyl amine-borane despite featuring an adjacent ligand
N—-H and Ru—H (N3—H and Ru1-H100), this may be due to significant steric hinderance
to the approach of methyl amine-borane caused by the surrounding 'Pr groups and

ligand backbones.
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Figure 105. A: the reported decomposition by beta-hydride elimination of the d®
ruthenium square-planar of Ru(N{CH2CH2PBuz2}2)CI. '° B: the proposed beta-hydride
elimination and subsequent dimerization of 9 to form diruthenium species 10 with a
ruthenium hydride and coordinated aldimine ligand.
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3.3 Kinetic analysis of the dehydropolymerisation of H;B-NH:Me
with 8 and ‘BuOK

As the dehydropolymerisation of H3sB-NH2Me with complex 8 at 0.33 mol% with 2
equivalents of BBuOK was extremely rapid (1 equivalent of H2 was released in under 5
seconds) and showed no induction period, catalysis at lower catalyst loadings was
attempted in order to record eudiometric hydrogen evolution data as well as establish
a lower limit to catalyst loading. Recording eudiometric hydrogen evolution data plots
allows for the kinetic analysis of the dehydrogenation step in dehydropolymerisations
with complex 8, which helps to provide the evidence necessary to propose a catalytic
mechanism. With 30 equivalents of BuOK, Fagnou et al. reported the activity of
complex 8 with H3B-NH3 at 0.03 mol%.?

Dehydropolymerisations of H3B-NH2Me (1 mol dm= in THF) were attempted with
complex 8 (0.01, 0.02, 0.03, 0.04 & 0.05 mol%), which was reacted with 2 equivalents
of IBuOK to form complex 9 before addition to catalysis (Figure 106). The instability of
9 precludes the use of catalyst stock solutions. With 0.02 — 0.05 mol% catalyst loading
of complex 8, 1 equivalent of H2 was released as measured eudiometrically. This is
concordant with in-situ "B NMR spectra recorded after catalysis which showed
complete conversion of H3B-NH2Me to polymer (H2BNHMe)n. Hydrogen evolution
plotted over time showed lengthy induction periods (800 — 2000 s), that decreased with
increasing catalyst loading, followed by a short period of rapid Hz release (Figure 107).
This is in contrast to when 0.33 mol% of 8 with 2 equivalents of ‘BuOK was used, for
which no induction period was observed.
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Figure 106. The dehydropolymerisation of H3B:NH2Me (1 mol dm= in THF) by
precatalyst 8 with varying catalyst loading (0.01 — 0.05 mol%). 2 equivalents of ‘BuOK
were added to activate the precatalyst.
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Figure 107. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HzB-NH2Me (0.112 g, 1 mol
dm=3in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of ‘BuOK to catalyst. Induction
period is observed to decrease and rate of reaction increase as the amount of catalyst
used is increased.

At 0.01 mol%, catalysis does not initiate, no H2 is released and no conversion of the
H3B-NH2Me substrate is observed by "B NMR. The "B NMR spectrum of the sample
remained unchanged after 24 hours, showing no evidence of slow
dehydropolymerisation. This suggests the presence of a catalyst poison present at
very low concentrations which completely deactivates the active catalyst species when
less than 0.02 mol% (0.0002 mol dm-3) of 8 is added (discussed further in section
3.5.3). In-situ 3'P{"H} NMR spectra recorded after catalysis with 0.05 mol% of 8 show
the complete conversion of 8 (65 ppm) to a new species with a signal at 89 ppm (Figure
108). No corresponding hydride signals are observed by in-situ "H NMR. In-situ 3'P{'H}
NMR spectra recorded on catalysis with below 0.05 mol% 8 show no phosphorous

signals as the concentration is too low.
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Figure 108. In-situ 3'P{"H} NMR spectrum recorded after catalytic
dehydropolymerisation of Hs3B-NH2Me (1 mol dm=in THF) by precatalyst 8 (0.05 mol%)
and 2 equivalents to catalyst of BuOK. Precatalyst 8 is not observed (singlet, 65 ppm)
and a new species is present, singlet, 89 ppm.

The formed polyaminoborane (H2BNHMe)n was precipitated from these catalysis runs
with an excess of pentane and then analyzed by GPC. The M, of these polymers is
significantly higher than the reactions run at 0.33 mol% catalyst loading but show no
clear trend with changes in catalyst concentration (M, = 89,700 — 141,600 g mol-’,
Table 5). The M, is approximately constant at ~ 200,000 g mol-! except for the lowest
catalyst loading 0.02 mol% for which the polymer is shorter (My = 136,900 g mol).
The exact reason for this variation in My is unclear, however it is likely related to the

catalyst poisoning that prevents catalytic activity when using 0.01 mol% of 8.

HgB'NMeHZ
Catalyst [Ruliotal M, M,
Catalyst concentration b
mol% (mol dm=3) (g mol-") (g mol-1)

(mol dm-3)
8 + 2 BuOK 1 0.05 0.0005 117,200 200,700 1.71
8 + 2 BuOK 1 0.04 0.0004 141,600 202,600 1.43
8 + 2 BuOK 1 0.03 0.0003 131,700 201,400 1.48
8 + 2 BuOK 1 0.02 0.0002 87,900 136,900 1.56

Table 5. Polymer data obtained by GPC analysis of the (H2BNHMe)n formed by the
catalytic dehydropolymerisation of H3B-NH2Me (1 mol dm=2 in THF) by 8 (0.02 — 0.05
mol%) with 2 equivalents to catalyst of ‘BuOK.

148



3.3.1 Determination of the order in catalyst and substrate for the

dehydropolymerisation of amine-boranes with in-situ generated 9

Hydrogen evolution plots recorded when using 8 activated with two equivalents of
'BuOK to catalyst (generating 9 in-situ) for the dehydropolymerisation of HsB-NH2Me
show an induction period followed by an initially rapid and constant rate of catalysis,
and the rate of hydrogen evolution then decreases over the course of the reaction. This
is best exemplified in the 0.03 mol% catalysis trace in Figure 107. This either suggests
a positive order in HzB-NH2Me substrate for catalysis with this system, where the rate
decreases as H3B-NH2Me concentration decreases, or that the catalyst speciation is
changing over the course of the reaction. Previously discussed precatalysts 5 and 6
(Co(Pr-PNHP)CI2 and Co(Cy-PN"P)Cl2) show a first order dependance on amine-
borane concentration, whereas precatalysts 1 and 2 ([Rh(Pr-PNHP)(NBD)]CI and
Rh('Pr-PN"P)H2CI) show pseudo zero-order in amine-borane. % & When the substrate
in a reaction exhibits first-order reaction kinetics, plotting the natural logarithm of the
substrate concentration over time gives a straight line with gradient — kt, where k is the
reaction rate constant. This can be derived by integrating the first order rate law

(Equation 3).

Taking the eudiometric hydrogen evolution data from the dehydropolymerisation of
H3B-NH2Me with 8 plus 2 equivalents of BuOK (0.02 — 0.05 mol%) and plotting the
data as a function of the natural logarithm of HsB-NHz2Me concentration over time gives
the decay profiles shown in Figure 109. H3sB-NH2Me concentration can be inferred, as
H2 production is in theory a 1:1 process with HsB-NH2Me dehydrogenation. The profiles
start at a normalized time = 0, and as initial H3B-NH2Me concentration is 1 mol dm3,
at In[HsB-NH2Me] = 0. These decay profiles do not show the linearity expected for a
first order dependence of HsB-NH2Me on catalytic rate. Most notably, the lowest
catalyst loading plot in Figure 109 (0.02 mol%) exhibits a deceleratory curvature over
the course of the reaction. This is significantly less deceleration than would be
expected for a higher order in substrate (e.g. [H3B-NH2Me]?). This method of
determining order in substrate assumes that the components of the rate law such as
catalyst active species remain at steady state concentration, which may not be the

case.
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One interpretation that could explain the observed rate data is that of saturation
kinetics. The substrate HsB-NH2Me may form an adduct with the active catalyst species
in a pre-equilibrium prior to the rate-limiting step. If this equilibrium lies in favor of
adduct formation, the HsB-NH2Me substrate appears pseudo zero-order at high
concentration relative to the catalyst concentration. As dehydropolymerisation
progresses and H3B-NH2Me concentration drops significantly, the pseudo zero-order
regime may then end due to reduced catalyst adduct formation, therefore resulting in
a decrease in rate (and dependance on [H3B-NH2Me]). Such a scenario has been
previously reported by Weller et al. for the Rh MACHO catalyst system 3 (Rh(PNHP-
iPr)Hs) where the formation of an outer-sphere dihydrogen bonded adduct Rh(PNHP-
iPr)Hs-H3sB-NH2Me results in a pseudo zero-order rate dependence on HsB-NH2Me

concentration. ®

In[A] = —kt + In[A],

Equation 3. The first-order rate law for a reaction and its integrated form that can be
plotted in the form y = mx + ¢ to give a straight line. [A] is the concentration of substrate
at any given time (t), [A]o is the initial substrate concentration.
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Figure 109. Plots of In[HsB-NH2Me] against time where all plots are time normalized
so that catalysis starts at t = 0. Original data from eudiometric H2 evolution
measurement for the dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm=2 in
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THF) by 8 (0.02-0.05 mol%) with 2 equivalents of ‘BuOK to catalyst, generating 9 in-
situ.

The eudiometric hydrogen evolution data from catalysis runs with varying catalyst
concentration can also be used to determine the order in catalyst. Initial rates of
reaction can be measured for each catalyst loading (0.02 — 0.05 mol%) and assuming
that all other rate law components are the same between catalysis runs, the effect of
catalyst concentration on rate can be found. The initial rates of these catalyst runs were
measured by mathematically modelling the hydrogen evolution plot curves (moles of
H2 released against time) and differentiating the approximated functions at time = 0 s.
These initial rates were then plotted against catalyst concentration (Figure 110). These
initial rates however do not show a linear correlation with catalyst concentration (initial
concentration of in-situ formed 9, [cat]) and show a non-zero intercept. One
explanation for this is that a low concentration of inhibitor present ([inhb]) is reducing

the true catalyst concentration by irreversible poisoning. 26

The experimental evidence that catalysis did not proceed at 0.01 mol% (0.0001 mol
dm=3) of 9 but was rapid at 0.02 mol% (0.0002 mol dm~3) provided upper and lower
limits to the concentration of the catalyst inhibitor. By plotting the measured initial rates
of catalysis against [cat]-[inhb] and varying [inhb] between 0.0001 and 0.0002 mol dm~
3, a linear correlation with an intercept close to (0, 0) was found when [inhb] = 0.00016

mol dm~3 (0.016 mol% equivalent) (Figure 110).

To provide evidence of the proposed inhibitor concentration of 0.00016 mol dm=3
present during catalysis, a dehydropolymerisation of HsB-NH2Me was attempted with
8 + 2 equivalents of BUOK (generating 9) at 0.016 mol% (0.00016 mol dm=3). The
hydrogen evolution plot generated by eudiometric measurement shows that with 0.016
mol% (0.00016 mol dm~3) of precatalyst 9, catalysis immediately halts after initiation
suggesting that this catalyst concentration is close to the inhibitor concentration
(~0.00016 mol dm~3) and provides further evidence for the presence of an inhibitor
(Figure 111). The dehydropolymerisation of H3B-NH2Me with 8 + 2 equivalents of
‘BuOK (generating 9) at 0.015 mol% (0.00015 mol dm~23) was also attempted, for which
no initiation of catalysis was observed after 3 hours. The possible identity of the
proposed inhibitor will be discussed later (see 3.5.3). Overall, the linear correlation
between initial rate [cat]-[inhb] suggests a first-order dependence on catalyst

concentration. This means that the rate limiting step in the mechanism for amine-
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borane dehydropolymerisation with 9 likely involves the reaction of an active catalyst

species that is derived from 9.
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Figure 110. Left: a plot of initial rates of hydrogen evolution measured eudiometrically
against catalyst concentration [cat] for the dehydropolymerisation of HsB-NH2Me
(0.112 g, 1 mol dm=3 in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of ‘BuOK to
catalyst, generating 9 in-situ. Right: the same catalysis initial rate data plotted against
an adjusted catalyst concentration [cat]-[inhb], where [inhb] is the concentration of a
proposed catalyst inhibitor/poison assumed to be 0.00016 mol dm=3. The initial rates
of these catalyst runs were measured by mathematically modelling the hydrogen
evolution plot curves and differentiating the approximated functions attime =0 s
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Figure 111. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HzB-NH2Me (0.112 g, 1 mol
dm=3 in THF) by 8 (0.02 and 0.016 mol%) with 2 equivalents of ‘BuOK to catalyst.
Catalysis initiates and reaches completion for 0.02 mol% but halts immediately after
initiation with 0.016 mol%.
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An attempt was also made to evaluate the order in catalyst concentration for
HsB-NH2Me dehydropolymerisation with 9 utilising variable time normalisation analysis
(VTNA) to provide a qualitative assessment. 2’ The amount of H2 released was plotted
against t[cat]” where t is time, [cat] is catalyst concentration and n is the order in
catalyst. The value of n was varied to find a value for which the plots at different catalyst
concentrations overlapped, thus qualitatively finding the order in catalyst for the rate
law. Applying this to the dehydropolymerisations of HzB-NH2Me with 9 (made from 8 +
2 equivalents of BuOK) at catalyst loadings 0.02 — 0.05 mol% showed initially a best
overlap for [cat]? (Figure 112).

When considering the proposed catalyst inhibitor concentration discussed vide supra
by subtracting its proposed concentration (0.00016 mol dm=3) from the catalyst
concentration, [cat]' exhibits the closest overlap of the plotted data (Figure 112). The
overlap for [cat]! is however a poor fit, especially toward the end of the catalysis run
hydrogen evolution plots. This can be explained by the same mechanism which causes
an initial pseudo zeroth-order rate dependence on the concentration of HsB-NH2Me:
saturation kinetics where the catalyst forms an adduct with HzB-NH2Me in a pre-
equilibrium prior to the rate limiting step. This would cause a shift in the concentration
of the active catalyst resting state (HsB-NH2Me bound adduct) as the reaction
progresses and HsB-NH2Me concentration decreases, meaning that VTNA may be

unsuitable to assess order in catalyst for this system
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Figure 112. Left: VTNA plot showing mmol of H2 released against t[cat]? for the
dehydropolymerisation of H3sB-NH2Me (0.112 g, 1 mol dm=3 in THF) by 8 (0.02-0.05
mol%) with 2 equivalents of BuOK to catalyst, generating 9. Right: VTNA plot showing
moles of H2 released against t[cat-inhb] for the dehydropolymerisation of HsB-NH2Me
(0.112 g, 1 mol dm=2 in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of BuOK to
catalyst, generating 9. [inhb] is approximated to be 0.00016 mol dm~ based on low
catalyst loading experiments.
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3.4 The dehydropolymerisation of H:B-NH:Me with 8 and NH:2Me

In solution complex 9 exhibits high reactivity and long-term instability, with
spontaneous decomposition via beta-hydride elimination and dimerization to the
catalytically inactive 10 (see section 3.2.2), which is visible by 'H NMR spectroscopy
at low concentration almost immediately after the preparation of 9. This means that
using ‘BuOK to activate amine-borane dehydropolymerisation precatalyst 8 is
inconvenient. Catalyst stock solutions are needed to produce the accurate
concentrations used to investigate the order in catalyst on the rate of
dehydropolymerisation. As the instability of complex 9 precludes the use of stock
solutions, specific concentrations of 9 must be produced by the reaction of 8 and BuOK
immediately prior to catalysis each time hydrogen evolution data (catalytic rate) is to
be measured. This method of catalyst preparation introduces an intrinsic error in

catalyst concentration, exacerbated by the low catalyst concentrations used.

To circumvent this issue and facilitate a more accurate measurement of the relationship
between catalytic rate and catalyst concentration, activation of 8 via other methods
was sought. The activation of dehydropolymerisation precatalysts via base-promoted
hydride transfer to form a metal-hydride is reported in the literature, where primary
amines are commonly used as/act as the base. % 8 28 This occurs via deprotonation by
the amine of a metal amine-borane complex (see introduction 1.3.2), which can be

stable or transient species. Such is the case for precatalysts 5 and 6.

Dehydropolymerisations of H3B-NH2Me (0.112 g, 1 mol dm=2 in THF) were attempted
with 8 (0.033 mol% catalyst loading) and various amounts of added NH2Me (as a 2 mol
dm~3 solution in THF, 3, 15, 30 & 75 equivalents to catalyst, corresponding to 0.001,
0.005, 0.01 and 0.025 mol dm3, Figure 113).
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Figure 113. The dehydropolymerisation of H3B-NHz2Me (0.112 g, 1 mol dm=2in 2.5 cm?3
THF) by precatalyst 8 with varying amounts NH2Me of added to activate the precatalyst
(3 — 75 equivalents).

Eudiometric hydrogen evolution data was measured and plotted for the H3B-NH2Me
dehydropolymerisation with 8 when amine concentration was varied to allow for kinetic
analysis (Figure 114). With increasing NH2Me concentration the induction period is
shown to significantly decrease, from ~1600 s with 3 equivalents to ~200 s with 75
equivalents. High rates of catalysis are observed when 30 and 75 equivalents of
NH2Me are used meaning that the hydrogen evolution plot data density is low,
precluding the comparison of initial rates of reaction, however the Hz evolution profiles
show that the rate of catalysis is significantly accelerated with increasing amine
concentration (Figure 114). Comparing the initial rates of catalysis for 8 (0.03 mol%)
+ 2 equivalents of ‘BUOK and 8 (0.033 mol%) + 15 equivalents of NH2Me, 0.03 and
0.24 mol dm=3 s~" respectively, it is clear that the presence of an amine such as NH2Me

has a profound acceleratory effect on amine-borane dehydrogenation.

Measuring over the initial linear pseudo zero-order region, the turnover frequency of
catalysis when using ‘BuOK and 8 (0.03 mol%) is 121 s~!, whereas with 8 (0.033 mol%)
+ 15 equivalents of NH2Me TOF = 660 s~"'. This represents the highest TOF thus far
reported for a dehydropolymerisation catalyst. 2% 30 |t should be noted that due to the
fact that the catalyst concentrations are not equal for these reactions they are not
wholly comparable, however the increased rate of reaction when 15 equivalents of
NH2Me are used to activate 8 cannot be solely accounted for by the increased catalyst
concentration (0.0003 to 0.00033 mol dm~3). The turnover frequency measured for the
dehydropolymerisation of HsB-NH2Me with 8 (0.04 mol%, 0.0004 mol dm=3 in THF) + 2

equivalents of BuOK was measured at 119 s~ over the pseudo zero-order region.36-38
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Figure 114. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of H3B-NHz2Me (0.112 g, 1 mol
dm=3in 2.5 cm3 THF) by precatalyst 8 (0.033 mol%) with varying amounts NH2Me of
added to activate the precatalyst (3 — 75 equivalents). Rate is seen to increase, and
induction period decrease with increasing amine concentration.

A possible explanation for the acceleratory effect of NH2Me on the
dehydropolymerisation of HsB-NH2Me with 8 is that amines such as NH2Me may act
as co-catalysts for amine-borane dehydropolymerisation, alongside being precatalyst
activators. It has been reported that water and alcohols are capable of templating the
heterolysis of H2 across a ruthenium-amido bond by forming a hydrogen bonded
adduct with the catalyst, this lowers the free energy barrier to Hz activation by as much
as 8 kcal mol'. 3133 A similar mechanism may occur here, where additional amine may
facilitate the dehydrogenation of amine-boranes, decreasing the barrier to reaction and
therefore increasing the rate of catalysis (Figure 115). It is unlikely that this process is
a trimolecular reaction, but rather NH2Me and the active catalyst species form a
hydrogen bonded adduct, which then reacts with H3B-NHz2Me. To test this mechanism
the effect of tertiary amines on the rate of reaction should be investigated, as tertiary
amines should not be able to facilitate the proton shuttling suggested in Figure 115
and therefore not significantly affect rate. No reaction was observed between complex
8 and NHz2Me in the absence of an amine-borane, and complex 9 is unlikely to be an

intermediate in precatalyst activation with NH2Me.
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Another possibility could be that NH2Me may facilitate the loss of H2 from an adjacent
ligand N—H and Ru—H across the ruthenium nitrogen bond by acting as a proton
shuttle, thereby a ruthenium amido bond that can go on to dehydrogenate an amine-
borane. This is effectively the microscopic reverse of templating H2 heterolysis by water
and alcohols that has been previously reported (Figure 115). This would imply that the

rate limiting step in amine-borane dehydrogenation with 8 involves H2 loss from the

catalyst.
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Figure 115. A: The reported lower activation barrier for H2 across the ruthenium—
nitrogen bond of Ru(Pr-PNP)(PMes)H when mediated by a water adduct, figure
adapted from literature reference. 3' B: the proposed amine-mediated amine-borane
dehydrogenation/catalyst dehydrogenation, involving ruthenium amido species related
to the active catalyst proposed by Fagnou et al. 2
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With increasing NH2Me concentration polyaminoborane M, was recorded to increase,
from 108,000 g mol-" with 3 equivalents to 153,900 g mol-' with 30 equivalents (relative
to catalyst, Table 6). It is possible that this represents the sequestration of a
polyaminoborane chain termination agent such as free BHs from solution by NH2Me.
Another possibility is that the increased rate of catalysis when NHzMe is present, which
leads to an increased rate of aminoborane production, outpaces the rate of

polyaminoborane chain termination and leads to a higher degree of polymerisation.

H;B-NMeH, Catalyst MeNH,
Catalyst M, M,
Catalyst | concentration concentration | concentration b
mol% (mol dm-3) | (mol dm-3)
(mol dm-3) (mol dm-3) (mol dm-3)
8 1 0.033 0.00033 0.025 133,300 228,600 | 1.71
8 1 0.033 0.00033 0.01 153,900 245,500 | 1.60
8 1 0.033 0.00033 0.005 126,100 191,100 | 1.52
8 1 0.033 0.00033 0.001 108,000 153,100 | 1.42

Table 6. Polymer data obtained by GPC analysis of the (H2BNHMe)n formed by the
catalytic dehydropolymerisation of HsB-NH2Me (1 mol dm=2 in THF) by 8 (0.033 mol%)
varying added NH2Me (3 — 75 equivalents, 0.001 — 0.025 mol dm™3).
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3.4.1 Kinetic analysis of the dehydropolymerisation of H;B-NH:2Me
with 8 and NH:Me

From this point on, 0.01 mol dm~3 of NH2Me with 8 (30 eq. to catalyst when at 0.033
mol% loading) was used as the standard amount of NH2Me for activating this
dehydropolymerisation catalyst. This volume of NH2Me (12.5 pL of 2 mol dm=3 in THF)
was large enough to add repeatably, while keeping the rate of catalysis low enough so

that Hz2 evolution could be measured eudiometrically.

To further understand the role that amines such as NH2Me play when present during
the dehydropolymerisation of amine-boranes by precatalyst 8, the normalised H:
evolution data recorded at varying amine concentrations was plotted as moles of H2
released against tfamine]" (VTNA), where t is time, [amine] is concentration of NH2Me
in mol dm=2 and n is order in terms of the rate law. 2’ The catalysis with 8 and 3
equivalents (0.001 mol dm~23) of NH2Me was not included due its relatively very low
rate of catalysis, possibly due to incomplete catalyst activation when only a small
excess of NH2Me is used. The best qualitative overlap of the data was when n = 1,
suggesting that the rate of catalysis has a first-order dependance on the concentration
of NH2Me (Figure 116). This value however is uncertain due to only 3 concentrations
evaluated and an imperfect VTNA overlap, likely due to the high rates of reaction

leading to lower accuracy when measuring Hz evolution eudiometrically.

A positive order (tentatively first order) in NH2Me concentration is supportive of the
amine-mediated mechanism for amine-borane dehydrogenation proposed in Figure
115, and may suggest that the turnover-limiting step for the catalytic cycle involves
either is loss of H2 from a hydrogenated catalyst species or dehydrogenation of the
amine-borane. This turnover-limiting step may have a lowered energy barrier when
amine is present leading to the increased rate with increasing NH2Me concentration.
The presence of all three components in the rate law could suggest the formation of
an adduct between amine and catalyst, before rate-limiting dehydrogenation of the

amine-borane occurs.
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Figure 116. VTNA plot showing mmol of H2 released against tfamine] for the
dehydropolymerisation of HsB-NH2Me (0.112 g, 1 mol dm=3 in THF) by 8 (0.033 mol%,
0.00033 mol dm=3) with 15, 30 and 75 equivalents to catalyst of NH2Me (0.005, 0.01
and 0.025 mol dm=3 respectively).

As precatalyst 8 is stable in solution over long periods of time and can be readily
activated at low concentration with NH2Me in the presence of amine-boranes to form
an active catalytic species, the order of catalyst for the dehydropolymerisation of
HsB-NH2Me was investigated using stock solutions of 8. Dehydropolymerisations of
H3sB-NH2Me (0.112 g, 1 mol dm=3 in THF) with 8 (0.01 — 0.033 mol%) in the presence
of 0.01 mol dm=3 of NH2Me were performed under these conditions and H2 evolution
measured eudiometrically (Figure 117). Catalyst loadings of 8 higher than 0.033 mol%
were not used due to the rate of H2 evolution exceeding that which could be measured

accurately by the eudiometric methods.
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Figure 117. The dehydropolymerisation of H3B-NHz2Me (0.112 g, 1 mol dm=2in 2.5 cm?3
THF) by precatalyst 8 (0.01 — 0.033 mol%) with 0.01 mol dm~3 of NH2Me of added to
activate the precatalyst.

As catalyst concentration was increased the induction period decreased, as was seen
with 8 + 2 equivalents of BBUOK (see 3.3). Notably, the lowest effective catalyst loading
was 0.01 mol%, slightly lower than the 0.02 mol% when 8 + 2 equivalents of ‘BuOK
was used. This is possibly due to avoiding the extremely reactive complex 9 which
could be rapidly and disproportionately poisoned by trace contaminants. This means
that the effective inhibitor concentration [inhb] is lower when 0.01 mol dm= of NH2Me
is used as an initiator when compared to 2 equivalents of BuOK, despite the true
concentration of the trace contaminant species likely being constant in all cases. The

possible identity of this trace inhibitor will be discussed in section 3.5.3.

The initial rates of catalysis were plotted against catalyst concentration for the catalytic
runs at each catalyst loading, excluding those at 0.0297 and 0.033 mol% as the high
rates and therefore sparsity of data points lead to low accuracy at t = 0. This shows a
non-linear correlation between rate and [cat] that does not pass through 0 (Figure
119). As with when 8 + 2 equivalents of BuOK was used, this can be accounted for by
assuming an inhibitor concentration [inhb] of 8.5x10~° mol dm=3. When plotting initial
rate against [cat—inhb], a direct correlation is seen suggesting a first-order dependence
of rate on true catalyst concentration (Figure 119). To confirm this proposed inhibitor
concentration, dehydropolymerisations were also performed at 0.008 and 0.009 mol%
(Figure 120). Catalysis initiates but only reaches 80% conversion for 0.009 mol% and

does not initiate for 0.008 mol%, strongly suggesting that the effective inhibitor
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concentration is between these values and matching the value of 8.5x10-° mol dm—3

determined from initial rates.

The polyaminoboranes obtained from the dehydropolymerisation of HzB-NH2Me with
8 and 0.01 mol dm~2 of NH2Me was analyzed by GPC and found to have M, values of
around 150,000 g mol~" with a dispersity of 1.5 - 1.6 for all catalyst concentrations used
(Figure 121). This is likely due to the activation of 8 with NH2Me and HsB-NH2Me to
form a ruthenium hydride species via base-promoted hydride transfer. This also
produces an equivalent of boronium [H2B(NHMe)2][CI] which is reported to act as a
chain transfer agent, and has a concentration intrinsically linked with the likely
polymerisation initiator species that is the ruthenium hydride. Changing catalyst
concentration therefore simultaneously affects the initiation and termination steps of

aminoborane polymerisation. °
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Figure 118. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of H3B-NHz2Me (0.112 g, 1 mol
dm=3in 2.5 cm3 THF) by precatalyst 8 (0.01-0.033 mol%), with 0.01 mol dm~3 of NH2Me
added to activate the precatalyst. Rate is seen to increase, and induction period
decrease with increasing catalyst concentration.
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Figure 119. Left: a plot of initial rates of hydrogen evolution measured eudiometrically
against catalyst concentration [cat] for the dehydropolymerisation of HsB-NH2Me
(0.112 g, 1 mol dm=3 in THF) by 8 (0.01-0.0264 mol%) with 0.01 mol dm~ of NH2Me.
Right: the same catalysis initial rate data plotted against an adjusted catalyst
concentration [cat]-[inhb], where [inhb] is the concentration of a proposed catalyst
inhibitor/poison assumed to be 8.5x10~° mol dm=3.
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Figure 120. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HsB-NH2Me (0.112 g, 1 mol
dm=3 in THF) by 8 (0.01, 0.009 and 0.008 mol%) with 0.01 mol dm=3 of NH2Me.
Catalysis initiates and reaches completion with 0.01 mol%, reaches partial
dehydrogenation with 0.009 mol% and halts immediately after initiation with 0.008
mol%.
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HsB-NH;Me Catalyst NH;Me
Catalyst M, M,,
Catalyst | concentration concentration | concentration b
mol% (mol dm=3) | (mol dm—3)

(mol dm-3) (mol dm-39) (mol dm-3)
8 1 0.0330 0.000330 0.01 153,800 241,100 | 1.57
8 1 0.0297 0.000297 0.01 151,800 224,600 | 1.48
8 1 0.0264 0.000264 0.01 154,300 240,600 | 1.56
8 1 0.0231 0.000231 0.01 159,700 246,600 | 1.54
8 1 0.0198 0.000198 0.01 171,600 207,200 | 1.53
8 1 0.0165 0.000165 0.01 149,800 229,900 | 1.54
8 1 0.0132 0.000132 0.01 147,100 235,100 | 1.60
8 1 0.0100 0.000100 0.01 152,600 242,400 | 1.59

Figure 121. Polymer data obtained by GPC analysis of the (H2BNHMe) formed by the
catalytic dehydropolymerisation of H3B-NH2Me (1 mol dm=2 in THF) by 8 (0.01 — 0.033
mol%, 0.0001 — 0.00033 mol dm=23) with 0.01 mol dm~3 of NH2Me.

The order in catalyst when NH2Me is used as an initiator was further investigated by
plotting the H2 evolution data at the varied catalyst loadings (0.01 — 0.0264 mol%) in
the VTNA format, with normalized mmol of H2 released against normalized t[cat]".
Under these conditions the concentration of the catalyst was varied whilst the
concentration of NH2Me was maintained at 0.01 mol dm=3. This plot qualitatively
showed the best overlap where n = 3, suggesting a third-order dependance on catalyst
concentration (Figure 122). However when accounting for the inhibitor concentration
of 8.5x10~° mol dm determined from initial rates and low catalyst loading experiments,
the best VTNA profile fit corresponds to n = 1 (Figure 122), suggesting a first order
dependence in catalyst concentration on rate. This is in agreement with the initial rates
measurements plotted against catalyst concentration and in agreement with the order

in catalyst found for 8 + 2 equivalents of ‘BuOK (see 3.3.1).
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Figure 122. Left: VTNA plot showing mmol of H2 released against t[cat]® for the
dehydropolymerisation of HsB-NH2Me (0.112 g, 1 mol dm=3 in THF) by 8 (0.01-0.0264
mol%) with 0.01 mol dm~3 of NH2Me. Right: VTNA plot showing moles of H: released
against t[cat-inhb] for the dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm3
in THF) by 8 (0.01-0.0264 mol%) with 0.01 mol dm~3 of NH2Me. [inhb] is approximated
to be 8.5x10~° mol dm= based on low catalyst loading experiments.
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3.5 Speciation during amine-borane dehydropolymerisation with 8

To aid in building a catalytic cycle for catalyst system 8 during the
dehydropolymerisation of HsB-NH2Me, the speciation was investigated via NMR
spectroscopy when using both ‘BuOK and NH2Me as activators. Post-catalysis this is
done by in-situ 'H and 3'P{'"H} NMR spectroscopy at 298 K. Observing speciation
during the induction period and during catalysis is more difficult due to the large
volumes of hydrogen produced and the very short (seconds) active catalysis period
during which sampling takes place. To address these issues, in-situ aliquots were taken
from dehydropolymerisations during the induction and active catalysis phases and
rapidly cooled to — 90 °C, effectively pausing catalysis whilst preserving catalyst

speciation.

3.5.1 Induction period speciation during amine-borane

dehydropolymerisation with 8

In order to be able to sample catalysis during the rapid hydrogen evolution phase whilst
using a concentration of catalyst high enough to be detectable by NMR spectroscopy,
0.0003 mol dm=3 (0.03 mol%) for 8 + 2 equivalents of BuOK and at 0.00033 mol dm~
3 (0.033 mol%) for 8 with 0.01 mol dm=3 of NH2Me were found to be the ideal middle
ground reaction conditions (Figure 123), where catalyst species NMR signals were

weak but observable.
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Figure 123. The dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm=3in 2.5 cm?3
THF) by precatalyst 8 with either 2 equivalents of BuOK (forming 9) or 0.01 mol dm3
of NH2Me to activate. NMR spectroscopy speciation study.
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In-situ 3'"P{"H} NMR spectroscopy at —90 °C of samples taken during the induction
periods of catalysis with 8 activated with either 2 equivalents of ‘BuOK or 0.01 mol dm~
3 of NH2Me show the presence of a new species, a singlet at 89 ppm (Figure 124).
The induction period aliquot was taken 500 s into the induction period for both
precatalyst activation methods and suggests rapid conversion into the same species.
This further is confirmed by in-situ '"H NMR spectra also recorded at —90 °C (512
scans), which show a signal in the hydride region at —19.6 ppm (t, Jup = 27 Hz, Figure
125). This signal collapses to a singlet upon phosphorous decoupling of the "H NMR
spectrum. This signal likely corresponds to a Ru—H that is coupled to two equivalent
phosphorous environments. The shift of this hydride is typical of that seen in octahedral
Ru(ll) complexes- with aminophosphine ligands where the hydride is trans to a weak
field ligand: e.g. CI- not H- such as in RuHCI(PPh3s)2(N(Me)2CH2CH2N(Me)2) (-18.5
ppm) . 34 35 This suggests the structure of this species, henceforth referred to as 11 is:
Ru('PrCH2CH2NH2)(H)(X) (Figure 125).
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Figure 124. In-situ 3'P{'H} NMR spectra taken during the induction period of the
dehydropolymerisation of H3B-NH2Me with 8. A: 8 activated with 0.01 mol dm=3 of
NHz2Me. B: 8 activated with 2 equivalents of ‘BuOK, forming 9 in-situ. Both show the
same speciation, a singlet at 89 ppm. B shows a small amount of unactivated 8 at ~
65 ppm. Both recorded in THF at -90 °C, 512 scans with a starting catalyst
concentration of 3.0x10~* mol dm=3.
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Figure 125. In-situ '"H NMR spectra taken during the induction period of the
dehydropolymerisation of H3B-NH2Me with 8. A: 8 activated with 0.01 mol dm= of
NH2Me. B: 8 activated with 2 equivalents of BuOK, forming 9 in-situ. Both showing the
same speciation, a triplet at — 19.6 ppm with Jup = 27 Hz corresponding to a Ru-H
(11). Both recorded in THF at — 90 °C, 512 scans with a starting catalyst concentration
of 3x10~* mol dm=3.
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3.5.2 The identity and formation of 11 during the induction period of

amine-borane dehydropolymerisation with 8

In an attempt to synthesize the species observed during the induction period of the
dehydropolymerisation of HsB-NH2Me with 8, tentatively identified as structurally
resembling Ru('Pr2PCH2CH2NH2)(H)(X) (11), stoichiometric hydrogenations of 9 with
hydrogen sources was investigated. These include Hz gas (see section 3.5.4) which is
produced during the dehydrogenatation of amine-boranes, HsB-NH2Me and 'PrOH

which is used as a H2 source in transfer hydrogenations. 4

The reaction of 9 (generated in-situ from 8 and 2 equivalents of ‘BuOK) in THF and 5
equivalents of 'PrOH resulted in the rapid color change from pink to yellow. The in-situ
31P{"H} NMR spectrum of the reaction mixture showed the complete conversion of 9
to a new species with a singlet at 89 ppm (Figure 126). The corresponding '"H NMR
spectrum showed a broad signal at — 21.8 ppm (Figure 126). The reaction mixture was
evaporated under argon flow due to decomposition on exposure to vacuum, and the
resulting yellow solids extracted into the minimum volume of pentane (see
experimental for details). This pentane solution was then cooled to —90 °C to grow

crystals, from which a single crystal x-ray diffraction crystal structure was obtained.
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Figure 126. In-situ 3'"P{'"H} NMR spectrum of the reaction between 9 (generated in-situ
from 8 and 2 equivalents of ‘BuOK) and 5 equivalents of 'PrOH, showing a new signal
at 89 ppm, corresponding to P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H (11). Inset: In-situ
'H NMR spectrum of the same reaction showing a hydride signal at — 21.8 ppm,
corresponding to P,P-cis-Ru('Pr.PCH2CH2NH2)2(OH)H (11). Both recorded in THF-Hs
at 298 K.
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The crystal structure was found to be P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H - (PrOH)2
where the OH ligand is trans to the hydride, and is hydrogen bonded by 2 equivalents
of PrOH (Figure 127). A single-crystal x-ray diffraction crystal structure was also
obtained of the un-solvated form P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H, crystals of
which were isolated by fractional crystallisation of the isopropanol solvate in pentane
at —90 °C (see experimental 4.3.5 for details). In the isopropanol solvated structure
P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H - ((PrOH)2 (P-1, Rint = 0.0446, R1 = 0.0354) the
ruthenium hydride, and OH proton were located in the electron density map and freely
refined. The two isopropanol molecules form a birfurcated hydrogen bonded motif with
the hydroxyl group. In the unsolvated structure P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H
(P32, Rint = 0.0355, R1 = 0.0361) the ruthenium hydride was located in the electron
density map and freely refined. The OH proton was not located so was affixed and

allowed to ride on the oxygen atom.

Figure 127. Molecular structure of P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H-('PrOH):
(11-('PrOH)2) as determined by single crystal X-ray diffraction. Displacement ellipsoids
are shown at the 50% probability level. Hydrogen atoms are placed in calculated
positions. Selected bond lengths [A] and angles [°]: Ru(1) —O(1) 2.2795(18), Ru(1) —
N(1) 2.186(2), Ru(1) — N(2) 2.186(2), Ru(1) — P(1) 2.2499(6), Ru(1) — P(2) 2.2477(6),
C(1) = N(1)1.476(3), P(1) — Ru(1) — N(1) 83.52(6), C(1) — N(1) — Ru(1) 113.57(15),
O(1) — Ru(1) = N(1) 81.13(8), O(1) — Ru(1) — P(1) 101.22(5).
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An "H NMR spectrum of the isolated unsolvated P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H
was recorded at —80 °C in THF-ds which showed the broad hydride signal resolved into
a triplet at —22.7 ppm with a coupling constant of Jup = 27 Hz (Figure 128). Morris et
al. have also reported a Ru(ll) trans hydroxy hydride complex (trans-
Ru(H)(OH)(PPhs)2{NH2C(Me)2C(Me)2NH2}) that exhibits a similar '"H NMR hydride shift

of — 17.4 ppm and also decomposes on exposure to vacuum. 36
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Figure 128. 'H NMR spectrum of 11 showing a triplet at — 22.7 ppm corresponding to
the phosphorous coupled ruthenium hydride, Jup = 27 Hz. Recorded in THF-ds at —80
°C. The broad signal adjacent to the hydride triplet is likely the hydride of partially-
solvated complex 11.

The coupling constant of Jup = 27 Hz for the "TH NMR spectroscopy signal of the hydride
for P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H matches that of the hydride signal seen during
the induction period of dehydropolymerisation of HsB-NH2Me with 8 (activated with
either 2 equivalents of ‘BuOK or 0.01 mol dm= of NH2Me) (Figure 125). This along
with the matching 3'P{'H} NMR spectroscopy signal at 89 ppm (Figure 124, Figure
126) suggests that the identity of 11 seen during the induction period of catalysis is
P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H. The shift of isolated 11 is similar to but does not
match that observed in the induction period (—19.6 vs — 21.8 ppm; Figure 125, Figure
126). This can be attributed to hydrogen bonding interactions in the catalysis reaction
mixture and differing degrees of solvation, which are known to significantly affect the

hydride 'H chemical shift of Ru(ll) trans hydride-hydroxide complexes. 3¢
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Complex 11 could be formed from complex 9 by the addition of 1 equivalent of H2 from
an amine-borane across one of the ruthenium amido bonds and one equivalent of
water across the other ruthenium amido bond. The origin of this trace water is likely in
the reaction THF solvent, which was measured by Karl Fischer analysis to be ~ 10
ppm. This corresponds to 5.0x10~* mol dm=3 H20, higher than the concentration of 8
in a dehydropolymerisation at 0.03 mol% (3x10~* mol dm=2). A possible additional
source of water is the back-diffusion of water vapour from the water-filled burette used
to measure Hz evolution. A control experiments performed without this apparatus,
instead using a bleed needle, showed a significantly decreased induction period (500
s, compared to ~1500 s when attached to the water filled burette). The rapid formation
of 11 likely leads to the observed induction period to amine-borane
dehydropolymerisation, with H20 acting an inhibitor before 11 is converted into the
active catalyst. The addition of trace H20 across ruthenium amido bonds to form off-
cycle ruthenium hydroxide species during catalysis has been previously proposed for

Noyori-type metal-ligand transfer hydrogenation catalysts. 37- 38

During the induction period prior to amine-borane dehydropolymerisation, 11 is likely
converted into the active catalyst species when all water present is consumed, possibly
by the reaction of the OH on 11 with amine-boranes to form boron oxyhydrides which
are then eliminated (Figure 129). The postulated mono-amido ruthenium hydride
intermediate species in this mechanism (Ru(’'Pr.PCH2CH2NH)(Pr2PCH2CH2NH2)H, A)
was proposed by Fagnou et al. as a possible on-cycle species for the dehydrogenation
of amine-boranes with 8, and analogous species have been isolated and proven to
play a role in catalytic transfer hydrogenation reactions. 2 3* The reaction of trans
hydroxy hydride complexes of other group 8 metals with aminoboranes to form
boroxide complexes has been previously reported. 3° The catalytic hydrolysis of amine-
boranes by Ru(ll) complexes, where Ru—-OH species are detected in-situ has also
been reported. 4°
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Figure 129. A hypothetical catalytic cycle for the processing of water by hydrolysis of
amine-boranes, catalysed by 11. Such a mechanism may operate during the induction
period of amine-borane dehydropolymerisation with 8.

To test the theory that the induction period observed prior to catalysis is due to the
processing of a trace contaminant (such as water) a recharge experiment was
performed. This involved the initial catalysis (charge 1) where H3sB-NH2Me (0.112 g,
2.5 mmol as a 1 mol dm=3 solution in THF) was dehydropolymerised by 8 (0.033 mol%,
0.00033 mol dm~3) activated by 0.01 mol dm=3 of NH2Me. An induction period of 1500
s was observed before rapid hydrogen evolution commenced (Figure 130). Upon
cessation of hydrogen evolution, the entire reaction mixture was then transferred onto
a second equivalent of solid HsB-NH2Me (0.112 g, 2.5 mmol). Upon exposure to this
second equivalent of HsB-NH2Me there was no induction period and rapid catalysis
immediately commenced (Figure 130). This supports the theory that the cause of the
induction period (likely water) is completely removed by the time catalysis initiates. The
second period of catalysis exhibits a lower rate than the first, although this may be due
to saturation of the reaction mixture with (H2BNHMe)n resulting in delayed dissolution

of the H3sB-NH2Me, and also a significant increase in reaction mixture viscosity.
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Figure 130. The H2 evolution plot obtained from the dehydropolymerisation of
methylamine-borane by P,P-cis-Ru(’Pr2.CH2CH2NH2)2Cl2 (8) with 0.01 mol dm= of
MeNHz, followed by a further charge of methylamine borane. The first charge shows
the typical long induction period. The second charge shows almost no induction period.
Catalyst loading at 0.033 mol% relative to methyl amine-borane (0.00033 mol dm-
catalyst), 1 mol dm methylamine borane in THF in each charge.

To further assess the effect of water on the dehydropolymerisation of HzB-NH2Me with
precatalyst 8 (P,P-cis-Ru('Pr2CH2CH2NH2)2Cl2, activated with 2 equivalents of ‘BuOK
forming 9), catalysis was performed with varying water content. The THF solvent dried
on a Na/benzophenone still that was used throughout this chapter had a water content
measured by Karl Fischer analysis to be ~ 10 ppm, this was further dried over NaH
and then stored on a potassium mirror for 3 months to provide an extremely low water
content solvent. Separately, THF with a high water content was prepared (0.15 mol
dm=3, ~ 2700 ppm) which was 500 equivalents to the catalyst loading added to amine-

borane dehydropolymerisation (0.0003 mol dm~3).

When dehydropolymerisation was performed in THF dried over a potassium mirror,
almost no induction period was observed and hydrogen evolution from rapid catalysis
was observed immediately upon addition of the catalyst solution (9, P P-trans-
Ru('Pr2PCH2CH2NH)2 in THF) (Figure 131). In THF with ~ 2700 ppm of water present,
a significantly extended induction period of over 11,000 s, after which catalysis
proceeded and ~ 1 eq. of H2 was released from the HzB-NH2Me (Figure 131). These
are in comparison to dehydropolymerisation performed in the standard ~10 ppm of
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H20 THF for which the induction period was typically 1000 — 1500 s (Figure 131). This
further strengthens the evidence that the presence of water is intrinsic to the induction
period observed when precatalyst 8 (PP-cis-Ru(’Pr.CH2CH2NH2)2Cl2) and its

derivatives are used in amine-borane dehydropolymerisation, apparently due to the

formation of the catalytically-dormant water bound species 11 (P P-cis-

Ru('Pr2PCH2CH2NH2)2(OH)H). This appears to be the case regardless of whether
precatalyst 8 is activated by NH2Me or by BuOK (via species 9) where species 11

forms during the induction period of catalysis with both activation methods.

L &
N S‘§ < SO
S D= Q0O [\
> 8T § s T
RGNS oL é:
1.2 - /) X } qQ
o)
14 & ©
£ o0s. g 9 in THF with 500
S ' g Eq. of H,O added,
£ g induction >11,000 s
g 0.6 - g —
T
Z 04 ]
Il 0O
a, o
L. 0.2 - ©
, o
0 & Q == 9 . l
0 500 1000 1500 2000
Time (s)

Figure 131. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HzB-NH2Me (0.112 g, 1 mol
dm=3in THF) 9 (0.03 mol%, generated in-situ from the reaction of 8 with 2 equivalents
of BBuOK) with THF solvent with differing water content, varying from exceptionally dry
(> 5 ppm) to 10 ppm and 2700 ppm. The effect of increased induction period with

increasing water present is shown.
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3.5.2.1 The dehydropolymerisation of H:B-NH:Me with 11 as a

precatalyst

To provide more evidence that 11 is indeed the species seen during the induction
period of the dehydropolymerisation of HsB-NH2Me with 8, independently prepared 11
was used as a precatalyst. 11 was generated in-situ from the reaction of 8 with 2
equivalents of ‘BUOK (forming 9) and then 5 equivalents of '‘PrOH. This solution
(corresponding to 0.03 mol%) was then added to H3B-NH2Me (1 mol dm=3 in 2.5 cm?
in THF) and the hydrogen evolution over time plotted to be compared with the other
precatalysts 8 and 9 (Figure 132). 11 as a precatalyst shows a similar hydrogen
evolution profile to when 8 and 9 are used as precatalysts and shows a comparable
induction period, making 11 a good candidate for the species observed during the
induction period of catalysis (Figure 132). The formed (H2BNHMe)n polymer was
precipitated from these catalysis runs with pentane and analyzed by GPC. The
(H2BNHMe)n obtained from 9 and 11 as precatalysts show almost identical M, and
dispersity, adding further evidence to the hypothesis that 11 is formed by the action of

trace water on 9 during the induction period of catalysis (Table 7).
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Figure 132. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HzB-NH2Me (0.112 g, 1 mol
dm=3 in THF) by 8 (0.033 mol%, with 30 equivalents of NH2Me to catalyst (0.01 mol
dm=3)), 9 (0.03 mol%, generated in-situ from the reaction of 8 with 2 equivalents of
tBuOK) and 11 (0.03 mol%, generated in-situ from the reaction of 8 with 2 equivalents
of BuOK and then 5 equivalents of '/PrOH).
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H.B-NMeH, Catalyst MeNH,
Catalyst M,
Catalyst | concentration concentration | concentration b
mol% (mol dm-3)
(mol dm) (mol dm) (mol dm-3)
11 1 0.03 0.0003 - 132,600 | 1.45
9 1 0.03 0.0003 - 138,700 | 1.46
8 1 0.033 0.0003 0.01 153,800 | 1.57

Table 7. Polymer data obtained by GPC analysis of the (H.BNHMe)n formed by the
catalytic dehydropolymerisation of H3B-NHzMe (1 mol dm=2 in THF) by 8 (0.033 mol%,
with 30 equivalents of NH2Me to catalyst (0.01 mol dm=3)), 9 (0.03 mol%, generated
in-situ from the reaction of 8 with 2 equivalents of ‘BuOK) and 11 (0.03 mol%,
generated in-situ from the reaction of 8 with 2 equivalents of ‘BuOK and then 5
equivalents of 'PrOH).
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3.5.3 Catalyst speciation during the active catalysis phase of amine-

borane dehydropolymerisation with 8

Analogous to the speciation investigation of the induction period, in-situ NMR spectra
were recorded during the hydrogen-producing active catalysis phase of H3sB-NH2Me
dehydropolymerisation with 8 (activated by 2 equivalents of ‘BuOK or 0.01 mol dm~3 of
NH2Me). These in-situ samples were also cooled rapidly to =90 °C to pause catalysis

during NMR analysis whilst preserving catalyst speciation.

During the active catalysis phase, a new species is observed by in-situ 3'P{"H} NMR
spectroscopy as a singlet at 84 ppm (Figure 133) different to that observed during the
induction period (89 ppm, 11). The corresponding in-situ '"H NMR spectrum shows the
presence of a very weak and broad hydride resonance at —12.2 ppm (Figure 134).
These signals are present when both precatalyst activation methods are used and
visible at the same chemical shift across multiple runs. The low concentration and short
timescale of this apparent observed catalyst resting state during
dehydropolymerisation makes definitive assignment difficult. The singular
phosphorous signal in the 3'P{"H} NMR spectrum suggests that there is one ligand
phosphorous environment and that by extension the aminophosphine ligands are
symmetrical. This species will be henceforth referred to as complex 12 and the possible

identity of which will be discussed vide infra.

The reduced signal to noise ratios for catalyst speciation '"H NMR signals during the
active catalysis phase compared to the induction period could reflect the removal of
the catalyst at this stage by the inhibitor that was invoked to explain the observation of
no catalytic activity when less than 0.01 mol% of 8 was used (or 0.016 mol% with 9,
see 3.3.1 and 3.4.1). The absence of corresponding 'H and 3'P NMR signals for the
inhibited species could suggest that a paramagnetic species is formed. Ruthenium (l11)
complexes and many ruthenium (IV) complexes are paramagnetic and can be formed
by the reaction of ruthenium (ll) complexes with oxygen. 3* 4" A trace of oxygen
corresponding to a solution concentration of around 1x10~* mol dm~2 could account for
the inhibitor affect seen by kinetic analysis, for which the corresponding catalyst

decomposition would not be observed by NMR spectroscopy.
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Figure 133. In-situ 3'P{'H} NMR spectra taken during the active catalysis period of
the dehydropolymerisation of HsB-NH2Me with 8. A: 8 activated with 30 equivalents
(0.01 mol dm=3) of NH2Me. B: 8 activated with 2 equivalents of ‘BuOK, forming 9 in-
situ. Both show the same speciation, a singlet at 84 ppm. Both recorded in THF at —
90 °C, 512 scans with a starting catalyst concentration of 3x10~* mol dm=3.
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Figure 134. In-situ 'H NMR spectra taken during the active catalysis period of the
dehydropolymerisation of HsB-NH2Me with 8. A: 8 activated with 30 equivalents (0.01
mol dm~3) of NH2Me. B: 8 activated with 2 equivalents of ‘BuOK, forming 9 in-situ. Both
show the same speciation, a broad signal at — 12.2 ppm. Both recorded in THF at — 90
°C, 512 scans with a starting catalyst concentration of 3x10~* mol dm-3.
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To aid with the identification of the catalyst speciation (complex 12) during
dehydropolymerisation of HsB-NH2Me with 8, a comparison of reported Ru(ll)
aminophosphine "H NMR spectroscopic hydride shifts was performed. For the reaction
of complex 9 with an excess of a H2 source such as H3B-NH2Me a ruthenium dihydride
could be expected from the addition of H2 across both Ru-amido bonds, such dihydride
species are reported for ruthenium transfer hydrogenation catalysts. 4243 The chemical
shift of the ruthenium hydride observed during dehydropolymerisation (12, —12.2 ppm)
is however between that for ruthenium octahedral trans dihydride complexes (-5 to —
8 ppm) 31 34.43,44 gnd that of ruthenium octahedral or trigonal bipyramidal monohydride
complexes (—15 to —25 ppm) 34 43. 44 with aminophosphine ligands (Figure 135).
Octahedral ruthenium aminophosphine complexes with cis hydrides also have '"H NMR
shifts of around —5 ppm and would require an isomerization from a trans dihydride,

which is reported to be a slow process in analogous complexes. 43 4°

Amongst reported ruthenium (II) aminophosphine hydride complexes, a general trend
can be seen where stronger sigma donating ligands trans to the hydride result in a less
negative shift by '"H NMR spectroscopy (Figure 135).34 43.46-48 From this trend it can
be inferred that complex 12, which is seen by in-situ '"H NMR spectroscopy during the
active phase of dehydropolymerisation catalysis with 8 and 9, has a ruthenium hydride
that is trans to a medium-strength sigma-donating ligand. The broad 'H NMR signal of
this species (~ 190 Hz FWHM) could signify the presence of a fluxional process or
hydrogen bonding. This observed species which may be the catalyst resting state will
be referred to as 12 (Ru(’Pr2PCH2CH2NH2)2(R)H), where R is a currently unidentified
X-type sigma donating ligand (Figure 135).

There are two main possibilities for the identity of 12. The first of which is where R is
an equivalent of aminoborane H2B=NHMe that is bound across the Ru—N bond, with
the nitrogen donating a lone pair into the aminoborane boron and a B—H forming a 3
centre two electron bond with the ruthenium (Figure 136). An analogous complex has
been reported by Schneider et al. with a MACHO ligand: [Ru(H)(PMes){(u-
H)HB(NMe2)N(CH2CH2PPr2)2}] (Figure 135) that exhibits a similar hydride '"H NMR
spectroscopic shift (—13.6 ppm) to that of complex 12 (=12.2 ppm). 4’ In the complex
reported by Schneider et al., the BH hydrides are difficult to observe due to broadening,
presumably caused by exchanging which of the B—H bonds is coordinated to the

ruthenium. If complex 12 exhibits an analogous structure, this would explain the lack
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of observable BH hydrides (around 0 — 5 ppm) and the broad hydride signal. 4" A bound
aminoborane would however result in 2 ligand phosphorous environments, and only 1
is observed, so this is unlikely to be the identity of 12. Of note is that related metal-
bound aminoborane complexes have been invoked as the first step in metal-out head-

to-tail aminoborane polymerisation. 5 9 4°

The second possibility is that complex 12 is a trans-dihydride where R is H-, and the
hydride 'H NMR signal is shifted by adduct formation with H3B-NH2Me. The
HsB-NH2Me could bind via dihydrogen bonding across the Ru—-N bond as
Ru(Pr2PCH2CH2NH2)2(H)2"H3sB-NH2Me (Figure 136). Both hydrides must form
transient adducts with HsB-NH2Me for only 1 hydride shift to be present in the '"H NMR
spectrum, as seen for complex 12. This adduct formation is also supported by the
apparent initial zero-order in HsB-NH2Me concentration observed during kinetic
analysis, which could suggest a pre-equilibrium of binding HsB-NH2Me to the catalyst
before the rate limiting step. A similar scenario has been reported by Weller et al. in
which rhodium MACHO complex 3 (Rh(’Pr-PN"P)H3) forms a dihydrogen bonded
adduct with HzB-NH2Me during dehydropolymerisation, which leads to a pseudo zero
order in [H3B-NH2Me] and shifts the hydride signals as observed by 'H NMR

spectroscopy. °

—P'Pr, H, | N= Ph,;P N=&/ Me2 | P- Me_N=B—H pip
Ru PME?’ NZRu -P Ru—N Ru P . r
Qp tp/| Pr, Ph3p/lll H <-P Me, Me N /R|u PMe,
"Pl'z ,Prz MeZ p H
11 'Pr,
-24.2 ppm -21.8 ppm -21.1 ppm - 16.6 ppm - 13.6 ppm
H R
H —|-PPr, PhsP HZ__.T . HH, W, | i3
N /R‘u PMe;  PhsP—Ru-N Ph;P—Ru-N N=Ru-P
Pr2 ;Prz
12
- 8.5 ppm -5.7 ppm - 5.5 ppm -12.2 ppm

Figure 135. '"H NMR shifts for a variety of reported ruthenium (lI) aminophosphine
complexes. Shifts given for the hydrides coloured in red. 34 43.46-48 The general inferred
structure for the species observed by "H NMR spectroscopy during the active catalysis
phase of dehydropolymerisation of HsB-NH2Me with 8 and 9 is shown as 12, with its
hydride highlighted in blue.
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Figure 136. Possible identities of complex 12: a trans dihydride which forms a transient
amine-borane dihydrogen bonded adduct Ru(’Pr2PCH2CH2NH2)2(H)2-HsB-NH2Me or a
mono amido hydride which is irreversibly bound to an equivalent of aminoborane
H2B=NHMe.
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3.5.4 The hydrogenation of 9 with H2 to form a ruthenium hydride

In an attempt to understand the catalyst speciation observed during the active catalysis
period, the synthesis of the hypothetical trans dihydride complex
Ru(’Pr2PCH2CH2NH2)2H2 was attempted by reacting 9 (made in-situ from 8 + 2
equivalents of BBuOK) in a THF-ds solution with H2 gas at 4 bar (Figure 137). Complete
conversion was observed by 3'P{'H} NMR spectroscopy, where a new species
observed as a singlet at 92.8 ppm was observed (Figure 138). The corresponding 'H
NMR spectrum at 298 K showed the presence of two overlapped hydride signals, a
triplet at — 9.13 ppm (Jup = 16 Hz) and a broad signal at — 9.21 ppm (Figure 138). The
singular signal in the 3'P{'"H} NMR spectrum and triplet splitting of hydride suggest
identical ligand phosphorous environments and therefore symmetrical
aminophosphine ligands. At —90 °C these hydride signals resolve into dt: — 9.05 ppm
(dt, Jup = 16 Hz, Jun = 4 Hz), — 9.43 ppm (dt, Jup = 16 Hz, Jun = 4 Hz) (Figure 138).
The ™M NMR spectrum of the formed species also suggests symmetrical
aminophosphine ligands, showing only two CH2 resonances from the ligand

backbones (Figure 139).

The broad hydride signal observed in the 'TH NMR spectrum is likely the result of a
rapid exchange process (Figure 138). This has been observed for the ruthenium trans-
dihydride Ru(’Pr-PNHP)(PMes)H2 in the presence of a trace proton source such as
water where one of the '"H NMR hydride signals is broadened by exchange (Figure
141).3' Such trace water was observed during the induction period of catalysis, forming
P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H (11). This exchange-induced broadening is
further supported by the sharpening of the observed hydride signals upon cooling to
193 K, thus slowing the exchange process (Figure 138). This exchange process could
also be the rapid interconversion of the proposed dihydride complex
Ru(’Pr2PCH2CH2NH2)2H2 to the corresponding mono-amido dihydrogen complex
Ru(’Pr2PCH2CH2NH2)('Pr2PCH2CH2NH)(H2) (Figure 141).5°

The ruthenium species observed at 92.8 ppm in the 3'P{'"H} NMR spectrum (tentatively
Ru(’Pr2PCH2CH2NH2)2H2) could not be isolated due to the rapid decomposition to
multiple unidentified species when the H2 atmosphere was removed, likely via facile
H dissociation. The NMR spectra of this species (3'P NMR: 92.8 ppm, '"H NMR: ~ —

9.1 ppm) differ significantly from what is observed during the active catalysis phase of
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H3B-NH2Me dehydropolymerisation with 8 (3P NMR: 84.0 ppm, "H NMR: —12.2 ppm)

and so is unlikely to be the same species as the apparent catalyst resting state 12. %°
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Figure 137. The reaction of 9 (generated in-situ from 8 + 2 equivalents of ‘BuOK) and
an excess of H2 gas, to form the proposed trans dihydride species
Ru(’Pr2PCH2CH2NHz)2Hz.
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Figure 138. In-situ 3'"P{'H} NMR spectrum of the reaction between 9 (generated in-situ
from 8 and 2 equivalents of BuOK) and an excess of Hz at 4 bar, showing a new signal
at 92.8 ppm, possibly corresponding to P,P-cis-Ru('Pr2PCH2CH2NH2)2H2. Inset: in-situ
"H NMR spectra showing expansions of the observed hydrides at 298 K and when
cooled to 193 K. Both recorded in THF-ds.
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Figure 139. In-situ "H NMR spectrum of the reaction between 9 (generated in-situ from
8 and 2 equivalents of IBuOK) and an excess of Hz at 4 bar, showing signals possibly
corresponding to P,P-cis-Ru(Pr.PCH2CH2NH2)2H2. Inset: in-situ 'TH NMR spectra
showing an expansion of the observed hydrides at 298 K. Recorded in THF-ds.
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Figure 140. Possible exchange processes with P,P-cis-Ru('Pr2PCH2CH2NH2)2Hz2 that
could lead to the observed broadening of the hydride shift in the room-temperature

"H NMR spectrum.
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3.6 The reaction of 8 with borohydride to form ruthenium hydride
P,P-cis-Ru(’Pr,PCH2CH2NH:)2(k"'-BH4)H (13)

As the direct hydrogenation of 9 failed to produce a ruthenium hydride
spectroscopically resemblant of 12 seen during the active catalysis phase of
HsB:NH2Me dehydropolymerisation with 8, other hydrogen donors were considered.
For hydrogenation and transfer hydrogenation catalysis, trans ruthenium hydride
borohydride complexes have been reported as competent precatalysts that are
structurally related to the proposed trans-dihydride active species (effectively BHs
capped). 5'-5% The reported syntheses of such compounds involve the reaction of a

ruthenium chloride complex with an excess of NaBHa in the presence of an alcohol. 5"
54

A solution of 8 in ‘PrOH was reacted with 5 equivalents of NaBH4, the solvent was then
evaporated in-vacuo and the residue extracted with toluene (Figure 141, see
experimental for details). This toluene extract was layered with pentane to form a
crystalline solid which was interrogated by single-crystal x-ray diffraction. The structure
of the formed ruthenium complex was found to be P,P-cis-Ru(’'Pr.PCH2CH2NH2)2(k'-
BH4)H (13) as determined by single crystal x-ray diffraction (Figure 142). The crystals
were well diffracting with an Rixx of 0.0966 for the space group P24/c, and an R1 of
0.0630 that suggests good agreement between the model and observed diffraction
data. Two crystallographically independent molecules of complex 13 are present in the
unit cell. The Ru—H and B—H hydrides were all located in the electron density map;
however these were lightly constrained to have equal bond distances in both

inequivalent 13 molecules in the unit cell.
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Figure 141. The synthesis of 13 from the reaction of 8 with an excess of NaBHa4 in
the presence of 'PrOH.

Figure 142. Molecular structure of P,P-cis-Ru(Pr.PCH2CH2NH2)2(k'-BH4)H (13) as
determined by single crystal X-ray diffraction. Displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms are placed in calculated positions other than
the Ru—H and B—H hydrides which were located in the electron density map. Selected
distances [A], bond lengths [A] and angles [°]: Ru(1)---B(1) 2.859(9), Ru(1) — N(1)
2.192(7), Ru(1) = N(2) 2.189(8), Ru(1) — P(1) 2.253(2), Ru(1) — P(2) 2.245(2), C(1) —
N(1) 1.485(11), P(1) — Ru(1) — N(1) 83.8(2), C(1) — N(1) — Ru(1) 112.2(6).

Isolated crystalline 13 was also investigated by 'H, "B and 3'P{'H} NMR
spectroscopies. NMR data for 13 show a single phosphorous environment by 3'P{'H}
NMR spectroscopy at 93.4 ppm (singlet) and two hydride signals by 'H NMR
spectroscopy: 1.55 ppm (br, 4H, BH4) and — 17.26 ppm (t, Jup = 24 Hz 1H, Ru-H)
(Figure 143). The BHs signal in the proton NMR sharpens slightly upon "B decoupling
(Figure 143). Complex 13 is not observed during the dehydropolymerisation of
HsB-NH2Me with complex 8, discounting it as the catalytic resting state. Attempts to
abstract the BHs from 13 to from a trans-dihydride complex such as P,P-cis-
Ru(Pr2PCH2CH2NH2)2H2 with the nucleophiles: NH2Me, NEts, DABCO and ‘BuOK

were unsuccessful, resulting in no reaction.
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Figure 143. 3'P{"H} NMR spectrum of isolated 13 showing a singlet at 93.4 ppm. Inset:

in-situ "H{"'B} NMR spectra showing expansions of the observed hydrides Ru—H and
Ru—-H-BHs. Both recorded in benzene-ds at 298 K
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3.6.1 P,P-cis-Ru('Pr.PCH2CH2NH:)2(k'-BH4)H (13) as a precatalyst to
amine-borane dehydropolymerisation

As ruthenium trans hydride borohydride complexes are known to function as
competent precatalysts for the hydrogenation and transfer hydrogenation of small
molecules, the use of 13 as an amine-borane dehydropolymerisation catalyst was
evaluated. Complex 13 (0.03 mol%) with 0.01 mol dm= of NH2Me was used to
dehydropolymerise H3B-NH2Me (1 mol dm= in THF) and the hydrogen evolved was
measured eudiometrically (Figure 144). Similarly to 8, without the addition of excess
NH2Me to the catalyst no dehydropolymerisation of HsB-NH2Me by 13 was observed,
suggesting that the amine is critical to bring the catalyst online. As NH2Me does not
directly react with 13, the precatalyst activation must involve the presence of both
NH2Me and HsB-NH2Me. As with complexes 8 and 9 as precatalysts, complex 13 fully
and rapidly dehydropolymerised the HsB-NH2Me in under 30 seconds after an
induction period (Figure 145). This induction period (~ 1000 seconds) was shorter than
that typically seen with 8 and 9 at similar catalyst loadings (> 1300 seconds at 0.03
mol%), however it should be noted that these induction periods for these catalysts can

be stochastic, varying by + 300 s between runs.
H H
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0.01 mol dm~3 NH,Me

Figure 144. The dehydropolymerisation of H3B-NH2Me (0.112 g, 1 mol dm=3in 2.5 cm?3
THF) by precatalyst 13 with 0.01 mol dm=3 of NH2Me to activate.
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Figure 145. Effective H2B=NMeH concentration over time from eudiometric H2
evolution measurement for the dehydropolymerisation of HsB-NH2Me (0.112 g, 1 mol
dm=3in THF) by 8 and 13 (0.0297 and 0.03 mol% respectively), with 0.01 mol dm~3 of
NH2Me. A shorter induction period is seen with 13 (1000 s) compared to 8 (1300 s).

To confirm that precatalyst 13 operates in the same way as 8 and 9 during the
dehydropolymerisation of amine-boranes, an in-situ NMR study was performed in an
identical fashion to those described previously in this chapter for precatalysts 8 and 9
(=90 °C in THF-Hs). In-situ aliquots were taken from the induction period and active
catalysis regions during the dehydropolymerisation of HzB-NH2Me with 13 + 0.01 mol
dm~3 of NH2Me.

During the induction period a singlet is observed in the 3'P{"H} NMR spectrum at —89.2
ppm and a triplet is observed in the '"H NMR spectrum at — 19.56 ppm (Jup = 27 Hz,
Figure 146). These signals match those seen during the induction periods when 8 and
9 are used as precatalysts, corresponding to the hydroxy-hydride complex 11 which is
formed by the reaction with trace water. This provides strong evidence that all three
dehydropolymerisation catalysts (8, 9, and 13) are rapidly converted to complex 11
during the induction period of amine-borane dehydropolymerisation and therefore
operate by the same mechanism. Further evidence for this is provided by the in-situ
NMR signals observed during the active catalysis phase for the dehydropolymerisation
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of HaB-NH2Me with 13 + 0.01 mol dm~3 of NH2Me. The in-situ 3'"P{"H} NMR spectrum
shows a singlet at 84.5 ppm and the "H NMR spectrum shows a broad resonance —
12.19 ppm which corresponds to a ruthenium hydride (complex 12) (Figure 147).
These signals also match those seen during the active catalysis periods when 8 and 9

are used as precatalysts.

—89.2

3 p{1 H}

H

-19.56

120 110 100 9 8 7 60 5 40
ppm

Figure 146. In-situ 3'P{'"H} NMR spectrum taken during the induction period of the
dehydropolymerisation of H3B-NH2Me with 13 activated with 0.01 mol dm~ of NH2Me,
showing a singlet at 89.2 ppm which corresponds to 11. Inset: '"H NMR spectrum
recorded in-situ during the induction period of the same dehydropolymerisation,
showing a triplet at —19.56 Hz (Jup = 27 Hz) which corresponds to the ruthenium
hydride of 11. Both recorded in THF at —90 °C, 512 scans with a starting catalyst
concentration of 3.3x10~* mol dm=3,
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Figure 147. In-situ 3'"P{'"H} NMR spectrum taken during the active catalysis period of
the dehydropolymerisation of H3B-NH2Me with 13 activated with 0.01 mol dm=3 of
NH2Me, showing a singlet at 84.5 ppm (12). Inset: '"H NMR spectrum recorded in-situ
during the active catalysis period of the same dehydropolymerisation, showing a broad
signal at — 12.19 Hz (12). Both recorded in THF at —90 °C, 512 scans with a starting
catalyst concentration of 3.3x10~* mol dm=3.

The shorter induction period by precatalyst 13 compared to 8 when both were activated
by NH2Me could support the idea that the processing of trace water, by reaction with
boranes, occurs during the induction period and that the BH3 bound to the precatalyst
13 aids this (see 3.5.2). This should be further investigated by the addition of BH3- THF
to the dehydropolymerisation of amine-boranes as a possible way to remove the
induction period seen with all of the ruthenium precatalysts discussed herein. The
activity of borohydride complex 13 as a dehydropolymerisation catalyst is of significant
interest as the related rhodium borohydride complex 4 (Rh(PNHPPr)(k'-BH4)H2),
formed by catalyst poisoning of active species 3 (Rh(PN"P/Pr)Hs) upon exposure to
bulkier amine-boranes such as HsB-NH2"Pr, does not show activity (see chapter 2,
21.4). This may mean these ruthenium precatalysts are more suited to the

dehydropolymerisation of a wider range of amine-boranes (vide infra).
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3.7 Possible mechanisms for the dehydropolymerisation of amine-

boranes with precatalysts 8, 9 and 13

3.7.1 Precatalyst activation and induction period

NMR spectroscopic speciation investigations carried out during the induction period of
the dehydropolymerisation of amine-borane H3B-NH2Me with 8, 9, and 13 show that
all of these prectalaysts are rapidly converted into the hydroxy hydride species 11,
likely by the reaction with trace water present in the reaction solvent. 11 can be inferred
to form via the heterolysis of a H20 molecule across a ruthenium amido bond, and so
a precursor to 11 could be the mono amido monohydride complex
Ru(Pr2PCH2CH2NH)('PrPCH2CH2NH2)H (A) (Figure 148), which was proposed to be
a catalytically relevant species by Fagnou et al. in the seminal report on the
dehydrogenation of amine-boranes by 8 with BuOK. ? This species may form part of a
water-processing catalytic cycle in which boranes are slowly catalytically hydrolysed to
form boron oxyhydrides such as BH20H and eventually boric acid during the induction
period of amine-borane dehydropolymerisation (Figure 148).4° This process likely
continues until the majority of the water present is used up, upon which amine-borane

dehydrogenation starts. 4°

HO H2_
Precatalysts Hz R'| N'P
— u_
89,11 H.o <-P/ [ 'Pr,
2 1 H,B-NH,Me
Activation 11
H,
After H,O processed H N=—
amine-borane «——— N:Ru—fP
dehydrogenation starts <-_p/ |.|1 Pry
Pr, A
H
B H
+H,0 H) o'y, - NH,Me
B(OH); -«—— -BH,OH r/“‘ | NZ-
- -H H-N—Ru-P
-H, 2 <—P/'1| Pr,
Pr,  11-BH,

Figure 148. A hypothetical catalytic cycle for the processing of water by hydrolysis of
amine-boranes, catalysed by 11. Such a mechanism may operate during the induction
period of amine-borane dehydropolymerisation with 8, 9 and 13.
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The routes by which the precatalysts 8, 9, and 13 are activated and eventually form 11
is likely significantly different. Bis-amido complex 9 could react with an amine-borane
adding an equivalent of H2 across one ruthenium amido bond, forming complex A
(Ru('Pr2PCH2CH2NH)('Pr2PCH2CH2NH2)H), followed by the rapid heterolysis of water
to form 11 (Figure 149). During the activation of metal halide precatalysts for amine-
borane dehydropolymerisation, base promoted hydride transfer from amine-boranes
has been suggested as a formation mechanism for metal hydride species. % 5% 5 This
often involves an amine as the base, which deprotonates a transient sigma bonded
amine-borane complex, resulting a transfer of a B—H hydride to the metal and releasing
an equivalent of ammonium salt and aminoborane (or a boronium salt). ® %% % This may
occur during the activation of precatalyst 8 in the presence of NH2Me and amine-
boranes, forming the transient dihydride Ru('Pr.PCH2CH2NH2)H2, which then can lose
H2, a process which is likely facile (see 3.5.4) to form the mono-amido hydride
Ru('Pr2PCH2CH2NH)('Pr2PCH2CH2NH2)H  (A)  (Figure 149). This could then
heterolytically cleave water to form 11. The activation of borohydride complex 13 could
involve initial hydrolysis of the BH4 by trace water, forming the trans-dihydride complex
Ru(’Pr2PCH2CH2NH2)H2, however the exact mechanism is unclear and further

investigation into the reactivity of complex 13 is required.

'Pr,
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13 Nz—Ru—_P ('.P/ '??G,
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. H
Cl H, (:.H
H-B’N.
ClH, NH;Me [I:I H, Me
Hy, | N7 H;B-NH,Me H, % N-
N“Ru-P ——— N:Ru-P —— > N Ru-P
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8 - [NH;Me]CI

Figure 149. Proposed mechanisms for the activation of precatalysts 8 and 9 leading
to the formation of 11 during the induction period of amine-borane
dehydropolymerisation.
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3.7.2 Potential amine-borane dehydrogenation mechanisms

Kinetic investigations into the dehydropolymerisation of amine-boranes by precatalyst
9 suggests that the rate law for dehydrogenation (as measured by H2 evolution) has a
first order dependence in catalyst concentration and follows saturation kinetics with
regards to amine-borane concentration (initially pseudo zeroth-order). This implies that
the rate determining step in the dehydrogenation mechanism involves interaction
between the catalyst and amine-borane, which are likely involved in an adduct forming
pre-equilibrium. This is contrary to the seminal report by Fagnou et al. that suggested
via purely in-silico work that the rate determining step for amine-borane
dehydrogenation was H2 elimination from the dihydride complex intermediate
Ru(’ProPCH2CH2NH2)H2. 2 2°

The increase in the rate of catalytic dehydrogenation of HsB-NH2Me by 8 in the
presence of NH2Me (a positive order) suggests that NH2Me can also play a role in the
rate determining step of dehydrogenation. One interpretation of these kinetic
investigations is that the rate determining step for this catalytic cycle is
dehydrogenation of a bound amine-borane, which can be facilitated with a lower AG#
by the presence of an amine co-catalyst. An inner-sphere amine-borane
dehydrogenation mechanism that takes these observations into account can be
envisioned, where H3B-NH2Me could form a reversable adduct with mono amido
hydride complex Ru('Pr2PCH2CH2NH)('Pr.PCH2CH2NH2)H (A) prior to rate-limiting
dehydrogenation, leading to a pseudo zero order in [HzB-NH2Me]. This adduct (A-AB)
would then be the catalyst resting state. An equivalent of Hz is then transferred to from
across the B—N bond of an amine-borane to across the Ru—N amido bond of the mono
amido hydride complex Ru('Pr2PCH2CH2NH)('Pr2PCH2CH2NH2)H (A) in the rate
limiting step forming Ru(’Pr.PCH2CH2NH2)H2 (Figure 150). This could be facilitated by
a hydrogen-bonded amine acting as a proton-shuttle co-catalyst, aiding in transferring
a proton from the amine-borane nitrogen to the catalyst amido nitrogen (Figure 150).
A similar effect has been reported where hydrogen-bonded water can aid in the

heterolysis of Hz2 across a ruthenium amido bond. 3!
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Figure 150. A proposed inner-sphere metal ligand cooperative mechanism for the
dehydrogenation of HsB-NH2Me by Ru('Pr2PCH2CH2NH)('Pr.PCH2CH2NH2)H (A), with
a dehydrogenation step that can involve NH2Me as a proton shuttle co-catalyst when
present.

One problem with this proposed inner-sphere mechanism is that it relies on the
spontaneous  H2  dissociation from the trans  dihydride = complex
Ru(Pr2PCH2CH2NH2)H2, a process for which the barrier has been calculated by
Fagnou et al. to be AG* = 22.7 kcal mol~', which corresponds to a ti2 of 1.37 s.2 If the
inner sphere mechanism has amine-borane activation as the rate limiting step (as
suggested by kinetic analyses) then the energetic barrier to this step must be even
higher than that calculated for hydrogen loss, which is not conducive with the very high
rates of reaction (overall TOF of up to 660 s~') exhibited by this catalyst system. This
mechanism is also not supported by the speciation observed mid-catalysis by NMR
spectroscopy, which suggests that the catalyst resting state (12) could be an amine-
borane adduct of a trans dihydride complex such as
Ru(Pr2PCH2CH2NH2)H2-(HsB-NH2Me) (see section 3.5.3).

The outer-sphere dehydrogenation of amine-boranes is a potential alternative

mechanism that avoids the necessity for direct loss of H2 from dihydride complex
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Ru(’Pr2PCH2CH2NH2)H2. This mechanism involves the protonation of a hydride on
Ru('Pr2PCH2CH2NH2)H2 by the amine of a hydrogen-bonded amine-borane (bound in
a pre-equilibrium), forming a sigma dihydrogen complex intermediate (Figure 151).
This is followed by H2 dissociation and then amine-borane B—H bond activation (Figure
151). This mechanism is proposed by Schneider et al. to account for the rapid
dehydrogenation of amine-boranes by Ru(’Pr-PN"P)(PMes)Hz, for which the rate law
has an apparent first order dependence on the concentration of both catalyst and
amine-borane (Figure 151).2° In this catalytic cycle, amine-borane N-H activation and
subsequent Hz loss are rate-limiting with a reported energy barrier of AG* = 12.5 kcall

mol-1,2°

An analogous outer-sphere amine-borane dehydrogenation mechanism can be drawn
for the trans-dihydride Ru(Pr2PCH2CH2NH2)H2, which is likely accessible from
precatalysts 8, 9 and 13 (Figure 152). The proposed rate-limiting N—H activation
transition state in this mechanism, like the inner sphere mechanism discussed vide
supra, has the possibility of including an amine co-catalyst as a proton shuttle, in this
case during the protonation of a ruthenium hydride to form a sigma bonded dihydrogen

complex (Figure 152).

- H2
- HoB=NHMe

H‘ - PfPrz
N—Ru—PMe;
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i+ H
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H3B'N HzME

Figure 151. The reported outer-sphere mechanism for the dehydrogenation of
amine-boranes with Ru(’Pr-PN"P)(PMes)H2. %°

197



H
we, 5"
AT
H” L
H H
l|. | N y _H2
HN_RH_’; H;B=NHM
S|P - H;B= e
e I_|I e 2
Pro H-
H H
d;'B’
MerN
e .
o H—H H. H H".
H K ‘ N2 Hz
. P N—RU—F_F
—Ru—| 1 'Pr
(.| Pr, Loy PR
rPrg
JIFTQ

H
H. «H
JB_N\
H H + H3B:NH;Me
HoHH
|| N

HN-Ru-P 12

7 i
Ce d P2
’Frz
— It — -1
H
H, H g HWe
J,B‘_H L] H,'N*H
me+N--H =By \
4, N, HH;
Hy TH Me'b gy | N
3 “"N—Ru-
HN—Ru—P <" ’];r,
(_ /l ‘Prz J__P
'PrH Pr;
F

Figure 152. A proposed outer-sphere metal ligand cooperative mechanism for the
dehydrogenation of HsB-NH2Me by Ru(’PrPCH2CH2NH2)H2. Bottom: Possible
transition states for the amine-borane N-H activation step, with the possibility of
involving NH2Me as a proton shuttle co-catalyst when present.
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3.8 Conclusions

It has been demonstrated that complex 8 is an exceptional precatalyst for the catalytic
dehydropolymerisation of methylamine-borane at very low catalyst loadings (0.01 —
0.02 mol%), exhibiting the highest reported turnover frequency (at the time of writing)
measured at 660 s~' in the presence of amine NH2Me. This high rate of reaction leads
to a polyaminoborane (H2BNHMe)n of high M, (>100,000 g mol-"), likely due to the
rapid production of the aminoborane monomer which allows for chain growth
polymerisation to proceed at a much higher rate than chain termination. Possible
mechanisms and active catalyst species have been identified and related to those

previously reported for analogous catalysts.

The use of amine NH2Me as a co-catalyst to 8 has been established to result in a
significant increase in catalyst rate, for which a mechanism has been proposed where
hydrogen bonded NHz2Me assists in proton transfer at the rate limiting step. Although
amine has been shown to be important in the activation of dehydropolymerisation

catalysts, its role as a co-catalyst has not been investigated thoroughly. 28 %

The synthesis and characterisation of highly reactive bis-amido complex 9 is of
fundamental interest due to its rare combination of square planar geometry, d° electro

count and low spin. This is only the second reported complex with this combination. 1°
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3.9 Future work

To gain more insight into the mechanism of amine-borane dehydrogenation by
catalysts derived from complex 8, Eyring analysis should be performed form when both
NHzMe and BuOK are used to activate 8. This would involve recording catalysis rate
data at a range of temperatures. This would help better determine the nature of the

rate-limiting step for the mechanism of operation for these catalysts.

Kinetic isotope analysis may also help identify the catalysis rate limiting step. By using
DsB-NH2Me, D3sB-ND2Me and H3sB-ND2Me as substrates alongside HsB-NH2Me, then
comparing the catalysis rate may offer evidence for whether B—H or N-H bond
activation are rate-limiting.> This however may be difficult due to the long induction
period observed for the reported precatalysts, during which time D/H scrambling may
occur. As the induction period for catalysis likely involved multiple proton and hydride

transfers, the time taken before catalysis initiates may also show an isotope effect.

The so-far unobserved-directly mono-amido ruthenium hydride species A
(Ru(’PraPCH2CH2NH)('Pr2PCH2CH2NH2)H) should be a future target complex to
synthesize as it is invoked both in the activation of all the precatalysts (8, 9, and 13)
and the inner-sphere mechanism of amine-borane dehydrogenation. The synthesis of
A is not possible by the reaction of complex 9 with only 1 equivalent of H2 as it is likely
more reactive than 9, resulting in over-hydrogenation. One possible route to this
compound would be the formation of Ru('Pr.PCH2CH2NH2)CIH from the reaction of the
ligand 'Pr2PCH2CH2NH2 with commercially available Ru(PPhs)sCIH, from which HCI
could be extracted by one equivalent of ‘BuOK, forming A.3 This would have to be
performed with the strictest exclusion of water due to the apparent propensity of A to
react with trace moisture to form 11 (P,P-cis-Ru(’‘PrPCH2CH2NH2)(OH)H).

The profound effect that the presence of even trace water has on elongating the
induction period of amine-borane dehydropolymerisation has been demonstrated to be
caused by the formation of a catalytically dormant water bound species 11 (P,P-cis-
Ru(Pr2PCH2CH2NH2)(OH)H). Further investigation through stoichiometric reactions
with water scavenging reagents should be performed to determine exactly how 11 is
then converted to the active catalytic species. An example would be how 11 reacts with
free BHs in THF solution. The water-bound state of these amine ligated metal-ligand
cooperative catalysts is also of broader interest to the operation of
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hydrogenation/transfer hydrogenation transfer in general, where the occurrence of

analogous species should be investigated. 36

This preliminary investigation has identified the capability for precatalysts derived from
complex 8 to form high molecular weight polyaminoborane by the
dehydropolymerisation of HsB-NH2Me. The molecular weights (M) reported herein
vary between 90,000 — 170,000 g mol-' depending on the reaction conditions
precatalyst used and activation method. The highest molecular weights were observed
in the presence of excess NH2Me to catalyst, and so this should be a starting point
from which reaction optimisation to form the highest molecular weight
polyaminoborane should be investigated. This should include variation in reaction

temperature, solvent and reactant concentrations.
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Chapter 4: The selective catalytic synthesis of (H.2BNHEt), and
(H2BNH"Pr)n
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4. The selective catalytic synthesis of (H.BNHEt), and (H2BNH"Pr),

4.1 The dehydropolymerisation of H:B-NH:"Pr and H3;B-NH:Et with 8

when activated with NH2Me

Following on from the successful dehydropolymerisations of HsB-NH2Me to form
(H2BNHMe)n with precatalysts derived from 8, the dehydropolymerisations of n-alkyl
substituted amine-boranes HszB-NH2Et and HsB:-NH2"Pr was investigated. The
understanding gained about catalyst poisoning during the dehydropolymerisations of
HsB-NH2Et and HsB-NH2"Pr with the rhodium aminophosphine precatalysts such as 2
(see chapter 2), aided the optimization of the reaction conditions for using these amine-
boranes as substrates with the ruthenium based precatalysts discussed in this chapter.
From the rhodium-based precatalyst work it was established that rapid catalysis and
the presence of an amine helped in reducing the poisoning of metal-hydride catalyst
species by free BHs, which is released by amine-boranes in solution via B—-N bond
cleavage and forms catalytically inactive borohydride complexes such as
Rh(PNHPPr)(k'-BHa)H2 (4).

As the ruthenium on-cycle catalyst species derived from precatalyst 8 during
dehydropolymerisation of amine-boranes feature hydrides, they are likely to be
susceptible to poisoning by BHs, forming catalytically inactive borohydride complexes
(analogous to the Rh catalysts). For the above reasons, the attempts to
dehydropolymerise H3B-NH2"Pr and HsB-NH2Et were performed with 8 activated by
NH2Me, which has been demonstrated to show the fastest catalysis with HsB-NH2Me
of the precatalysts and activation routes assessed. The hypothesis was that by
optimizing for rapid catalysis, the rate of dehydropolymerisation for H3B-NH2"Pr and

HsB-NH2Et with 8 could outpace any catalyst poisoning by BHs.
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4.1.1 The attempted dehydropolymerisation of H;B-NH."Pr with 8 at
low catalyst loading (0.033 mol%), with NH2Me

The initial attempt to dehydropolymerise H3B-NH2"Pr (0.182 g in 2.5 cm3 THF, 1 mol
dm=3) with 8 was done at 0.033 mol%, activated with NH2Me at 0.01 mol dm=3 (30
equivalents of NH2Me to 8) (Figure 153). These are the same conditions for which
HsB-NH2Me was rapidly dehydropolymerised after a ~ 700 s induction period. No H2
evolution was observed by eudiometric measurements after 3 hours and so an aliquot

was extracted, on which in-situ 'H, "B and 3'P{'"H} NMR spectra were recorded.

Due to the low initial catalyst concentration of 8 used (3.3x10~* mol dm), no hydride
signal was observed by "H NMR spectroscopy and no 3'P{'H} signal was observed.
By "B NMR spectroscopy, the H3B-NH2"Pr substrate was observed unreacted (Figure
154). Trace BH4~and BsHs™ (- 37.5, pentet, Jgn = 82 Hz and — 29.0 Hz, nonet, JgH =
33 Hz respectively) were also observed by "B NMR spectroscopy, possibly formed
from BH3 which was released by B—N bond cleavage of the H3B-NH2"Pr (Figure 154)."
It is likely that under these conditions the catalyst is poisoned, forming a catalytically

inactive species.

ClH,

H2 | N-=

N—Ru—-P
_P/ | ,Pr2

:Pl'z
i 8
H;B-NH,"Pr ” = No catalysis
-M2

THF, argon
0.033 mol% 8

0.01 mol dm™ NH,Me

Figure 153. The attempted dehydropolymerisation of HsB-NH2"Pr (0.182 g in 2.5 cm?
THF, 1 mol dm~2) with 8 (0.033 mol%), activated by 0.01 mol dm=3 NH2Me. No catalysis
was observed.
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Figure 154. The in-situ "B recorded of the attempted dehydropolymerisation of
H3B-NH2"Pr (0.182 g in 2.5 cm® THF, 1 mol dm~3) with 8 (0.033 mol%), activated by
0.01 mol dm=3 NH2Me. The unreacted H3B-NH2"Pr is observed as a quartet at — 18.72
ppm (JsH = 94 Hz). Inset: expansion showing the presence of BsHs~ and BH4~.
Recorded in THF-Hg at 298 K.
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4.1.2 The attempted dehydropolymerisation of H;B-NH."Pr with 8 at
high catalyst loading (0.33 mol%), with NH2Me

In an attempt to overcome the apparent catalyst poisoning of 8 when attempting to
dehydropolymerise HsB-NH2"Pr, the catalyst loading was increased tenfold to 0.33
mol%. For comparison, this catalyst loading of 8 was capable of catalyzing the
complete dehydropolymerisation of HsB-NH2Me in under 5 seconds and with no
induction period (see chapter 3). Dehydropolymerisation was also attempted in
toluene, as well as THF, as toluene attenuated catalyst poisoning by BHs in the rhodium

catalyst systems (see chapter 2).

Dehydropolymerisation of H3B-NH2"Pr (0.182 g, 1 mol dm=3 in 2.5 cm?3 of toluene or
THF) was attempted with 8 at 0.33 mol% catalyst loading, activated with 0.01 mol dm~
3 of NH2Me (3 equivalents of NH2Me to 8) (Figure 155). With THF and 0.33 mol% 8,
no Hz evolution was observed by eudiometric measurement after 3 hours, similarly to
with 0.033 mol%, and no significant conversion of the H3B-NH2"Pr was observed by
"B NMR. The in-situ 3'P{"H} NMR showed partial conversion (87 %) of 8 to a new
organometallic species with a pair of highly roofed doublets: 83.9 ppm (d, Jrr = 18 Hz),
82.7 ppm (d, Jrr = 18 Hz) and henceforth referred to as 14 (Figure 156). This likely
corresponds to two ligand phosphine environments that couple to each other, either as
chemically inequivalent ligands on a single ruthenium center, or possibly as part of a
dimer. The small coupling constant of 18 Hz likely corresponds to phosphines in a cis-
configuration around the metal center. In the corresponding in-situ '"H NMR spectrum,
a single hydride was seen as a broad singlet at — 15.92 ppm (60 Hz FWHM), likely
from 14 (Figure 156). No broad 'H signal between 0 and — 5 ppm that would be
expected for a Ru-bound k'- or k>-BH2 complex is observed. > 3 As 14 was present
alongside unreacted HsB-NH2"Pr, it is likely that it does not catalyze the
dehydropolymerisation of amine-boranes and represents a poisoned catalyst species.
The trans hydride-borohydride complex 13 is not observed in the 3'P{'H}, 'H or "B in-
situ NMR spectra.

209



CIH,

H, | N>
<_N2~R]6—f|='
/ Pr
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!przcl H\ /nPI'
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8 Tol :
H4B-NH,"Pr » | OHuene H W
-H, ]
THF or toluene, argon
0.33 mol% 8 THF: No catalysis

0.01 mol dm™ NH,Me

Figure 155. The attempted dehydropolymerisation of HsB-NH2"Pr (0.182 g in 2.5 cm?
THF/toluene, 1 mol dm=3) with 8 (0.33 mol%), activated by 0.01 mol dm—2 NH2Me. No
catalysis was observed with THF, complete conversion to polymer (H2B=NH"Pr)» was
observed with toluene by "B NMR.

#P('H} 23 3
® D ®
14
1H g
0

mJ\u-—- Botiifgp= 10:Hz

. ) ) ) ) ) - -
45 -16 17

ppm

14

87.3
2.7

'
114

100 ' 90 ' 80 ' 70 60
ppm
Figure 156. The in-situ 3'P{'H} NMR spectrum recorded after the attempted
dehydropolymerisation of H3B-NH2"Pr (0.182 g in 2.5 cm® THF, 1 mol dm~3) with 8 (0.33
mol%), activated by 0.01 mol dm~—3 NH2Me, showing primarily 14 and some unreacted
8. Inset: expanded in-situ '"H NMR spectrum from the same reaction showing a hydride
signal. Both recorded in THF-Hs at 298 K.
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A possible identity for 14 is P,P-cis-Ru(’Pr2PCH2CH2NH2)(k3-Pr2PCH2CH2NHBH3)H,
where the BHs is datively bonded to one of the ligand N atoms, and forms a sigma
bond between a B—H and the ruthenium atom (Figure 157). This could form via the
BHs capping of the mono amido hydride Ru(’Pr2PCH2CH2NH2)('Pr2PCH2CH2NH)H,
where the amido lone pair acts as a Lewis base. Analogous complexes have been
reported for iron and ruthenium with MACHO ligands (Figure 157).# 5 This would
explain the lack of obvious B—H signals for 14 in the '"H NMR spectrum, as the terminal
B—H shift would likely be positive and obscured by the solvent and amine-borane
signals. 4 The bridging B-H-Ru would be very broad, particularly if the BHs unit is
rotating at room temperature, which could result in the signal broadening into baseline.

4.5 Recording a '"H{"'B} spectrum would help determine if a bridging B-H-Ru is

present.
H.’:\T Ha’_ Ha
- . H 2
VA IR a |/ FFrn
HN—/Ru—j; N—Ru-CO N—Fe—PMe,
ol Pre Cerl ol
l'PI'2 ¢ 'Pr, ¢ iprz c
14 Gauvin et al, 2017 Beweries et al, 2017
H, = undetermined H, = 1.45 ppm H_ = undetermined
H, = undetermined H, =-7.0 ppm, br Hp =-11.28 ppm, br
H.=-15.92 ppm ? H.=-11.33 ppm H.=-14.76 ppm

Figure 157. The possible structure of 14 and the reported group 8 MACHO complexes
where the ligand nitrogen is capped by BH3. 45

The equivalent dehydropolymerisation performed in toluene as a solvent (1 mol dm=3
H3B-NH2"Pr in 2.5 cm? of toluene, 0.33 mol% 8 and 0.01 mol dm~3 NH2Me) resulted in
a 300 s induction period, followed by the release of ~ 1 equivalent of H2 from the
HsB-NH2"Pr substrate in 2 seconds. This was more rapid than could be measured
eudiometrically. The in-situ "B NMR spectrum recorded after the completion of H>
evolution showed the almost complete conversion of the H3B-NH2"Pr substrate into the
polymer (H2BNH"Pr)n, appearing as a broad signal at — 6.9 ppm (Figure 158). After
catalysis was complete the reaction mixture was dried in vacuo to remove the toluene

solvent and the residue analyzed by GPC. The (H2BNH"Pr), formed was found to have
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a M, of 101,700 g mol~" and a dispersity of 1.44, comparable to the (H.BNHMe),

polymers formed by this catalyst system.

The in-situ 3'"P{'H} NMR spectrum recorded at the end of the dehydropolymerisation
of H3B-NH2"Pr in toluene shows a similar species to 14 that was observed in THF: two
roofed signals at 83.8 ppm and 82.2 ppm (both d, Jrp = 18 Hz) (Figure 159). No 3'P{'H}
signal corresponding to 8 is observed suggesting complete conversion into the new
species. The in-situ "H NMR shows the same hydride signal as when the reaction was
performed in THF, shifted slightly to — 15.74 ppm and corresponding to 14 (Figure
159).

s ® N BOWBOo

= o @ Couoo

o o A e T £50 RN SES) R |

H3B-NH,"Pr
R, ¥,

w0 ?: 0 w
) ) i ™M . ) . ) . o o ) i i .
60 40 20 0 -20 -40 -60

ppm

Figure 158. In-situ "B spectrum recorded after H2 evolution ceased for the
dehydropolymerisation of H3B-NH2"Pr (0.182 g in 2.5 cm?3 toluene, 1 mol dm~3) with 8
(0.33 mol%), activated by 0.01 mol dm=3 NH2Me. The primary species is (H2BNH"Pr)n,
seen as a broad signal a — 6.9 ppm. Recorded in toluene-Hs at 298 K.
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Figure 159. The in-situ 3'P{'H} NMR spectrum recorded after the attempted
dehydropolymerisation of H3B-NH2"Pr (0.182 g in 2.5 cm? of toluene, 1 mol dm~3) with
8 (0.33 mol%), activated by 0.01 mol dm=3 NH2Me. Inset: expanded in-situ '"H NMR
spectrum from the same reaction showing a hydride signal. Recorded in toluene-Hs at
298 K.
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4.1.3 The dehydropolymerisation of H3;B-NH:Et and H3:B-NH:"Pr with
8 at high catalyst loading (0.5 mol%), with NH:Me

In an attempt to increase the degree of polymerisation, the reaction conditions for the
dehydropolymerisation of HsB-NH2"Pr were optimized by increasing the catalyst
loading to 0.5 mol% of 8 and increasing the NH2Me concentration to 0.05 mol dm=3 (10
equivalents relative to 8). HsB-NH2Et was also evaluated as a substrate. In the previous
investigation using 0.33 mol% of 8 to dehydropolymerise H3B-NH2"Pr, the only species
observed by 3'P{'H} NMR spectroscopy at the end of catalysis was the likely
catalytically inactive species 14, suggesting that the catalyst was almost completely
poisoned (possibly by BH3) at 0.33 mol% loading. The higher concentration of NH2Me
was used in an attempt to sequester more BHs and therefore prolong the catalyst

lifespan.

H3B-NH2"Pr and H3B-NH2Et (0.182 and 0.147 g respectively, in 2.5 cm?® of toluene, 1
mol dm~3) were dehydropolymerised by 8 (0.5 mol%) in toluene with 0.05 mol dm=3 of
NH2Me to activate the precatalyst (Figure 160). Both substrates showed the release
of ~1 equivalent of Hz2 by eudiometric measurements after an induction period: ~150 s
for HsB-NH2"Pr and ~550 s for HsB-NHz2Et (Figure 161). The release of ~1 equivalent
of Hz2 from HsB-NH2"Pr took 20 s, and from H3B-NH2Et took 5 s (Figure 161). In-situ
"B NMR spectra recorded after catalysis show complete conversion of the respective
amine-boranes, primarily into the polymers (H2BNHEt)n (~7.16 ppm) and (H2BNH"Pr)n
(—6.79 ppm) as products (94 and 85 % selectivity respectively) (Figure 162).
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0.5 mol% 8

0.05 mol dm NH,Me

R = Et, "Pr

Figure 160. The dehydropolymerisation of HsB-NH2Et and HsB-NH2"Pr (0.147 and
0.182 g respectively in 2.5 cm? toluene, 1 mol dm=3) with 8 (0.5 mol%), activated by
0.05 mol dm~3 NH2Me. Complete conversion to polymers (H2BNHEt)» and (H2BNH"Pr),
was observed with toluene by "B NMR.
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Figure 161. Effective H2B=NHR (R = Et, "Pr) concentration over time from eudiometric
H2 evolution measurement for the dehydropolymerisations of HsB-NH2Et and
H3B-NH2"Pr (0.147 and 0.182 g respectively, 1 mol dm=3 in toluene) by 8 (0.5 mol%),
with 0.05 mol dm~3 of NH2Me. A shorter induction period is seen with H3B-NH2"Pr (150
s) compared to H3B-NH2Et (550 s). HsB-NH2"Pr exhibits a lower rate of catalysis when
compared with HzB-NH2Et.
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Figure 162. In-situ "B NMR spectra recorded after the dehydropolymerisations of
H3B-NH2Et and H3B-NH2"Pr (0.147 and 0.182 g respectively, 1 mol dm=3 in toluene) by
8 (0.5 mol%), with 0.05 mol dm=2 of NH2Me. Left: H3B-NH2Et dehydropolymerisation
showing primarily (H2BNHEt).. Right: H3B-NH2"Pr dehydropolymerisation showing
primarily (H2BNH"Pr)n. Both recorded in toluene-Hs at 298 K.

The in-situ 3'P{'H} spectra recorded after catalysis show diverging speciation. For the
dehydropolymerisation of HzB-NH2"Pr, signals at 83.8 and 82.3 ppm are observed by
31P{"H} NMR spectroscopy corresponding to 14, the only species observed. The
hydride of 14 is also observed by 'H NMR spectroscopy at — 15.70 ppm. This is the
same as observed for when 0.33 mol% of 8 was used showing that the increase in
catalyst loading and amine concentration does not prevent conversion to 14, likely
indicative that 14 can be formed post-catalysis. For the dehydropolymerisation of
H3B-NH2Et, 3 signals are seen by 3'P{"H} NMR spectroscopy: two unidentified at 75.3
and 80.1 ppm, and 11 (P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H) at 88.6 ppm (Figure
163). The corresponding 'H NMR spectrum shows 4 hydride signals: 3 unidentified at
—9.78, — 11.76 and — 15.83 ppm, with — 20.01 likely corresponding to 11 (Figure 163).
No 14 is seen and no equivalent species with inequivalent phosphorous environments
that are coupled. The reason for the differing catalyst speciation is not currently

understood.
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Figure 163. The in-situ 3'"P{'"H} NMR spectrum showing multiple P containing species
recorded after the dehydropolymerisation of H3B-NH2Et (0.147 g in 2.5 cm? of toluene,
1 mol dm~3) with 8 (0.5 mol%), activated by 0.05 mol dm—2 NH2Me. Inset: expanded in-
situ '"H NMR spectrum from the same reaction showing multiple hydride signals.
Recorded in toluene-Hs at 298 K.

The (H2BNH"Pr), (H2BNHE)n the

dehydropolymerisation reaction mixtures by removal of the toluene solvent and other

polymers and were isolated from
volatile compounds in-vacuo. The resulting yellow solids were analyzed by GPC
(Figure 164). The polymers were found to have M, values of 115,800 g mol~' for
(H2BNH"Pr), and 118,600 g mol~' for (H2BNHEt),, corresponding to degrees of
polymerisation ~ 1600 and ~ 2000 respectively. This is an approximate two-fold
increase in polymer chain length when compared to the (H2BNHEt),» and (H2BNH"Pr)n

synthesized by rhodium-based catalysts (see chapter 2).

H;B-NH,R Catalyst MeNH,
Catalyst M, M,
Catalyst | Amine-borane | concentration concentration | concentration b
mol% (mol dm-3) [ (mol dm)
(mol dm-3) (mol dm-3) (mol dm-3)
8 H3;B-NH,Et 1 0.5 0.05 0.05 118,600 166,800 1.41
8 HsB-NH,"Pr 1 0.5 0.05 0.05 115,800 160,400 1.39

Figure 164. Polymer data obtained by GPC analysis of the (H2BNHEt), and
(H2BNH"Pr)n, formed by the dehydropolymerisations of H3sB-NH2Et and HsB-NH2"Pr
(0.147 and 0.182 g respectively, 1 mol dm=3 in toluene) by 8 (0.5 mol%), with 0.05 mol
dm=3 of NH2Me.
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4.2 The NMR spectra of polyaminoboranes (H2BNHEt), and
(H2BNH"Pr)n

Due to the moderate selectivity (> 85% by "B NMR integrals) for the corresponding N-
alkyl polyaminoboranes formed by the dehydropolymerisation of HsB-NH2Et and
HsB-NH2"Pr by 8 activated by NH2Me, the NMR spectra of the isolated materials could
be recorded in CDCIs. The "B NMR spectra of (H2BNHEt), and (H2BNH"Pr), show
broad peaks at — 7.14 and — 6.89 ppm respectively, matching well with the reported
shifts of these polymers synthesized by stoichiometric methods (both reported at ~ —
7 ppm). &7 The 'H NMR spectrum of (H2BNHEt)» consists of 5 signals: two signals at
2.65 and 2.47 ppm corresponding to inequivalent CHz protons, a broad NH signal at
2.51 ppm, a very broad BH2 signal at 1.76 ppm and a sharp terminal CHs signal at 1.24
ppm (Figure 165). The "H NMR spectrum of (H2BNH"Pr)» consists of 7 signals: a broad
NH signal at 2.71 ppm, a pair of inequivalent CH2 environments at 2.47 and 2.35 ppm,
a pair of inequivalent CHz environments at 1.78 and 1.60 ppm, a very broad BHz2 signal
at 1.70 ppm and a sharp terminal CHs signal at 0.85 ppm (Figure 166). These were
confirmed by a 'H-'H COSY spectra and by comparison to the literature, the 'H shifts
match well with the reported literature values. & 7 ""B{'H} and 'H{"'B} NMR spectra

were not recorded.

The inequivalent geminal CHz protons on the alpha and beta carbons of (H2BNHEt)n
and (H2BNH"Pr)» alkyl chains are reported to be due to proximity to the BN backbone
hindering rotation. ” A distinct explanation is that the polyaminoboranes formed exhibit
stereochemically identical aminoborane monomer units (so-called isotactic) and that
the alkyl CH2 protons are therefore diastereotopic. Such isotacticity would require a
significant free energy penalty to the formation of the stereo-random (atactic) or
alternating  stereochemical (atactic) polyaminoboranes. The tacticity of

polyaminoboranes is at the time of writing yet to be convincingly elucidated. 7-8
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Figure 165. Left: '"H NMR spectrum of (H2BNHEt)n, inset showing "B NMR spectrum.

Right: 'H-'"H COSY spectrum of (H2BNHEt), showing correlations between CH2, CH3
and NH resonances.
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Figure 166. Left: "H NMR spectrum of (H.BNH"Pr)n, inset showing "B NMR spectrum.

Right: 'H-'H COSY spectrum of (H2BNH"Pr), showing correlations between CH3 —
CH2, CH2 — CH2, and CH2 — NH resonances.
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43 The future materials properties investigation of
polyaminoboranes (H2BNHEt), and (H2BNH"Pr),

Due to time constraints, the effect of substituting methyl groups for ethyl and n-propyl
in N-alkyl polyaminoboranes on the bulk properties of these materials was
unfortunately not investigated. The use of 8 as a competent precatalyst for the
dehydropolymerisation of H3B-NH2Et and HsB-NH2"Pr to form high molecular weight
(H2BNHEt)n and (H2BNH"Pr) provides the first step toward this aim.

The glass transition temperature (Tg) of the most frequently reported polyaminoborane
(H2BNHMe)n is reported to be significantly above room-temperature (varying between
50 and 110 °C), as a result is (H2BNHMe)n is very brittle. ® This is likely due to strong
intermolecular and intramolecular dihydrogen bonding between (H2BNHMe)n chains,
resulting in extensive crystalline domains. % '° The inclusion of bulkier aminoborane
monomers in polyaminoborane chains may disrupt the extended dihydrogen bonding
network and result in lower T4 values, resulting in a more plastic and processable
polymers. The decrease in Ty with increasing alkyl side chain length has been reported
for the related polyolefins and polyphosphinoboranes. ' The inclusion of 1-octene
monomers at 3.6% incorporation in polyethylene chains is reported to halve the
crystallinity, and is halved again upon reaching 12.3% 1-octene incorporation. '? It may
therefore be possible to decrease the crystallinity of (H2BNHMe)n by substituting in a
fraction of longer alkyl chain aminoborane units, with the aim of lowering T,. Some
examples of N-alkyl polyaminoborane copolymers have been reported, though the
effect of varying co-monomer inclusion on materials properties has not been

investigated. & 13

Anecdotally, the (H2BNH"Pr)n obtained from the dehydropolymerisation of H3B-NH2"Pr
by 8 formed flexible films upon deposition by the evaporation of the toluene reaction
solvent (see supplementary figures). This is in contrast to (H2BNHMe)n which is
reported to form extremely brittle films upon drop-casting from THF. ® The quantitative
measurement of Ty for (H2BNHEt)» and (H2BNH"Pr)n is yet to be performed and should

be measured using differential scanning calorimetry.
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4.4 Conclusions and future work

Precatalyst 8 when used at > 0.33 mol% catalyst loading and in the presence of NHz2Me
(0.05 mol dm=3) was shown to be capable of selectively dehydropolymerising
HsB-NH2Et and HsB-NH2"Pr, forming polyaminoboranes (H2BNHEt)» and (H2BNH"Pr)a
selectively. This is a significant advancement over current dehydropolymerisation
catalysts which are mainly limited to (H2BNHMe)n, and catalysts with broader scope
often require higher catalyst loadings (> 1 mol%) or neat amine-boranes.’®'* To
investigate the effect on materials properties (such as Ty, melting point, solubility) of
longer pendant alkyl chains on polyaminoboranes, a range of copolymers where N-
methylaminoborane is the primary monomer and is supplemented by varying amounts
of N-n-propylaminoborane should be synthesized. This will likely be more easily
attainable than the synthesis of the homopolymer (H2BNH"Pr), due to the reduced
release of BH3s by B—N bond cleavage during dehydropolymerisation and is likely

possible using precatalyst 8 in the presence of excess NH2Me.

The dehydropolymerisation of a wider range of N-substituted amine-boranes should
be attempted with the methodology described in this chapter, this should not be limited
to N-alkyl substituents but also include those with potential for functionalization. The
post-synthetic functionalization of polyaminoboranes is yet to be investigated, despite
being commonplace with other classes of polymers.'®'® The synthesis of
polyaminoboranes with pendant functional groups has seldom been reported. One
notable example is the brief description of copolymer formation using methyl amine-
borane and hydrazine bis-borane in Manners seminal paper on catalytic
polyaminoborane synthesis.’® This was suggested to crosslink the typically linear
polyaminoborane chains and therefore raised the ceramic yield upon thermal
decomposition (forming boron nitride).’™® Future targets could include
polyaminoboranes with pendant allyl or propargyl groups (likely as copolymers with
N-methyl aminoborane) which could be used tune the extent of crosslinking between

polymer chains, and therefore bulk materials properties.
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Chapter 5: Experimental
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5. Experimental methods

5.1 General experimental methods

All manipulations, unless otherwise stated were performed under an argon
atmosphere, utilising Schlenk techniques on a dual vacuum/inlet J. Youngs tap
manifold. All reactions were performed in J. Youngs tap glass ampoules, dried
overnight in an oven overnight at 120 °C prior to use, unless otherwise specified.
Cannulas were also dried overnight at 120 °C prior to use. Low temperature
crystallisations of organometallic compounds (< 0 °C) were performed in J. Youngs tap
glass ampoules, using a J. Youngs tap piston made of borosilicate glass to prevent
thermal contraction from causing the seal to fail. All organometallic compounds were

stored in an MBraun glovebox under an Argon atmosphere.

Solvents n-pentane, n-hexane, dichloromethane and toluene were dried using a
Grubbs-type solvent purification system, degassed by 3 freeze-pump-thaw cycles and
backfilled with argon.! Dichloromethane and toluene were stored over 3 A molecular
sieves. THF and Et20 were dried by reflux over sodium/benzophenone in a solvent still
under a nitrogen atmosphere and distilled, before being degassing with 3 freeze-pump-
thaw cycles and backfilled with argon. THF and Et.O were then stored over 3 A
molecular sieves. The THF was measured by Karl-Fischer analysis and found to
contain 10 ppm residual H20. Extra dried THF (water free) was prepared by taking the
THF distilled from sodium/benzophenone and storing it over a potassium mirror for 3
months. 1,2-Difluorobenzene was dried by reflux over CaH2 benzophenone in a
solvent still under a nitrogen atmosphere and distilled, before being degassing with 3
freeze-pump-thaw cycles and backfilled with argon. It was then stored over 3 A

molecular sieves. Deionised water was degassed by sparging with argon before use.

Deuterated solvents were purchased from Cambridge Isotope Laboratories, with the
exception of CDCI3 which was purchased from Sigma-Aldrich and used as supplied.
Toluene-ds and benzene-ds were dried over CaHz and stored over 3 A molecular
sieves. CD2Cl2 was dried over CaH2 and vacuum distilled prior to use. THF-ds was
dried over Na/benzophenone, vacuum distilled and stored over a potassium mirror.
CsD12 was dried over CaH2, vacuum distilled and stored over 3 A molecular sieves.
iPrOD-d7 was dried over sodium (5 mol%), vacuum distilled and stored over 3 A

molecular sieves.
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HsB-NH2Me was purchased from Boron Specialities LLC and recrystallised before use
from Et20 by dissolving in the minimum solvent and the cooling to —20 °C. H3B-NH2Et
and HsB-NH2"Pr were prepared by literature methods, and then and recrystallised from
Et20, by dissolving in the minimum solvent and the cooling to —20 °C, before use.?
CaH2 and benzophenone were obtained from Sigma-Aldrich and used as supplied.
Potassium and sodium were obtained from Sigma-Aldrich and washed with n-hexane

before use.

5.1.1 NMR spectroscopic measurements

NMR spectra were recorded on a 600 MHz Bruker Ultra-shield NMR spectrometer or
a 500 MHz Bruker Avance |l NMR spectrometer at 298 K, unless otherwise specified.
Low-temperature NMR spectra were recorded on the 500 MHz Bruker Avance Il NMR
spectrometer and utilised a liquid nitrogen heat exchanger to cool the flow gas. All
chemical shifts (3) are reported in ppm and coupling constants (J) reported in Hz. 'H,
TH{'P}, '"H{"'B} and '3C{'H} NMR spectra were referenced to residual solvent signals.
31P{"H} NMR spectra were referenced externally to 85% H3POa. "B and ""B{'H} NMR
spectra were referenced externally to 15% Et20-BF3 in CDCls. "B and ""B{'H} NMR
spectra were corrected for the boron content in the borosilicate glass NMR tubes by

subtraction of a blank, recorded on empty NMR tubes.

5.1.2 Gel permeation chromatography (GPC)

GPC was performed on a Malvern Viscotek GPCmax chromatograph fitted with a
refractive index (RI) detector. The triple-column (3x LT4000 plus guard column) setup
was contained within an oven (35 °C) and consisted of a porous styrene
divinylbenzene copolymer with a maximum pore size of 1.500 A. THF containing 0.1%
w/w [NBu4]Br was used as the eluent at a flow rate of 1.0 mL min~'. Samples were
dissolved in the eluent (2.0 mg mL™"), filtered (0.2 ym pore size) and run immediately.
The calibration was conducted using a series of monodisperse polystyrene standards
(Mn = 9630 — 476,800 g mol~") obtained from Sigma—Aldrich.

5.1.3 Mass spectrometry

Mass spectrometry was performed on purified materials (ESI-MS) and recorded on a
Bruker HCTultra PTM Discovery with an attached custom-built glovebox. The carrier

solvent was THF, flowing at 180 uL h=". The nebulizer was set at 2.9 psi and argon gas

225



at 2.0 I/min at a temp of 60 °C. End plate offset was set at -500 V and capillary at 4500
V.

5.1.4 Infra-red spectroscopy (IR)

IR spectroscopy was performed in an MBraun glovebox under an argon atmosphere
with a Bruker ALPHA Il Compact FT-IR Spectrometer (ATR).

5.1.5 UV-vis spectroscopy

UV-vis spectroscopy was performed in THF solutions at 293 K using a Jasco V-560
spectrophotometer. Analysis was performed in a J. Youngs quartz UV cuvette with a

pathlength of 1 cm and with the strict exclusion of air and water.
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5.2 Chapter 2 experimental methods and data

NH2Me (2 mol dm~3 in THF), NH2Et (2 mol dm=3 in THF), NH2"Pr (neat), NEts (neat),
tetrabutylammonium borohydride and elemental selenium powder were purchased
from Sigma-Aldrich and used as supplied. (Pr2PCH2CH2)2NH (10% w/v in THF),
(‘Bu2PCH2CH2)2NH (10% w/v in THF) and (Cy2PCH2CH2)2NH (solid) were purchased

from Sigma-Aldrich and used as supplied.

Rh(Pr-PNHP)(NBD)][CI] (1), Rh('Pr-PNHP)H2CI (2), Co(Pr-PNHP)CI2 (5) and Co(Cy-

PNHP)CI2 (6) were prepared via reported literature methods. 34
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5.2.1 Synthesis and characterisation of Rh('Pr-PN"P)(k'-BH4)H. (4)
H

/
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N—Rh—H
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100 mg of 2, Rh(Pr-PNHP)H2ClI, 0.23 mmol) and 69 mg (0.27 mmol, 1.2x excess) of
[NBus][BH4] was dissolved in 5 cm?® of THF and stirred for 30 minutes. The THF was
then evaporated under argon flow and the solids extracted with the minimum pentane,
which was filtered off. The pentane solution was then cooled to — 20 °C overnight to
afford colorless crystals of Rh(’Pr-PN"P)(k'-BHs)H2 (4), 21 mg, (22% yield). The low

isolated yield is likely due to the high solubility of 4 even at low temperature in pentane.

"H NMR (600 MHz, benzene-de) & 3.90 (t, br, Ju# = 11 Hz, 1H, NH), 2.71 (m, 2H, Pr
CH), 2.50 (m, 2H, NH-CH2), 1.86 (m, 2H, P-CH2), 1.72 (m, 2H, 'Pr CH), 1.64 (m, 2H,
NH-CHz2), 1.57 (m, 2H, P-CH2), 1.43 (dd, J = 16.5 Hz, 7.6 Hz, 'Pr CH3), 1.04 (dd, J =
15.5 Hz, 7.1 Hz, 'Pr CHs), 0.99 (dd, J = 12.8 Hz, 6.8 Hz, 'Pr CH3), 0.84 (dd, J = 14.3
Hz, 7.3 Hz, 'Pr CH3), — 1.37 (br, 4H, BH4), — 15.81 (m, 1H, Rh—H), — 16.05 (m, br, 1H,
Rh—H). A NOESY experiment was not recorded and so signals above and below the

P—Rh-N plane were not distinguished.

3C{'H} NMR (151 MHz, benzene-ds) d 52.85 (t, Jcr = 3.5 Hz, NH-CH?2), 31.29 (t, Jcp
=9.1 Hz, P-CH2), 27.43 (t, Jcr=12.4 Hz, 'Pr CH), 22.27 (dd, J = 9.5 Hz, 12.0 Hz, Pr
CH), 21.44 (t, Jcp = 3.9 Hz, 'Pr CHa), 20.97 (t, Jcr = 4.0 Hz, 'Pr CH3), 18.59 (s, 'Pr CHz),
17.05 (s, 'Pr CHa).

31P{"H} NMR (243 MHz, benzene-ds) d 79.0 (d, Jrrn = 109 Hz).

"B NMR (193 MHz, benzene-ds) & — 34.4 (br, BH4).
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Figure 167. 'H NMR spectrum of Rh('Pr-PNHP)(k'-BH4)H2 (4), insets showing Rh—H
and BH4 signals. Traces of NBuas are present in the aliphatic region. Recorded in

benzene-ds at 298 K.
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Figure 168. 3'P{"H} NMR spectrum of Rh('Pr-PNHP)(k'-BH4)H2 (4) showing a doublet
at 79.0 ppm (Jprn = 109 Hz). A small amount of starting material Rh('Pr-PNHP)H2ClI
(2) is present as a doublet at 75.5 ppm (Jprn = 116 Hz). Recorded in benzene-ds at

298 K.

229



L (2] L] M~=rrM~O0OLw
«© bk = NTOWOo
[ ] — I~ ol — O 0~
Ie] [y o IO — —
| | | N

e o i

60 50 40 30 20 10 0
ppm

Figure 169. '3C{"H} NMR of Rh(PN"PPr)(k'-BH4)H2 (4). Recorded in benzene-ds at
298 K.
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Figure 170. "B NMR of Rh(Pr-PNHP)(k'-BH4)H2 (4). Recorded in benzene-de at 298
K.
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Figure 171. '"H'H COSY NMR spectrum of Rh('Pr-PN"P)(k'-BH4)H2 (4). Recorded in
benzene-ds at 298 K.
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Figure 172. '3C'"H HSQC NMR spectrum of Rh(’Pr-PNHP)(k'-BH4)H2 (4). Recorded in
benzene-ds at 298 K.
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Figure 173. Molecular structure of Rh(PNHPPr)(k'-BH4)H2 (4) as determined by single
crystal X-ray diffraction. Displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms are placed in calculated positions. N—-H, Rh—H and B—H were located
in the Fourier difference map, allowed to ride the parent atoms and freely refined.
Selected distances [A], bond lengths [A] and angles [°]: Rh(1)---B(1) 2.709(8), Rh(1) —
N(1) 2.188(2), Rh(1) — P(1) 2.2677(7), Rh(1) — P(2) 2.2590(7), P(1) — Rh(1) — N(1)
84.32(7), P(1) — Rh(1) — P(2) 168.31(3), P(2) — Rh(1) — N(1) 85.25(7).
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5.2.2 Synthesis and characterisation of {{Pr,P(=Se)CH.CH}.NH
iPI’z iPrz

P P
Se”~ ‘\//\H’/\/ %Se

(Pra2PCH2CH2)2NH (55 pl, 10% w/v in THF, 0.016 mmol) was added to a Youngs tap
NMR tube containing a vast excess of grey selenium (~ 10 mg, 0.12 mmol). The THF
was then removed in-vacuo. CD2Cl2 (0.5 cm3) was then transferred via a distillation
bridge in-vacuo. The Youngs tap NMR tube was then agitated in an ultrasound bath for
1 hour at room temperature. The product {Pr2P(=Se)CH2CH2}2NH was not isolated

and characterised by NMR spectroscopy in-situ.

TH NMR (500 MHz, CD2Cl2, 298 K) 81 2.91 (dt, J = 11.4, 7.4, Hz, 4H, CH2), 2.14 (dsep,
J=9.0,7.0 Hz, 4 H, Pr CH), 2.05 (br, s, 1H, NH) 2.00 (t, J = 10.3, 7.4 Hz, 4 H, CH2),
1.20 (dd, J = 7.0, 6.5 Hz, 12 H, PPr CH3), 1.16 (dd, J = 7.0, 6.2 Hz, 12 H, iPr CHsa).

13C{'H} NMR (126 MHz, CD2Clz, 298 K) 8¢ 45.3 (s, N-CHz), 27.9 (d, J = 42 Hz,
CH(CH3)2), 25.3 (d, J = 38.8 Hz, P-CHz), 17.0 (d, J = 6 Hz, CHa).

31P{'H} NMR (203 MHz, CD2Clz, 298 K) &p 59.2 (s, 2 P, P=Se). 7’Se satellites: (d, Jrse
= 695 Hz)

233



—

| | S

2

-
o -

ppm

Figure 174. '"H NMR of {{Pr2P(=Se)CH2CH2}2NH. Residual THF signals from the
synthesis are seen at 3.67 and 1.81 ppm. Recorded in CD2Cl2 at 298 K.
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Figure 175. 3'P{"H} NMR spectrum of {{Pr.P(=Se)CH2CH2}2NH, showing satellite
peaks corresponding to 3'P — 77Se coupling of 695 Hz. Recorded in CD2Cl2 at 298 K.
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5.2.3 Synthesis and characterisation of {Cy.P(=Se)CH.CH2}.NH

Cy, Cy,
se? N Prge
H
(Cy2PCH2CH2)2NH (5 mg, 0.011 mmol) was added to a Youngs tap NMR tube
containing a vast excess of grey selenium (~ 10 mg, 0.12 mmol). CD2Cl2 (0.5 cm?3) was
then transferred via a distillation bridge in-vacuo. The Youngs tap NMR tube was then
agitated in an ultrasound bath for 1 hour at room temperature. The product
{Cy2P(=Se)CH2CH2}2NH was not isolated and characterised by NMR spectroscopy in-

situ.

TH{3'P} NMR (500 MHz, CD2Cla, 298 K) 81 2.92 (t, J = 7 Hz, 4 H, CH2), 2.05 (t, J = 7
Hz, 4 H, CHz), 1.91 (s, br, 1 H, NH), 1.16 — 2.01 (44 H, Cy),

13C{'H} NMR (126 MHz, CD2Clz, 298 K) 8¢ 45.4 (s, N-CHz), 37.5 (d, J = 41 Hz, Cy CH),
26.1-27.1 (20 C, Cy CH2), 24.7 (d, J = 39 Hz, 2 C, P-CHy2).

31P{'H} NMR (203 MHz, CD2Cl2, 298 K) p 50.7 (s, 2 P, P=Se). 7Se satellites: (d, Jrse
= 688 Hz)
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Figure 176. "H{3'"P} NMR spectrum of {Cy2P(=Se)CH2CH2}2NH. Recorded in CD2Cl2
at 298 K.
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Figure 177. 3'P{'H} NMR spectrum of {Cy2P(=Se)CH2CH2}2NH, showing satellite
peaks corresponding to 3'P — 7’Se coupling of 688 Hz. Recorded in CD2Cl2 at 298 K.
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Figure 178. '"H'H COSY NMR spectrum of {Cy2P(=Se)CH2CH2}2NH. Recorded in
CD2Cl2 at 298 K.
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Figure 179. "3C{"H} NMR spectrum of {Cy2P(=Se)CH2CH2}2NH. Recorded in CD2Cl2
at 298 K.
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Figure 180. '"H'3C HMBC NMR spectrum of {Cy2P(=Se)CH2CH2}2NH. Recorded in

CD2Cl2 at 298 K.
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5.2.4 Synthesis and characterisation of {{Bu.P(=Se)CH.CH:}:NH

‘Bu, ‘Bu,
se” N se
H
(‘Bu2PCH2CH2)2NH (55 pl, 10% w/v in THF, 0.014 mmol) was added to a Youngs tap
NMR tube containing a vast excess of grey selenium (~ 10 mg, 0.12 mmol). The THF
was then removed in-vacuo. CD2Cl2 (0.5 cm?®) was then transferred via a distillation
bridge in-vacuo. The Youngs tap NMR tube was then agitated in an ultrasound bath for
1 hour at room temperature. The product {{Bu2P(=Se)CH2CH2}2NH was not isolated

and characterised by NMR spectroscopy in-situ.

H NMR (500 MHz, CD2Cla, 298 K) 81 2.97 (t, J = 7 Hz, 4 H, CHa), 2.13 (s, br, 1 H,
NH), 2.07 (t, J = 7 Hz, 4 H, CH2), 1.33 (s, 36 H, CH3).

BC{'H} NMR (126 MHz, CD2Cl2, 298 K) 6c47.0 (s, N-CHz), 37.3 (d, J = 34 Hz,
C(CHBa)3), 27.9 (s, CHg), 22.2 (d, J = 35 Hz, P-CH2).

31P{'H} NMR (203 MHz, CD2Cl2, 298 K) p 74.0 (s, 2 P, P=Se). 7Se satellites: (d, Jrse
= 693 Hz)
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Figure 181. '"H NMR spectrum of {{Bu2P(=Se)CH2CH2}2NH. Recorded in CD2Cl2 at 298
K.
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Figure 182. 3'P{'H} NMR spectrum of {{Bu2P(=Se)CH2CH2}2NH, showing satellite
peaks corresponding to 3'P — 7’Se coupling of 693 Hz. Recorded in CD2Cl2 at 298 K.
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Figure 183. '"H'H COSY NMR spectrum of {{Bu2P(=Se)CH2CH2}2NH. Recorded in
CD2Cl2 at 298 K.
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Figure 184. '3C{'"H} NMR spectrum of {{Bu2P(=Se)CH2CH2}2NH. Recorded in CD2Cl2
at 298 K.
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Figure 185. *C'H HMBC NMR spectrum of {{Bu2P(=Se)CH2CH2}2NH. Recorded in

CD2Cl2 at 298 K.
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5.2.5 Synthesis and characterisation of Rh{k3-
(Cy2PCH2CH2)2NH}H:CI (7)

Cl
H ”_‘_/PCYZ

A

N—Rh—H

An ampoule with stirrer was charged with (Cy2PCH2CH2)2NH (0.175 g, 0.38 mmol). A
separate ampoule was charged with [Rh(COD)CI]2 (0.0925 g, 0.19 mmol). 5 cm? of dry
1,2-difluorobenzene was then added to the [Rh(COD)CI]2, and the resulting solution
was transferred into the (Cy2PCH2CH2)2NH resulting in an orange solution. The
reaction mixture was then degassed by 3 freeze-pump-thaw cycles. The reaction
mixture was then stirred under an atmosphere of 4 bar Hz for 24 hours at room
temperature. After 24 hours, the reaction mixture was again degassed by 3 freeze-
pump-thaw cycles and the stirred under 4 bar H2 for a further 24 hours, resulting in a
white precipitate and yellow supernatant. The supernatant was then removed via
filtration and the white solid was washed with degassed pentane (3 x 2 cm?3) then dried
in-vacuo. The solid was then recrystallised by dissolution in dry 1,2-difluorobenzene
and then layering with dry pentane, forming x-ray quality crystals of Rh{k3-
(Cy2PCH2CH2)2NH}H2CI (7) (0.143 g, 63% yield).

"H NMR (600 MHz, benzene-ds, 298 K) &n 3.60 (t, br, J = 10 Hz, 1 H, N-H), 2.88 (m,
2 H, H-C(CHBs)z2), 2.72-2.86 (overlapping multiplets, 4 H) 1.15-2.00 (many overlapping
Cy & backbone multiplets, 42 H), — 15.68 (m, br, 1 H, Rh—H), — 19.71 (m, br, 1 H, Rh-
H).

3C{'H} NMR (151 MHz, benzene-ds, 298 K) &c 52.8 (t, J = 3.7 Hz, N-CH3), 36.9 (t, J
=11.6 Hz, Cy CH), 34.0 (t, 12 Hz, Cy CH), 32.3 (t, J=2.4 Hz, Cy CH2), 31.5 (t, J=3
Hz, Cy CH2), 31.0 (t, J = 8.6 Hz, P-CH2), 28.7 (s, Cy CH2), 28.5 (s, Cy CH2), 27.9 (t, J
=4.6 Hz, Cy CH2), 27.3 (t, J = 10.1 Hz, P-CH>), 27.0 (s, Cy CH2), 26.8 (t, J = 6.4 Hz,
), 26.6 (s, Cy CH2).

31P{1H} NMR (600 MHz, benzene-ds, 298 K) dp 65.8 (d, Jrnp = 112 Hz, 2 P, Rh—P).
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Figure 186. '"H NMR spectrum of Rh{k3-(Cy2PCH2CH2)2NH}H2ClI (7), showing hydride
resonances at — 15.68 and — 19.71 ppm. Recorded in benzene-ds at 298 K.
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Figure 187. 3'P{"H} NMR spectrum of Rh{k3-(Cy2PCH2CH2)2NH}H2CI (7). Recorded
in benzene-ds at 298 K.
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Figure 188. 'H'H COSY NMR spectrum showing the aliphatic region of Rh{k3-
(Cy2PCH2CH2)2NH}H2CI (7). Recorded in benzene-ds at 298 K.
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Figure 189. 'H'H COSY NMR spectrum showing the hydride region of Rh{k*-
(Cy2PCH2CH2)2NH}H2ClI (7). Recorded in benzene-ds at 298 K.
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Figure 190. 3C{'H} NMR spectrum of Rh{k3-(Cy2PCH2CH2)2NH}H2ClI (7). Recorded in
benzene-ds at 298 K.

_ﬁ_WAW,JJL?W_,JMHWWL’LUH&LAL__M

20
25

30

f=>

35

40

ppm

45

50

55

60

ppm

Figure 191. "C'H HMBC NMR spectrum of Rh{k3-(Cy2PCH2CH2)2NH}H2CI (7).
Recorded in benzene-ds at 298 K.
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O

Figure 192. Molecular structure of Rh{k3-(Cy2PCH2CH2)2NH}H2Cl (7) as determined
by single crystal X-ray diffraction. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are placed in calculated positions. N-H and Rh—H
were located in the Fourier difference map, allowed to ride the parent atoms and freely
refined. Selected distances [A], bond lengths [A] and angles [°]: Rh(1) — P(1) 2.2793(6),
Rh(1) - P(2) 2.2729(6), Rh(1) — N(1) 2.190(2), Rh(1) — CI(1) 2.5036(6), P(1) — Rh(1) —
N(1) 84.53(6), P(2) — Rh(1) — N(1) 84.16(6), P(1) — Rh(1) — P(2) 167.07(2), N(1) —
Rh(1) — CI(1) 89.88(6), P(1) — Rh(1) — CI1 93.18(2), H(1) — Rh(1) — H(2) 88.3(14).
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5.2.6 The dehydropolymerisation of methyl amine-borane with
Rh('‘Pr-PNHP)(NBD)][CI] (1) under argon

112 mg (2.5 mmol) of recrystallised methyl amine-borane and 6.7 mg (0.0125 mmol,
0.5 mol%) of Rh(’Pr-PNHP)(NBD)][CI] (1) were weighed into a jacketed Schlenk under
argon, which was then temperature equilibrated to 20 °C and connected to an upturned
water-filled burette to collect the produced H2 gas. To initiate catalysis, 2.5 cm? of THF
was added to the amine-borane and precatalyst (resulting in a concentration of 1 mol
dm=3 of methyl amine-borane), which was then stirred at 400 rpm. After an induction
period (typically ~ 1500 s), the yellow reaction mixture turned rapidly colourless and H2
gas was evolved. The volume of evolved Hz was recorded by the burette. Upon
completion of Hz2 evolution, an in-situ NMR sample was taken and analysed by 'H,
31P{'H} and "B NMR spectroscopies. The catalysis mixture was then quenched in-air
by the addition of ~ 50 cm? of pentane, resulting in the precipitation of white poly(N-
methylaminoborane). The polymer was isolated by filtration and dried in-vacuo to give
a white solid, 0.076 g (68% recovered yield), > 99% conversion and selectivity
observed by in-situ "B NMR spectroscopy. This poly(N-methylaminoborane) was then
analysed by GPC (M, = 25,600 g mol~', dispersity = 1.7).
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5.2.7 The dehydropolymerisation of methyl amine-borane with
Rh(‘Pr-PN"P)(NBD)][CI] (1) in air

112 mg (2.5 mmol) of recrystallised methyl amine-borane and 6.7 mg (0.0125 mmol,
0.5 mol%) of Rh(’Pr-PNHP)(NBD)][CI] (1) were weighed into a jacketed Schlenk under
argon, which was then evacuated and refilled with air. The jacketed Schlenk was then
temperature equilibrated to 20 °C and connected to an upturned water-filled burette to
collect the produced H2 gas. To initiate catalysis, 2.5 cm? of THF was added to the
amine-borane and precatalyst (resulting in a concentration of 1 mol dm=2 of methyl
amine-borane), which was then stirred at 400 rpm. After an induction period (typically
~ 100 s), the yellow reaction mixture turned rapidly colourless and Hz gas was evolved.
The volume of evolved H2 was recorded by the burette. Upon completion of H2
evolution, an in-situ NMR sample was taken and analysed by 'H, 3'P{'H} and "B NMR
spectroscopies. The catalysis mixture was then quenched in-air by the addition of ~ 50
cm? of pentane, resulting in the precipitation of white poly(N-methylaminoborane). The
polymer was isolated by filtration and dried in-vacuo to give a white solid, 0.069 g (63%
recovered yield), > 99% conversion and 94% selectivity observed by in-situ "B NMR
spectroscopy. This poly(N-methylaminoborane) was then analysed by GPC (M, =
81,000 g mol-', dispersity = 1.7).
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5.2.8 The attempted dehdyropolymerisation of n-propyl amine-
borane with Rh(‘Pr-PN"P)(NBD)][CI] (1)

182 mg (2.5 mmol) of recrystallised n-propyl amine-borane and 6.7 mg (0.0125 mmol,
0.5 mol%) of Rh(Pr-PNHP)(NBD)][CI] (1) were weighed into a jacketed Schlenk either
under argon or air, which was then temperature equilibrated to 20 °C and connected to
an upturned water-filled burette to collect the produced Hz gas. To initiate catalysis, 2.5
cm® of THF was added to the amine-borane and precatalyst (resulting in a
concentration of 1 mol dm~3 of methyl amine-borane), which was then stirred at 400
rpm. The volume of evolved Hz was recorded by the burette. Upon completion of H2
evolution, an in-situ NMR sample was taken and analysed by 'H, 3'P{'H} and "B NMR
spectroscopies. Incomplete dehydropolymerisation was observed by "B NMR
spectroscopy when performed in-air (60% conversion to various dehydrocoupled

products), no conversion was observed when performed under argon.
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5.2.9 The dehdyropolymerisation of methyl, ethyl and n-propyl
amine-borane with Rh('Pr-PN"P)H.CI (2)

112, 0.147 or 0.182 mg (2.5 mmol) of recrystallised methyl, ethyl or n-propyl amine-
borane respectively, and 11.1 mg (0.0125 mmol, 1 mol%) of Rh('Pr-PN"P)H2ClI (2) were
weighed into a jacketed Schlenk under argon, which was then evacuated and refilled
with air. The jacketed Schlenk was then temperature equilibrated to 20 °C and
connected to an upturned water-filled burette to collect the produced Hz2 gas. To initiate
catalysis, 0.5 cm?® of THF was added to the amine-borane and precatalyst (resulting in
a concentration of 5 mol dm=3 of amine-borane), which was then stirred at 400 rpm.
The volume of evolved H2 was recorded by the burette. Upon completion of H2
evolution, an in-situ NMR sample was taken and analysed by 'H, 3'P{'H} and "B NMR
spectroscopies. The catalysis mixture was then quenched in-air by the addition of ~ 50
cm?® of pentane, resulting in the precipitation of white poly(N-methylaminoborane),
poly(N-ethylaminoborane) or poly(N-n-propylaminoborane). The polymer was isolated
by filtration and dried in-vacuo to give off-white solids: poly(N-methylaminoborane)
0.095 g, 86 % yield; poly(N-ethylaminoborane) 0.073 g, 50% yield; poly(N-n-
propylaminoborane) 0.085 g, 45% vyield. The polymers were then analysed by GPC:
poly(N-methylaminoborane) M, = 33,500 g mol', dispersity = 1.7; poly(N-
ethylaminoborane) M, = 62,400 g mol~', dispersity = 1.5; poly(N-n-propylaminoborane)
M, = 51,200 g mol~', dispersity = 1.5.
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5.2.10 The dehdyropolymerisation of ethyl amine-borane with
Rh(‘Pr-PN"P)H:CI (2), varying the solvent

0.147 mg (2.5 mmol) of recrystallised ethyl amine-borane, and 5.6 mg (0.0125 mmol,
0.5 mol%) of Rh('Pr-PN"P)H2CI (2) were weighed into a jacketed Schlenk under argon.
The jacketed Schlenk was then temperature equilibrated to 20 °C and connected to an
upturned water-filled burette to collect the produced H2 gas. To initiate catalysis, 2.5
cm? of the chosen solvent (THF, 1,2-difluorobenzene or toluene) was added to the
amine-borane and precatalyst (resulting in a concentration of 1 mol dm=2 of amine-
borane), which was then stirred at 400 rpm. The volume of evolved H2 was recorded
by the burette. Upon completion of Hz evolution, an in-situ NMR sample was taken and
analysed by 'H, 3'P{'H} and "B NMR spectroscopies. As these experiments were
performed to investigate how much of the catalyst was converted to poisoned species
Rh(PNHPPr)(k'-BH4)H2 (4), poly(N-ethylaminoborane) was often not formed and so
the products were not analyzed by GPC. <5% conversion to 4 in toluene, 12%
conversion to 4 in THF and 47% conversion to 4 in 1,2-difluorobenzene (as measured
by 3'P{"H} NMR integrals).
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5.2.11 The dehydropolymerisation of ethyl amine-borane with
Rh(‘Pr-PN"P)H:CI (2), varying the reaction temperature

0.147 mg (2.5 mmol) of recrystallised ethyl amine-borane, and 5.6 mg (0.0125 mmol,
0.5 mol%) of Rh('Pr-PN"P)H2CI (2) were weighed into a jacketed Schlenk under argon.
The jacketed Schlenk was then temperature equilibrated to 0, 20 or 40 °C via a
recirculating cooler and connected to an upturned water-filled burette to collect the
produced H2 gas. To initiate catalysis, 2.5 cm? of THF was added to the amine-borane
and precatalyst (resulting in a concentration of 1 mol dm=3 of amine-borane), which
was then stirred at 400 rpm. The volume of evolved H2 was recorded by the burette.
Upon completion of Hz evolution, an in-situ NMR sample was taken and analysed by
H, 3'P{'H} and "B NMR spectroscopies. As these experiments were performed to
investigate how much of the ethyl amine-borane was converted at different
temperatures, poly(N-ethylaminoborane) was not always formed (e.g. at 20 and 40 °C)
and so the products were not analyzed by GPC. Conversion of the ethyl amine-borane
was measured by "B NMR integrals at each temperature as follows: 82% at 0 °C; 6%
at 20 °C; 5% at 40 °C.
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5.2.12 The dehydropolymerisation of ethyl amine-borane with
Rh(‘PrPNHP)H:CI (2), varying the amine added

0.147 mg (2.5 mmol) of recrystallised ethyl amine-borane, and 5.6 mg (0.0125 mmol,
0.5 mol%) of Rh('Pr-PN"P)H2CI (2) were weighed into a jacketed Schlenk under argon.
The jacketed Schlenk was then temperature equilibrated to 20 °C and connected to an
upturned water-filled burette to collect the produced H2 gas. To initiate catalysis, 2.5
cm® of THF was added to the amine-borane and precatalyst (resulting in a
concentration of 1 mol dm~3 of amine-borane), followed by 5 equivalents to catalyst
(0.0625 mmol) of the chosen amine (9 ul of NEts or 31 pl of 2 mol dm=3 NH2Me in THF).
The reaction mixture was then was then stirred at 400 rpm. The volume of evolved H2
was recorded by the burette. Upon completion of Hz evolution, an in-situ NMR sample
was taken and analysed by 'H, 3'P{'H} and "B NMR spectroscopies. As these
experiments were performed to investigate how much of the ethyl amine-borane was
converted with different amines and additives, poly(N-ethylaminoborane) was not
formed in significant quantities and so the products were not analyzed by GPC.
Conversion of the ethyl amine-borane was measured by "B NMR integrals with each
additive as follows: 0% at with no amine added; 13% with 5 Eq. of NH2Me; 54% with 5
Eq. of NEts.

254



5.2.13 The attempted dehydropolymerisation of n-propyl amine-
borane with Co('Pr-PN"P)ClI. (5) & Co(Cy-PN"P)CI: (6)

0.182 mg (2.5 mmol) of recrystallised n-propyl amine-borane, and either Co('Pr-
PNHP)CI2 (5, 5.4 mg, 0.0125 mmol, 0.5 mol%) or Co(Cy-PN"P)CI2 (6, 7.4 mg, 0.0125
mmol, 0.5 mol%), were weighed into a jacketed Schlenk under argon. The jacketed
Schlenk was then temperature equilibrated to 20 °C and connected to an upturned
water-filled burette to collect the produced H2 gas. To initiate catalysis, 0.5 cm3 of THF
was added to the amine-borane and precatalyst (resulting in a concentration of 5 mol
dm~=3 of amine-borane), followed by 2 equivalents to catalyst of NH2Me (13 pl of 2 mol
dm=3in THF). The reaction mixture was then was then stirred at 400 rpm. The volume
of evolved H2 was recorded by the burette. Upon completion of Hz2 evolution, an in-situ
NMR sample was taken and analysed by 'H, 3'P{'H} and "B NMR spectroscopies.
The catalysis mixtures were then quenched in-air by the addition of ~ 50 cm?® of
pentane, resulting in the precipitation of grey poly(N-methylaminoborane) when
Co(PNHPCy)Cl2 (6) was used, likely contaminated with metallic cobalt from catalyst
decomposition. The polymer was isolated by filtration and dried in-vacuo to give a grey
solid, 0.031 g (18% recovered yield), 48% conversion and 95% selectivity observed by
in-situ "B NMR spectroscopy. This poly(N-methylaminoborane) was then analysed by
GPC (M, =61,100 g mol~', dispersity = 1.4) (Figure 193).

Refractive index
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Figure 193. GPC trace of the polymer poly(N-n-propylaminoborane) from the
dehydropolymerisation of H3B-NH2nPr (5 mol dm= in 0.5 cm® of THF) by Co(Cy-
PNHP)CI2 (6) (0.5 mol%) with 2 equivalents to catalyst of NH2Me.
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5.2.14 The attempted dehydropolymerisation of methyl amine-
borane by Rh(PN"PCy)H.ClI (7)

112 mg (2.5 mmol) of recrystallised methyl amine-borane and 7.6 mg (0.0125 mmol,
0.5 mol%) of Rh(PNHPCy)H2ClI (7) were weighed into a jacketed Schlenk under argon.
The jacketed Schlenk was then temperature equilibrated to 20 °C and connected to an
upturned water-filled burette to collect the produced H2 gas. To initiate catalysis, 2.5
cm® of THF was added to the amine-borane and precatalyst (resulting in a
concentration of 1 mol dm~3 of methyl amine-borane), which was then stirred at 400
rpm. After an induction period (~ 800 s), Hz gas was rapidly evolved. The volume of
evolved H2 was recorded by the burette. Upon completion of H2 evolution, an in-situ
NMR sample was taken and analysed by 'H, 3'P{'H} and ""B NMR spectroscopies.
Due to the "B NMR analysis showing incomplete conversion of the methyl amine-
borane (80% by integrals) and the formation of cyclic oligomer (triplet at — 5 ppm) it
was determined that Rh(PN"PCy)H2Cl (7) is an inferior dehydropolymerisation
precatalyst when compared to Rh(PNHPPr)H2Cl (2), and so the polymer formed was

not analysed.
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5.3 Chapter 3 and 4 experimental methods and data

BuOK was purchased from Sigma-Aldrich and sublimed (1x10~2 mbar, 80 °C) before
use. NaBHs4 purchased from Sigma-Aldrich and wused as supplied.
Hexamethyldisilazane was dried over CaH2 and vacuum distilled before use. 'PrOH
was dried over CaH2, vacuum distilled and stored over 3 A molecular sieves for 1 week
before use, after which no residual water was observed by 'H NMR spectroscopy.
iPrPCH2CH2NH2 and [Ru(COD)Cl2]n were prepared by literature methods. > 6

Some of the synthetic procedures relating to chapter 3 have been published: M. J.
Cross, A. M. Sajjad, S. A. Macgregor, A. S. Weller, Angew. Chem., 2025, 64,
€202500019.

5.3.1 Synthesis and characterisation of P,P-cis-
Ru(‘Pr2PCH2CH2NH2):Cl: (8)

ClH,
Hz //N____/\>
N—Ru—P
<'P/ | 'Prz

l"P rzc I
8

The synthesis of P,P-cis-Ru(’'Pr.PCH2CH2NH2)2Cl2 (8) was adapted from the reported
method. ° 0.500 g (3.1 mmol) of Pr.PCH2CH2NH2 was dissolved in 6 cm? of toluene
and added to 0.434 g (1.55 mmol) of [Ru(COD)ClIz]n with stirring. The reaction was
then heated in a sealed ampoule at 115 °C for 12 hours. The resulting orange reaction
mixture was left to cool to room temperature, upon which orange crystals formed. 18
cm?® of Et20 was then added and the mixture was stirred for 1 hour. The resulting
orange solid was then filtered off and dried in-vacuo. From this precipitate x-ray quality
crystals for both the PP-cis and PP-trans isomers were obtained from manual
separation by eye. Figure 194 shows the structure, as determined by single crystal x-
ray diffraction, of the previously unreported P,P-trans isomer. The structure of the P,P-
cis-isomer has been reported. ° The filtrate was reduced in volume by half in-vacuo
and ~20 cm? of pentane was added to give an orange precipitate, which was filtered

off, dried in-vacuo and combined with the previously collected solids. All of the solid
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obtained was then re-dissolved in the minimum of boiling toluene (~8 cm?®) and heated
with stirring in a sealed ampoule at 115 °C for 48 hours to convert all of the minor
product P,P-trans into the major product P,P-cis, as monitored by 3'P{'H} NMR (P,P-
trans was typically present at ~ 20% by 3'P{"H} NMR integrals). The reaction mixture
was allowed to cool to room temperature before being further cooled to —20 °C. The
orange solid formed was filtered off and dried in-vacuo to obtain the PP-cis-
Ru(’Pr2PCH2CH2NH2)2Cl2 (8) product (0.550 g, 72% yield).

H, 3'"P{'H} NMR data for the cis isomer P,P-cis-Ru(’Pr.PCH2CH2NH2)2Cl2 (8)
matches that reported by Abdur-Rashid et al. ®

P,P-trans-Ru('Pr2PCH2CH2NH2)2Cl2, (8 trans-isomer), 3'P{"H} NMR (600 MHz, THF-
Hs) & 50.8 ppm (s).

Figure 194. Molecular structure of minor product P,P-trans-Ru(’'PrPCH2CH2NH2)2Cl2
(8 trans-isomer) as determined by single crystal X-ray diffraction. Displacement
ellipsoids are shown at the 50% probability level. Hydrogen atoms are placed in
calculated positions. Selected bond lengths [A] and angles [°]: Ru(1) — N(1) 2.142(4),
Ru(1) —N(1’) 2.142(4), Ru(1) — P(1) 2.3288(17), Ru(1) — P(1’) 2.3288 (17), C(1) — N(1)
1.477(7); P(1) = Ru(1) = N(1) 81.72(14), C(1) — N(1) — Ru(1) 114.7(4), CI(1) - Ru(1) —
Cl(1’) 180.0(0), CI(1) — Ru(1) — N(1) 90.91(13).
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Figure 195. ATR IR spectrum recorded of P,P-cis-Ru(’Pr.PCH2CH2NH2)2Cl2 (8). Ligand
N-H stretches are observed between 3100 and 3200 cm™".
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5.3.3 Synthesis and characterisation of P,P-trans-
Ru(’‘Pr.PCH2CH2NH)2 (9)

Pr
P-4

H 7
N=Ru=N
(_ / H
P
IIF’I’z
9

20 mg (0.04 mmol) of P,P-cis-Ru('Pr2PCH2CH2NH2)2Cl2 (8) and 9.1 mg (0.08mmol) of
BuOK were dissolved in 2 cm? of THF and stirred for 30 minutes. Over the course of
30 minutes the reaction colour turned from orange to deep pink and a small amount of
white precipitate formed. The THF was then removed in-vacuo and 1 cm? of pentane
was added. The resulting deep-red pentane solution was filtered off and cooled to —80
°C. After 48 hours at —80 °C deep-red, x-ray quality crystals, had formed. The mother
liquor was removed via filtration at —80 °C and the crystals were dried in-vacuo to obtain
very air-sensitive P,P-trans-Ru('Pr.PCH2CH2NH)2 (9) product (3 mg, 18% vyield). The
conversion of P,P-cis-Ru(’Pr.PCH2CH2NH2)2Cl2 (8) to P,P-trans-Ru('Pr.PCH2CH2NH)2
(9) was quantitative, as observed by 3'P{'"H} NMR of an in-situ aliquot of the THF
reaction mixture analysed after 30 minutes of stirring. The low isolated yield obtained
was due to the very high solubility of P,P-trans-Ru(’Pr2PCH2CH2NH)2 (9) in pentane,
and the pervasive and relatively fast decomposition by dimerization to 10. Thus,
isolated P,P-trans-Ru('Pr2PCH2CH2NH)2 (9) samples were used immediately once

synthesised.

P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9) was dissolved in cyclohexane-d12 for analysis by
NMR spectroscopy, as it reacts with an CD2Cl2 to decompose to form unidentified
products. Residual solvent peaks in THF-ds overlap with compound peaks hindering

accurate integrals.

"H NMR (600 MHz, cyclohexane-d12) & 5.95 (s, br, 2H, NH), 2.48 (apparent sept of
apparent t Jun = 7.0 Hz Jup = 1.7 Hz, 4H, Pr CH), 1.77 (m, 4H, CH2), 1.58 (m, 4H,
CH2), 1.32 (dd, Jx+ = 7.0 Hz, Jup = 7.0 Hz, 12H, 'Pr CH3), 1.27 (dd, Jxx = 7.0 Hz, Jup =
7.0 Hz, 12H, 'Pr CHsa).

31P{"H} NMR (600 MHz, cyclohexane-d12) d 74.4 (s).

260



5.95
5
250
249
248
2.47
45
244

e v v vt w e e R R R R e ]

H
/

_ 135 130 125 120
N=Ru=N ppm
/ H

o 1 :ﬂp
- H{M

135 130 125 1.0
ppm

30.69-

99
o7
10 +
ns 4

ppm

Figure 196. '"H NMR spectrum of P,P-trans-Ru('Pr.PCH2CH2NH)2 (9) recorded 10
minutes after dissolution. Left inset showing Pr CHz "H{3'P} and 'H signals. dd collapse
to d upon phosphorous decoupling. Recorded in cyclohexane-d12 at 298 K. Right inset
shows the 'Pr CH sharpening to an apparent septet of apparent triplets when recorded
in THF-ds at 298 K.
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Figure 197. 3'P{'"H} NMR spectrum of P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9). Recorded
in cyclohexane-d12 at 298 K.

Figure 198. Molecular structure of P,P-trans-Ru('Pr2PCH2CHzNH)2 (9) as determined
by single crystal X-ray diffraction. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are placed in calculated positions apart from H1/H1’
that was located in the final difference map. Selected bond lengths [A] and angles [°]:
Ru(1) — N(1) 1.931(2), Ru(1) — P(1) 2.2943(6), C(1) — N(1) 1.473(3); P(1) — N(1) -
Ru(1) 82.45(7), P(1") = Ru(1) = N(1) 97.55(7), N(1) — Ru(1) — N(1") 180.0, P(1) — Ru(1)
—P(17) 180.00(3), C(1) — N(1) — Ru(1) 127.67(18).
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Figure 199. UV-Vis spectrum of P,P-trans-Ru('Pr.PCH2CH2NH)2 (9), recorded at 1x10-
4 mol dm=3 in THF at 298 K, 1 cm pathlength in a sealed J. Youngs UV cuvette. Inset
shows a broad absorbance at 522 nm (¢ = 579 mol dm=3 cm™), likely corresponding to
a d—d transition. Sharp, strong absorbances at 310 and 357 nm (¢ = 23620 and 23680
mol dm=3 cm~" respectively) likely correspond to ligand-metal charge transfer bands.
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5.3.4 Synthesis and characterisation of Ru('Pr.PCH.CH:NH). dimer
RuzH(p2,k'-NHCH2CH2P'Pr2)2(p2,k'-NCH2CH2P'Pr2)(k?-
'Pr,PCH,CH:2NH,) (10)

100 mg (0.20 mmol) of P,P-cis-Ru('Pr2PCH2CH2NH2)2Cl2 (8) and 45.5 mg (0.40 mmol)
of tBUOK were dissolved in 5 cm?3 of THF and stirred for 1 hour at room temperature
(293 K), forming P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9), as measured by 3'P('H) NMR
spectroscopy. The resulting pink mixture was filtered, and the filtrate evaporated to
dryness in-vacuo. The solids were dissolved in 0.5 cm?® of pentane to give a pink
solution which was left to stand at room temperature for 1 week, after which the solution
had turned light-brown. The solution was then cooled to —80 °C to give pale-yellow
coloured x-ray quality crystals of the product (25 mg, 29% yield). Quantitative
conversion of P,P-trans-Ru(’Pr2PCH2CH2NH)2 (9) to RuzH(u2-NHCH2CH2PPr2)2(u2-
NCH2CH2PPr2)('Pr.PCH2CH2NH2) (10) is observed by 3'P{'H} NMR spectroscopic
analysis of the pentane solution after standing for 1 week. The low yield obtained was
due to the very high solubility of very air-sensitive RuzH(u2-NHCH2CH2P/Pr2)2(u2-
NCH2CH2P'Pr2)('Pr2PCH2CH2NH2) (10) in pentane.

"H NMR (600 MHz, cyclohexane-di2) 7.73 (ddd, Jup = 35.8 Hz, Jux = 8.5, 4.9 Hz, 1H,
N=CH), 3.92 (m, 1H, N=CCHz), 3.52 (m, 1H, N=CCH-), 2.82-0.72 (multiple overlapping
CH: backbone, '/Pr CH and CHs resonances), —11.56 (dddd, Jup = 12 Hz, Jup = 15 Hz,
Jup =36 Hz, Jvp = 61 Hz , 1H, RuH)

"H NMR (600 MHz, benzene-ds) 8.05 (ddd, Jup = 35.8 Hz, Ju+ = 8.5, 4.9 Hz, 1H,
N=CH), 3.91 (m, 1H, N=CCH>), 3.51 (m, 1H, N=CCH-), 2.70-0.50 (multiple
overlapping CH2 backbone, 'Pr CH and CHs resonances), —11.52 (dddd, Jvp = 12 Hz,
Jup = 15 Hz, Jup = 36 Hz, Jvp = 61 Hz , 1H, RuH)

31P{'H} NMR (600 MHz, benzene-ds) & 77.1 (d, Jep = 22.3 Hz, 1P), 74.6 (m, 1P), 68.1
(dd, Jpp = 54.3 Hz, 25.3 Hz, 1P), 60.2 (dd, Jrp = 26.0 Hz, 16.5 Hz, 1P).
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31P{'H} NMR (600 MHz, cyclohexane-di2) 8 77.5 (d, Jre = 22.3 Hz, 1P), 75.1 (m, 1P),
68.3 (dd, Jrp = 54.3 Hz, 25.3 Hz, 1P), 60.3 (dd, Jep = 26.0 Hz, 16.5 Hz, 1P)

Mass spectrum (ESI+) expected: 844.31 observed: 845.42, [M+H]*.
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Figure 200. 'H NMR  spectrum of  Ru2H(u2-NHCH2CH2PPr2)2(p2-
NCH2CH2P'Pr2)('Pr2PCH2CH2NH2) (10), highlighting the hydride peak at —11.52 ppm
(dddd with couplings Jup = 12 Hz, Jup = 15 Hz, Jup = 36 Hz, Jup = 61 HZz) and the imine
alpha proton at 8.05 ppm. Recorded in benzene-ds at 298 K.
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Figure

201.
NCH2CH2P'Pr2)('Pr2PCH2CH2NH2) (10), highlighting the hydride peak at

=g

0 o
.

1H{31P}

NMR

82

spectrum  of

114 -116 -118 -120

Ppm

-15

Ru2H(p2-NHCH2CH2PPr2)2(p2-

—11.52 ppm

collapsed to a singlet, and the imine alpha proton at 8.05 ppm collapsed to a dd.

Recorded in benzene-ds at 298 K.
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Figure 202. 3'P{'H} NMR spectrum of Ru2H(u2-NHCH2CH2PPr2)2(j2-
NCH2CH2PPr2)(Pr.PCH2CH2NH2) (10) showing 4 phosphorous environments.
Recorded in benzene-ds at 298 K.
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Figure 203. 3'P-3'P COSY 2D NMR spectrum of Ru2H(u2-NHCH2CH2P/Pr2)2(j2-
NCH2CH2PPr2)(iPr2PCH2CH2NH2)  (10) showing varied coupling between
phosphorous environments. Recorded in Cyclohexane-d12 at 298 K.
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Figure 204. 'H-'TH COSY 2D NMR spectrum of Ru2H(u2-NHCH2CH2P/Pr2)2(j2-
NCH2CH2PPr2)('Pr.PCH2CH2NHz2) (10). Recorded in benzene-ds at 298 K.
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Figure 205. '"H-3'"P HMBC 2D NMR spectrum of the RuzH(u2-NHCH2CH2P/Pr2)2(p2-
NCH2CH2PPr2)(‘Pr.PCH2CH2NH2) (10) hydride showing coupling to 1 phosphorous
environment. CNST13 = 5 Hz. Recorded in benzene-ds at 298 K.
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Figure 206. "H-3'"P HMBC 2D NMR spectrum of the RuzH(u2-NHCH2CH2P/Pr2)2(u2-
NCH2CH2PPr2)(‘Pr.PCH2CH2NH2) (10) hydride showing coupling to 3 phosphorous
environments. CNST13 = 30 Hz. Recorded in benzene-ds at 298 K.
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Figure 207. '"H-3'"P HMBC 2D NMR spectrum of the RuzH(u2-NHCH2CH2P/Pr2)2(p2-
NCH2CH2PPr2)(‘Pr.PCH2CH2NH2) (10) hydride showing coupling to 2 phosphorous
environments. CNST13 = 50 Hz. Recorded in benzene-ds at 298 K.
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Figure 208. "H-3'"P HMBC 2D NMR spectrum of the RuzH(u2-NHCH2CH2P/Pr2)2(p2-
NCH2CH2PPr2)(PraPCH2CH2NH2) (10) N=CH. CNST13 = 36 Hz. Recorded in
cyclohexane-d12 at 298 K.
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Figure 209. Molecular structure of RuzH(u2-NHCH2CH2PPr2)2(j2-
NCH2CH2PPr2)('Pr2PCH2CH2NH2) (10) as determined by single crystal X-ray
diffraction. Displacement ellipsoids are shown at the 50% probability level. Hydrogen
atoms are placed in calculated positions. Selected bond lengths [A] and angles [°]:
N(1) — C(32) 1.263(3), Ru(1) — N(2) 2.059(2), Ru(2) — N(2) 2.159(2), Ru(1) — N(3)
2.159(2), Ru(2) — N(3) 2.178(2), Ru(2) — N(4) 2.178(2), Ru(1) — N(1) 2.059(2), Ru(1)
-+ Ru(2) 3.004, C(31) — C(32) — N(4) 120.0(2).
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Figure 210. Alternative view of the molecular structure of Ruz2H(y2-
NHCH2CH2PPrz2)2(u2-NCH2CH2PPr2)(iPraPCH2CH2NH2) (10) as determined by single
crystal X-ray diffraction with the 'Pr groups simplified for clarity. Displacement ellipsoids
are shown at the 50% probability level.
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of  RuzH(u2-NHCH2CH2P'Pr2)2(u2-
NCH2CH2PPr2)(‘Pr.PCH2CH2NH2) (10) showing the molecular ion [M+H]* at m/z =
845.42. Recorded in THF. Inset shows an expanded view of the observed molecular
ion and the simulated isotope pattern, showing a good fit.
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5.3.5 Synthesis and characterisation of P,P-cis-
Ru('Pro2PCH2CH2NH2)2(OH)H (11)

20 mg (0.04 mmol) of P,P-cis-Ru(’'Pr2PCH2CH2NH2)2Cl2 (8) and 9 mg (0.08 mmol) of
‘BuOK were dissolved in 2 cm?3 of THF, 16 pl of 'PrOH (20 mmol) was added and the
mixture was stirred for 1 hour, during which the solution changed colour from pink to
yellow. Quantitative conversion to P ,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H (11) is
observed by 3'P{"H} NMR. After 1 hour the THF solvent was removed under an argon
flow, as decomposition is observed when exposed to vacuum as seen by a large
number of phosphorous environments in the 3'P{'H} NMR spectrum. 0.5 cm?3 of
pentane was added to the remaining solids and the solution was filtered. The yellow
filtrate was then cooled to —80 °C to give yellow coloured x-ray quality crystals of P.P-
cis-Ru(’Pr2PCH2CH2NH2)2(OH)H-('PrOH)2 (11-('PrOH)2) which were pure material as
measured by solution NMR spectroscopy (3 mg, 17%). The low yield obtained was due
to the very high solubility in pentane, 100% conversion observed by 3'P{'H} NMR.
Whilst at —80 °C the mother liqueur was separated from the crystals and kept at —80
°C for 48 hours, upon which x-ray quality crystals of solvent-free P,P-cis-
Ru(’Pr2PCH2CH2NH2)2(OH)H (11) were obtained as a mixture with the 'PrOH solvate
(NMR spectroscopy). Crystals suitable for analysis by single crystal X-ray diffraction
were selected by eye from this mixture. Bulk samples such as those analysed by NMR
and IR spectroscopies can be observed in varying degrees of solvation depending on
the time exposed to argon flow and age of the sample: PP-cis-
Ru(’Pr2PCH2CH2NH2)2(OH)H-('PrOH)o-x where x = 2.

P,P-cis-Ru('Pr.PCH2CH2NH2)2(OH)H-(PrOH)2  (11:(PrOH)2) 'H NMR (600 MHz,
benzene-ds): 3.92 (sept, 6 Hz, 2H, 'PrOH CH), 3.08 (d, br, 12 Hz, 2H, N-CH2), 2.40
(m, 2H, N-CH2), 2.13 (m, 2H, 'Pr CH), 1.81 (m, 2H, ‘Pr CH), 1.44 (overlapping m, 4H,
CH2), 1.23 (dd, 7 Hz, 12 Hz, 6H, 'Pr CH3), 1.14 (overlapping m, 18H, 'PrOH CH3 6 Hz
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and 'Pr CHs), 1.08 (dd, 13 Hz, 7 Hz, 6H, ‘Pr CH3), 1.03 (dd, 10 Hz, 6 Hz, 6H, Pr CHs3),
—21.70 (s, br, 1H, Ru-H). The byproduct from synthesis acetone is also commonly

observed by "H NMR at 1.55 ppm as a singlet.

Hydrogen bonding and rapid exchange at the NMR timescale made assignment of the
OH and NH protons difficult. They are tentatively identified as: ~4.20 (s, br, 1H, Ru-
OH), ~3.80 (s, br, 4H, NH2). The exact shift of these signals varies with the level of
solvation of the complex, the hydride shift also varies slightly from — 21.70 to — 21.47
ppm. The NH2 and OH signals show no coupling to any other in the '"H'H COSY
spectrum and to no '3C signal in the "H'3C HMBC.

31P{"H} NMR (600 MHz, benzene-ds) 5 89.2 (s, 2P).
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Figure 212. '"H NMR of P,P-cis-Ru('PrPCH2CH2NH2)2(OH)H-('PrOH)2 (11-('PrOH)z),

iPr CHs signal (1.15 ppm) from isopropanol relative integrals at ~ 12 allow assignment

of the bis-solvated form. The hydride signal at —21.70 ppm is highlighted in the inset.

Residual acetone as a byproduct of synthesis is present at 1.55 ppm. Recorded in
benzene-ds at 298 K.
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Figure 213. 'H NMR of P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H:(‘PrOH), Pr CHs signal
(1.15 ppm) from isopropanol relative integrals at ~ 6 allow assignment of the mono-
solvated form. This material was used for the IR measurements. The hydride signal at
—21.48 ppm is highlighted in the inset. Recorded in benzene-ds at 298 K.
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Figure 214. '"H NMR of P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H (11), un-solvated form.
Residual acetone as a byproduct of synthesis is present at 1.55 ppm. The hydride
signal at — 21.64 ppm is highlighted in the inset. Recorded in benzene-ds at 298 K.
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Figure 215. The 'H NMR of PP-cis-Ru(’PrPCH2CH2NH2)2(OH)H-('PrOH):
(11-('PrOH)2) showing the hydride as a triplet at — 22.71 ppm with Jup = 27 Hz when at
193 K. Recorded in THF-ds at 298 K. The smaller additional adjacent peak may
correspond to 11 with a different level of solvation. ’
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Figure 216. '"H3'C HMBC 2D NMR spectrum of P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H
(11), un-solvated form, showing lack of coupling to '*C environments for the RuOH
signal at 4.23 ppm and NH2 at 3.53 ppm. Recorded in CeDs at 298 K.
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Figure 217. 'H'H COSY 2D NMR spectrum of P,P-cis-Ru(’Pr.PCH2CH2NH2)2(OH)H
(11), un-solvated form, showing lack of coupling to other "H environments for the RuOH
signal at 4.23 ppm and NH2z at 3.53 ppm. Recorded in CsDs at 298 K.
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Figure 218. 3'P{'H} NMR of P P-cis-Ru(’PrPCH2CH2NH2)2(OH)H-('PrOH)2
(11-("PrOH)z2), recorded in benzene-ds at 298 K.
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Figure 219. Molecular structure of P P-cis-Ru(’ProPCH2CH2NH2)2(OH)H:(PrOH):
(11-('PrOH)z2) as determined by single crystal X-ray diffraction. Displacement ellipsoids
are shown at the 50% probability level. Hydrogen atoms are placed in calculated
positions. Selected bond lengths [A] and angles [°]: Ru(1) —O(1) 2.2795(18), Ru(1) —
N(1) 2.186(2), Ru(1) — N(2) 2.186(2), Ru(1) — P(1) 2.2499(6), Ru(1) — P(2) 2.2477(6),
C(1) = N(1)1.476(3), P(1) — Ru(1) — N(1) 83.52(6), C(1) — N(1) — Ru(1) 113.57(15),
O(1) — Ru(1) = N(1) 81.13(8), O(1) — Ru(1) — P(1) 101.22(5).

Q

Figure 220. Molecular structure of unsolvated P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H
(11), as determined by single crystal X-ray diffraction. Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms are placed in calculated positions.
Selected bond lengths [A] and angles [°]: Ru(1) —=O(1) 2.260(8), Ru(1) — N(1) 2.176(9),
Ru(1) — N(2) 2.20(3), Ru(1) — P(1) 2.228(3), Ru(1) — P(2) 2.233(3), C(1) — N(1)1.51(4),
P(1)—Ru(1)—=N(1)84.0(3), C(1) = N(1) = Ru(1) 115.6(10), O(1) = Ru(1) — N(1) 77.0(3),
O(1) — Ru(1) — P(1) 104.9(2).
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Figure 221. ESI+ mass spectrum measured of P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H
(11), showing decomposition during analysis. Species observed at m/z 847.42 is likely
a ruthenium dimer, corresponding to the dimerization of PP-cis-
Ru(Pr2PCH2CH2NH2)2(OH)H (11) with the loss of 2 molecule of H20 and 1 molecule
of Hz ([M+H]*, Ru2N4P4+C16H7s), likely due to the high vacuum within the mass
spectrometer. The mass peak at 303.08 m/z is likely to be the plasticiser oleamide
[M+Na]*. The mass peaks at 583.34 and 1324.05 m/z are unidentified mono- and poly-
ruthenium species respectively, as evidenced by isotope patterns.
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Figure 222. The observed (left) and simulated (right) mass spectrum peaks for [M+H]*
Ru2N4P4C16H7s, showing a good agreement. This species likely forms from the
dimerization of P,P-cis-Ru(’PrPCH2CH2NH2)2(OH)H (11), with the loss of 2 molecules
of H20 and 1 molecule of Ha.
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Figure 223. ATR IR spectrum recorded of P,P-cis-Ru('Pr.PCH2CH2NH2)2(OH)H. 'H
NMR spectroscopy integrals of the ‘/PrOH CHs signals present in this sample suggest
an overall approximate mono-solvation (- 1 '/PrOH) of this material. The stretch at 1986
cm~' is predicted to correspond with the Ru-H, the O-H stretch is predicted to be low-
intensity due to hydrogen bonding effects.
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5.3.6 Synthesis and characterisation of P,P-cis-
Ru(‘Pr2PCH2CH2NH:)2(k"-BH4)H (13)

H H
\BF
H HH
Hy | N7
N—Ru—P
o Pra

"PTZH
13

100 mg (0.2 mmol) of P,P-cis-Ru('Pr.PCH2CH2NH2)2Cl2 and 45 mg (1 mmol, excess)
of NaBH4 were dissolved in 5 cm3 of /PrOH and stirred overnight after which a thick
white precipitate had formed. The 'PrOH was removed in-vacuo and 5 cm? of toluene
was added. The mixture was stirred and then canula filtered, collecting the filtrate. The
filtrate was then evaporated in-vacuo to leave an off-white solid of P,P-cis-
Ru(’Pr2PCH2CH2NH2)2(k'-BH4)H (13) (83 mg, 92 % yield). X-ray quality crystals were
obtained by layering a toluene solution of P,P-cis-Ru(’Pr.PCH2CH2NH2)2(k'-BH4)H (13)

with pentane at room temperature.

"H NMR (600 MHz, toluene-ds) & 3.50 [t, br, Jux = 10 Hz, 2H, NH2], 2.73 (m, 2H, CH>),
2.37 [t, br, Jun =4 Hz, 2H, NH], 2.15 (m, 2H, CH2), 1.91 [dsep, JvH=7.1 Hz, Jup = 7.1
Hz, 2H, 'Pr CH], 1.76 [dsep, Jun = 7 Hz, Jup = 7.1 Hz, 2H, 'Pr CH], 1.28 (m, 2H, CH2),
0.98 — 1.24 (overlapping m, 26 H, CH2 and Pr CH3), —1.73 (s, br, 4H, BH4), —17.30 [t,
Jup= 25 Hz, 1H, Ru—H].

31P{'H} NMR (600 MHz, toluene-ds) 3 93.5 (s, 2P).

"B NMR (600 MHz, toluene-ds) & —25.6 (pentet, Jsx = 80 Hz, 1B, BHa).

281



v o o

—

1.00—

ppm

Figure 224. '"H NMR of P,P-cis-Ru(Pr.PCH2CH2NH:)2(k'-BH4)H (13), highlighting the
borohydride signal at —1.74 ppm and the hydride signal at —17.30 ppm. Recorded in
toluene-ds.
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Figure 225. 'H{""B} NMR of P,P-cis-Ru(Pr.PCH2CH2NH2)2(k'-BH4)H (13), highlighting
the borohydride signal at —1.54 ppm and the hydride signal at —17.26 ppm. Recorded
in benzene-de.
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Figure 226. 3'P{'"H} NMR of P,P-cis-Ru(Pr.PCH2CH2NH2)2(k"-BH4)H (13), recorded
in toluene-ds.
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Figure 227. "B NMR of P,P-cis-Ru(ProPCH2CH2NH2)2(k'-BH4)H (13), recorded in

toluene-ds.
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Figure 228. Molecular structure of Ru(’Pr2PCH2CH2NH2)2(k'-BH4)H (13) as
determined by single crystal X-ray diffraction. Displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms are placed in calculated positions. Selected
distances [A], bond lengths [A] and angles [°]: Ru(1)---B(1) 2.859(9), Ru(1) — N(1)
2.192(7), Ru(1) = N(2) 2.189(8), Ru(1) — P(1) 2.253(2), Ru(1) — P(2) 2.245(2), C(1) —
N(1) 1.485(11), P(1) — Ru(1) — N(1) 83.8(2), C(1) — N(1) — Ru(1) 112.2(6).
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5.3.7 Dehydropolymerisation of methyl amine-borane with P,P-trans-
Ru(’‘Pr.PCH2CH2NH): (9)

In a typical dehydropolymerisation experiment, 2 mg (0.004 mmol) of PP-cis-
Ru(’Pr2PCH2CH2NH2)2Cl2 (8) (orange) and 2 equivalents of ‘BuOK (0.9 mg, 0.008
mmol) were weighed into an ampoule and dissolved in 0.5 cm? of THF and stirred for
30 minutes, selectively forming dark-red P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9) as
measured by 3'P{'H} NMR spectroscopy. This stock solution (0.008 mol dm=) was
used immediately due to its time-sensitive decomposition. Separately 112 mg (2.5
mmol) of a recrystallised methyl amine-borane was weighed into a jacketed Schlenk
which was then temperature equilibrated 20 °C and connected to an upturned water-
filled burette to collect the produced Hz gas (Figure 229). To initiate catalysis, 2.5 —n
cm?3 of THF was added to the amine-borane, stirred at 400 rpm, followed by n cm? (e.g.
0.093 cm® to give 0.03 mol% to methyl amine-borane) of the PP-trans-
Ru(’Pr2PCH2CH2NH)2 (9) stock solution, resulting in the desired catalyst concentration
(in this case 0.00030 mol dm3) in a total of 2.5 cm?3 of THF. The volume of evolved H:
was recorded by the burette. Upon completion of Hz evolution, an in-situ NMR sample
was taken and analysed by 'H, 3'P{'H} and "B NMR spectroscopies. The catalysis
mixture was then quenched in-air by the addition of ~ 50 cm? of pentane, resulting in
the precipitation of white poly(N-methylaminoborane). The polymer was isolated by
filtration and dried in-vacuo to give a white solid, 0.063 g (59% recovered yield), > 99%
conversion and selectivity observed by in-situ "B NMR spectroscopy (Figure 230).
This poly(N-methylaminoborane) was then analysed by GPC (M, = 138,700 g mol-',
dispersity = 1.46) (Figure 231).
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Figure 229. Eudiometric catalysis setup showing jacketed Schlenk flask and a
connected upturned water-filled burette. 1:1 water:polyethylene glycol coolant at 20 °C
is pumped by a recirculating cooler into the jacket around the Schlenk flask.
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Figure 230. In-situ "B NMR of the catalysis mixture upon dehydrocoupling of
methylamine-borane with P,P-cis-Ru(’Pr2PCH2CH2NH2)2Cl2 (8) and 2 equivalents to
catalyst of BuOK, (forming P,P-trans-Ru(PraPCH2CH2NH)2 (9) in-situ). Selective
dehydropolymerisation to form poly(N-methylaminoborane) shown. Catalyst loading at
0.03 mol% relative to methylamine-borane, 1 mol dm- methylamine borane in THF.
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Figure 231. GPC trace highlighting the polymer peak (Hz2BNHMe)n, of the material
precipitated from the dehydropolymerisation of methyl amine-borane (1 mol dm=3in
2.5 cm3 of THF) by P,P-trans-Ru(Pr.PCH2CH2NH)2 (9) at 0.03 mol%. M, = 138,700 g
mol~', My = 202,000 g mol-', dispersity = 1.46.
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5.3.8 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru('Pr.PCH2CH2NH2).Cl: (8) and MeNH:

In a typical dehydropolymerisation experiment, 3.1 mg (0.0063 mmol) of PP-cis-
Ru(’Pr2PCH2CH2NH2)2Cl2 (8) was weighed into an ampoule and dissolved in 12.5 cm?
of THF to make a stock solution. Separately 112 mg (2.5 mmol) of recrystallised methyl
amine-borane was weighed into a jacketed Schlenk which was then temperature
equilibrated to 20 °C and connected to an upturned water-filled burette to collect the
produced H2 gas (Figure 229). 0.85 cm?® of THF was added to the amine-borane,
stirred at 400 rpm, followed by a portion of stock pre-catalyst solution. For example,
1.65 cm?® of the PP-cis-Ru(’PrPCH2CH2NH2)2Cl2 (8) stock solution (containing
0.00083 mmol of precatalyst), results in a catalyst concentration of 0.00033 mol dm-3
(0.033 mol%) in a total volume of 2.5 cm? of THF. MeNH2 (12.5 pl of 2 mol dm-2 in THF)
was then immediately added to the catalysis mixture (0.01 mol dm= in the reaction
mixture), to initiate turnover. The volume of evolved H2 was recorded by the burette.
Upon completion of Hz evolution, an in-situ NMR sample was taken and analysed by
H, 3'"P{'H} and "B NMR spectroscopies. The catalysis mixture was then quenched in-
air by the addition of ~50 cm? of pentane, resulting in the precipitation of white poly(N-
methylaminoborane), which was isolated by filtration and dried in-vacuo to give a white
solid 0.063 g (59% recovered yield), > 99% conversion and selectivity observed by in-
situ "B NMR spectroscopy (Figure 232). This poly(N-methylaminoborane) was then
analysed by GPC (M, = 108,200 g mol-', dispersity = 1.41) (Figure 233).
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Figure 232. In-situ "B NMR of the catalysis mixture upon dehydrocoupling of
methylamine-borane with P,P-cis-Ru(PrPCH2CH2NH2)2Cl2 (8) and 3 Eq. to catalyst of
MeNHz. Selective dehydropolymerisation to poly(N-methylaminoborane) shown.
Catalyst loading at 0.033 mol% relative to methylamine-borane, 1 mol dm=3
methylamine borane in THF.
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Figure 233. GPC trace highlighting the polymer peak (H2BNHMe)n, of the material
precipitated from the dehydropolymerisation of methyl amine-borane (1 moldm-3in 2.5
cm? of THF) by P,P-cis-Ru(’Pr2PCH2CH2NH2)2Cl2 (1) at 0.03 mol% with 3 equivalents
of NH2Me. M, = 108,200 g mol-', M, = 152,700 g mol-', dispersity = 1.41.
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5.3.9 dehydroplymerisation of methyl amine-borane with P,P-cis-
Ru(’‘Pr.PCH2CH2NH2)2(OH)H (11)
2.0 mg (0.004 mmol) of P P-cis-Ru(’Pr.PCH2CH2NH2)2Cl2 (8) (orange) and 2

equivalents of ‘BuOK (0.9 mg, 0.008 mmol) were weighed into an ampoule and
dissolved in 0.5 cm® of THF and stirred for 30 minutes forming P,P-trans-
Ru(Pr2PCH2CH2NH):2 (9) (pink/red solution), then 5 equivalents of /PrOH was added (2
pl) and the mixture stired for a further 5 minutes forming PP-cis-
Ru(’Pr2PCH2CH2NH2)2(OH)H (11) (yellow solution), as measured by 3'P{'H} NMR
spectroscopy. This stock solution was used immediately. Separately 112 mg (2.5
mmol) of a recrystallised methyl amine-borane was weighed into a jacketed Schlenk
which was then cooled to 20 °C and connected to an upturned water-filled burette to
collect the produced H2 gas (Figure 229). To initiate catalysis, 2.4 cm3 of THF was
added to the amine-borane, stirred at 400 rpm, followed by 0.093 cm? (0.03 mol%
relative to methyl amine-borane) of the P,P-cis-Ru(’ProPCH2CH2NH2)2(OH)H (11) stock
solution, resulting in the desired catalyst concentration (0.0003 mol dm-3) in a total of
~2.5 cm® of THF. The volume of evolved H2 was recorded by the burette. Upon
completion of Hz evolution, an in-situ NMR sample was taken and analysed by 'H,
31P{'H} and "B NMR spectroscopies. The catalysis mixture was then quenched in-air
by the addition of ~ 50 cm?® of pentane, resulting in the precipitation of white poly(N-
methylaminoborane), which was isolated by filtration and dried in-vacuo to give a white
solid, 0.064 g (60% recovered yield), > 99% conversion observed by "B NMR
spectroscopy (Figure 234). This poly(N-methylaminoborane) was then analysed by
GPC (M, = 123,300 g mol', dispersity = 1.70).
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Figure 234. In-situ "B NMR of the catalysis mixture upon dehydrocoupling of
methylamine-borane with P,P-cis-Ru(’Pr2PCH2CH2NH2)2Cl2 (8), 2 equivalents to
catalyst of BuOK and 5 equivalents of 'PrOH, (forming Ru(’Pr2PCH2CH2NH2)2(OH)H
(11) in-situ). Selective dehydropolymerisation to form poly(N-methylaminoborane)
shown. Catalyst loading at 0.03 mol% relative to methylamine-borane, 1 mol dm-

methylamine borane in THF.
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5.3.10 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru(‘Pr2PCH2CH2NH:)2(k"-BH4)H (13)

In a typical dehydropolymerisation experiment, 3.3 mg (0.0075 mmol) of PP-cis-
Ru(’Pr2PCH2CH2NH2)2(k'-BH4)H (13) was weighed into an ampoule and dissolved in
15 cm? of THF to make a stock solution. Separately 112 mg (2.5 mmol) of recrystallised
methyl amine-borane was weighed into a jacketed Schlenk which was then
temperature equilibrated to 20 °C and connected to an upturned water-filled burette to
collect the produced H2 gas (Figure 229). 1 cm® of THF was added to the amine-
borane followed by 1.5 cm? of the P,P-cis-Ru(’Pr2PCH2CH2NH2)2(k'-BH4)H (13) stock
solution (0.03 mol% relative to amine-borane), resulting in a catalyst concentration of
0.0003 mol dm~2in a total of 2.5 cm? of THF. MeNH2 (12.5 ul of 2 mol dm in THF) was
then immediately added to the catalysis mixture, resulting in a NH2Me concentration of
0.01 mol dm=3, to initiate turnover. The volume of evolved H2> was recorded by the
burette. Upon completion of Hz evolution, an in-situ NMR sample was taken and
analysed by 'H, 3'"P{'H} and "B NMR spectroscopies. The catalysis mixture was then
quenched in-air by the addition of ~50 cm?3 of pentane, resulting in the precipitation of
white poly(N-methylaminoborane), which was isolated by filtration and dried in-vacuo
to give a white solid (0.062 g, 56% yield), > 99% conversion observed by "B NMR
spectroscopy (Figure 235). This poly(N-methylaminoborane) was then analysed by
GPC (M, = 132,600 g mol, dispersity = 1.45).
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Figure 235. In-situ "B NMR of the catalysis mixture upon dehydrocoupling of
methylamine-borane with Ru(’Pr2PCH2CH2NH2)2(k"-BH4)H (13) with 0.01 mol dm=3 of
MeNHz. Selective dehydropolymerisation to poly(N-methylaminoborane) shown.

Catalyst loading at 0.03 mol% relative to methylamine-borane,

methylamine borane in THF.

1 mol dm=3
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5.3.11 Dehydropolymerisation of ethyl amine-borane with P,P-cis-
Ru('Pr.PCH2CH2NH2).Cl: (8) and MeNH:

6.2 mg (0.0125 mmol, 0.5 mol%) of P,P-cis-Ru(’'Pr.PCH2CH2NH2)2Cl2 (8) was weighed
into an ampoule and dissolved in 2.5 cm?3 of toluene. Separately 147 mg (2.5 mmol) of
recrystallised ethyl amine-borane was weighed into a jacketed Schlenk which was then
temperature equilibrated to 20 °C and connected to an upturned water-filled burette to
collect the produced H2 gas (Figure 229). The P,P-cis-Ru('Pr2PCH2CH2NH2)2Cl2 (8)
solution was added to the ethyl amine-borane and stirred at 400 rpm. This was
immediately followed by the addition of MeNH:2 (62.5 ul of 2 mol dm=3 in THF) to the
catalysis mixture (0.05 mol dm~3 of NH2Me in the reaction mixture), to initiate turnover.
The volume of evolved H2 was recorded by the burette. Upon completion of H2
evolution, an in-situ NMR sample was taken and analysed by 'H, 3'"P{'H} and "B NMR
spectroscopies. The catalysis mixture was then quenched in-air and then the THF
solvent evaporated in-vacuo to leave yellow solid poly(N-ethylaminoborane), 0.081 g
(57% recovered yield), 99% conversion and 94% selectivity observed by in situ ''B
NMR spectroscopy. This poly(N-ethylaminoborane) was then analysed by GPC (M, =
118,600 g mol~", dispersity = 1.41).

1B NMR (600 MHz, toluene-Hs) & —7.16 (s, br, N-BH2—N)).
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5.3.12 Dehydropolymerisation of n-propyl amine-borane with P,P-
cis-Ru(’Pr.PCH2CHzNH:):Cl. (8) and MeNH:

6.2 mg (0.0125 mmol, 0.5 mol%) of P,P-cis-Ru(’'Pr.PCH2CH2NH2)2Cl2 (8) was weighed
into an ampoule and dissolved in 2.5 cm? of toluene. Separately 182 mg (2.5 mmol) of
recrystallised n-propyl amine-borane was weighed into a jacketed Schlenk which was
then temperature equilibrated to 20 °C and connected to an upturned water-filled
burette to collect the produced H2 gas (Figure 229). The PP-cis-
Ru(’Pr2PCH2CH2NH2)2Cl2 (8) solution was added to the n-propyl amine-borane and
stirred at 400 rpm. This was immediately followed by the addition of MeNH:2 (62.5 ul of
2 mol dm=2 in THF) to the catalysis mixture (0.05 mol dm-3 of NH2Me in the reaction
mixture), to initiate turnover. The volume of evolved H2 was recorded by the burette.
Upon completion of H2 evolution, an in-situ NMR sample was taken and analysed by
'H, 3'P{'H} and "B NMR spectroscopies. The catalysis mixture was then quenched in-
air and then the toluene solvent was evaporated in-vacuo to leave yellow solid poly(N-
n-propylaminoborane), 0.087 g (49% recovered yield), 99% conversion and selectivity
observed by in-situ "B NMR spectroscopy. This poly(N-n-propylaminoborane) was
then analysed by GPC (M, = 115,800 g mol~', dispersity = 1.39).

"B NMR (600 MHz, toluene-Hs) d —6.79 (s, br, N-BH2>—N).
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5.3.13 Dehydropolymerisation of methyl amine-borane with P,P-cis-
Ru(‘Pr.PCH2CH:NH.).Cl; (8) and MeNH, recharge experiment

3.1 mg (0.0063 mmol) of P,P-cis-Ru('Pr2CH2CH2NH2)2Cl2 (8) was weighed into an
ampoule and dissolved in 12.5 cm?® of THF to make a stock solution. Separately 112
mg (2.5 mmol) of recrystallised methyl amine-borane was weighed into a jacketed
Schlenk which was then temperature equilibrated to 20 °‘C and connected to an
upturned water-filled burette to collect the produced H2 gas. 0.85 cm?® of THF was
added to the amine-borane, stirred at 400 rpm, followed by 1.65 cm? of the P,P-cis-
Ru(Pr2CH2CH2NH2)2Cl2 (8) stock solution (containing 0.00083 mmol of precatalyst),
resulting in a catalyst concentration of 0.00033 mol dm-2 (0.033 mol%) in a total volume
of 2.5 cm?3 of THF. MeNH: (12.5 pl of 2 mol dm= in THF) was then immediately added
to the catalysis mixture, 30 equivalents relative to the catalyst (0.01 mol dm= in the
reaction mixture), to initiate turnover. The volume of evolved Hz was recorded by the
burette (Figure 236). Upon completion of H2 evolution, the reaction mixture was
transferred onto a second equivalent of recrystallised methyl amine-borane in a
jacketed Schlenk, also temperature equilibrated to 20 °C and connected to an upturned
water-filled burette to collect the produced H2 gas. This experiment was repeated twice
so that both kinetics data and polymer molecular weight data could be recorded. To
record polymer molecular weight data, after H2 evolution was complete, the catalysis
mixture was quenched in-air by the addition of ~50 cm?® of pentane, resulting in the
precipitation of white poly(N-methylaminoborane), which was isolated by filtration and
dried in-vacuo to give a white solid (50 — 60 mg per charge, 50-60% recovered yield).

This poly(N-methylaminoborane) was then analysed by GPC (Table 8).
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Figure 236. The H2 evolution plot obtained from the dehydropolymerisation of
methylamine-borane by P,P-cis-Ru(’Pr2.CH2CH2NH2)2Cl2 (8) with 0.01 mol dm of
MeNHz2, (first, red section), followed by a further charge of methylamine borane
(second green section). The first charge shows the typical long induction period. The
second charge shows almost no induction period. Catalyst loading at 0.033 mol%
relative to methyl amine-borane (0.0003 mol dm catalyst), 1 mol dm= methylamine
borane in THF in each charge.

HsB-NMeH, Catalyst MeNH;
Catalyst M, M,,
Catalyst | concentration concentration | concentration b
mol% (mol dm-3) | (mol dm-3)
(mol dm-3) (mol dm=3) (mol dm-3)
1
1 0.033 0.00033 0.01 168,500 286,600 | 1.70
Charge 1
1
1 0.033 0.00033 0.01 164,000 273,600 | 1.67
Charge 2

Table 8. Poly(N-methylaminoborane) M, My, and D (dispersity) data for the

dehydopolymerisation of N-methylamine borane with P,P-cis-Ru('Pr2.CH2CH2NH2)2Cl:

(8) recharge experiment: methylamine-borane charge 1 & 2, as measured by GPC.

297



5.4 Crystallography

Single-crystal X-Ray diffraction data was performed on a Rigaku SuperNova
diffractometer (Cu-Ka radiation, A = 1.54184 A) at the University of York, equipped with
a nitrogen gas Oxford Cryostream unit.® Diffraction images from raw frame data were
reduced using the CryAlisPro suite of programmes. The structures were solved using
SHELXT?® and refined by full convergence on F? against all independent reflections by
full-matrix least-squares using SHELXL'™ 2018/3 through the Olex2 GUL." All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were geometrically
placed and allowed to ride on their parent atoms, unless otherwise stated (see specific
details for each molecular structure in the text and supplementary CIF information).
Disordered groups and solvent molecules were restrained to maintain sensible

chemical geometries.

5.4.1 Additional crystallographic details

Rh(PNHPPr)(k'-BH4)H2 (4) crystallised without residual solvent in the lattice. One of
the ligand isopropyl groups exhibited rotational disorder which was satisfactorily
modelled. All 4 B—H hydride atoms were located in the Fourier difference map, freely

refined and then restrained with a DFIX command to 1.1 A relative to the boron.

Rh{k3-(Cy2PCH2CH2)2NH}H2CI (7) crystallised with 1 equivalent of pentane per
asymmetric unit which was highly disordered and modelled via SQUEEZE. A large
(2.38 e A3) residual electron density peak is present adjacent to hydride H1, likely due
to a superimposed positional isomer component (~15 %) where the Cl occupies the
position trans to the ligand N atom. The Rh-H1 distance was restrained to 1.7 A by a
DFIX command to prevent excessive lengthening caused by the adjacent residual
electron density peak. The proton on the N-H, was located in the Fourier difference

map, freely refined, and allowed to ride on the parent atom.

P,P-trans-Ru(’Pr.PCH2CH2NH2)2Cl2 (8 trans-isomer) crystallised without residual
solvent in the lattice. A large (2.52 e A?3) residual electron density peak is present
adjacent to the phosphorous atoms due to disorder which could not be satisfactorily
modelled. NH2 protons were affixed instead of freely refined due to difficulty modelling

equal N-H bond lengths.
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P,P-trans-Ru('Pr.PCH2CH2NH)2 (9) crystallised without residual solvent in the lattice.
The structure model is missing 8 high index reflections due to low intensity. Protons on
the NH groups were located in the Fourier difference map, freely refined, and allowed

to ride on the parent N atoms.

RuzH(u2-NHCH2CH2PPrz2)2(u2-NCH2CH2PPr2)(PrPCH2CH2NH2)  (10)  crystallised
without residual solvent in the lattice. The structure model is missing 15 high index
reflections due to low intensity. The Ru—H hydride was located in the Fourier difference
map, allowed to ride the Ru atom and freely refined. The protons on the N=CH, NH
and NHz groups were located in the Fourier difference map, freely refined, and allowed

to ride on the parent atoms.

P,P-cis-Ru('Pr2PCH2CH2NH2)2(OH)H:((PrOH)2  (11-(PrOH)2) crystallised with two
equivalents of isopropanol hydrogen bonded to the Ru—OH, which were satisfactorily
modelled. Protons on the NH2 and OH groups were located in the Fourier difference
map, freely refined, and allowed to ride on the parent N and O atoms. Disorder in the
OH leads to the modelling of an abnormally short O—H bond (0.752 A). The structure
model is missing 9 high index reflections due to low intensity. The Ru—H hydride was

located in the Fourier difference map, allowed to ride the Ru atom and freely refined.

P,P-cis-Ru(’Pr2PCH2CH2NH2)2(OH)H (11) crystallised without residual solvent in the
lattice. The structure was modelled as a 1:1 inversion of the molecule upon itself. The
disordered parts were restrained with SADI SIMU and ISOR restraints due to the close
proximity of residual electron density peaks from each modelled part. NH2 and OH
protons were affixed instead of freely refined due to difficulty satisfactorily modelling
these atoms within the disorder. The Ru—H hydrides were located in the Fourier

difference map, allowed to ride the Ru atoms and freely refined.

P,P-cis-Ru('PrPCH2CH2NH2)2(k'-BH4)H (13) crystallised with two crystallographically
independent units Ru('Pr.PCH2CH2NH2)2(k'-BH4)H per asymmetric unit and without
residual solvent in the lattice. The structure model is missing 139 high index reflections
due to low intensity and unusually thin crystals. Protons on the NH groups of N1, N2 &
N3 were located in the difference Fourier difference map, N2 and N3 were freely
refined, and allowed to ride on the parent N atoms. The protons on N1 were restrained
with SADI to give similar N-H bond lengths. NH2 protons on N4 were affixed instead

of freely refined due to difficulty modelling these atoms. The Ru—H hydrides were
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located in the Fourier difference map, allowed to ride the Ru atoms, restrained with
SADI restraints to give similar Ru—H bond lengths and refined. The B—H hydrides were
located in the Fourier difference map, allowed to ride the B atoms, restrained with SADI
restraints to give similar B—H bond lengths and refined. 4 disordered isopropyl groups
on the ligands of the unit containing Ru1 were modelled over two domains and freely

refined.
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5.4.2 Crystallographic tables

Table 2. Selected crystallographic and refinement data

4 7
CCDC Number N/A N/A
Empirical C28Hs5CINP2Rh-
formula C1eHasBNP2RN 1[C5H12]
Formula weight 425.17 678.17
Temperature/K 110 110
Crystal system triclinic Monoclinic
Space group P-1 C2lc
alA 8.1035 (2) 29.1684 (4)
b/A 10.4919 (2) 19.4777 (3)
c/A 14.0851 (3) 12.2302 (2)
a/° 71.558 (2) 90.0
B/° 84.020 (2) 96.930(1)
V/° 81.442 (2) 90.0
Volume/A3 1121.30 (4) 6897.62 (18)
Z 2 8
Pcalcg/cm? 1.259 1.167
u/mmt 7.45 5.686
F(000) 452.0 2576.0
Crystal 0.06 x 0.05 x 0.02  x 0.10 x 0.08
size/mm
L CuKa (A= CuKa (A=
Radiation 1.54184) 1.54184)
Reflections 4893 6714
collected
independent | 4557 [Rm=0.040, 22> i =
. . _ : , Rsigma —
reflections Rsigma = 0.0787] 0.0967]
Datalrestraints/p | y557/547/4 6642/314/1
arameters
Goodnessé-of-flt 1.063 0.805
onF
Final R indexes | R1=0.0309, wR2 = R1=0.032,
[I>=20 (1)] 0.0787 wR2 = 0.097
Final R indexes | R1 =0.0309, wR2 = R1=0.032,
[all data] 0.0787 wWR2 = 0.097
Largest diff.
peak/hole / e A3 0.68/-0.76 2.19/-0.61
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Table 3. Selected crystallographic and refinement data

8 trans-isomer 9 10
CCDC Number 2386380 2386379 2386381
Empirical C16H40Cl2N2P2R
formula u CieHzsN2P2Ru  C32H76N4P4RuU2
Formula weight 494 .41 421.49 842.98
Temperature/K 110.00(14) 109.95(10) 109.95(10)
Crystal system monoclinic triclinic triclinic
Space group P2i/c P-1 P-1
alA 11.3434(2) 6.8268(3) 11.0013(2)
b/A 13.1508(2) 7.2199(4) 13.1780(3)
c/A 7.72080(10) 10.6106(7) 15.0352(3)
a/® 90 105.035(5) 93.334(2)
B/° 106.264(2) 90.350(4) 91.030(2)
v/° 90 98.223(4) 113.542(2)
Volume/A3 1105.66(3) 499.38(5) 1992.90(8)
Z 2 1 2
Pcalcg/cm? 1.485 1.402 1.405
w/mmt 9.325 7.824 7.842
F(000) 516.0 222.0 888.0
Crystal 0.11 x 0.07 x 0.13 x 0.11 x 0.09 x 0.07 x
size/mm3 0.06 0.03 0.03
Radiation CuKa (A= CuKa (A= CuKa (A=
1.54184) 1.54184) 1.54184)
20 range for 8.638 to 7.336 to
data collection/e | o-12 10 153.834 153.436 154.008
-13<h <14, -16 -13<h<13, -
Index ranges | <k<16,-9<I< Tshs8 9=k 16 <k <16, -
<8,-13<1<12
8 11<1<19
Reflections 11281 4722 23871
collected
o o 8098 [Rint =
Independent LZ5E [R'f" - L0 [R'f‘t - 0.0435,
reflections 0.0343, Rsigna =  0.0290, Rsigma = Reigma =
0.0266] 0.0283] 0.0462]
Data/restraints/p 2288/0/110 2005/0/101 8098/0/415
arameters
GOOdels:SZ'Of'f't 1.063 1.103 1.056
Final R indexes R1=0.0619, R1=0.0339, R1=0.0290,
[1>=20 ()] wR2 =0.1564 wR2 = 0.0911 WR2 = 0.0659
Final R indexes R1=0.0653, R1=0.0339, R1=0.0348,
[all data] wR2 =0.1593 wR2 = 0.0911 wWR2 = 0.0679
Largest diff.
peak/hole / e A3 2.64/-1.70 1.51/-0.90 0.52/-0.73
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Table 4. Selected crystallographic and refinement data

11-(PrOH); 11 13
CCDC Number 2386387 2386384 N/A
Empirical C22Hs58N203P2Ru  CisH42N20P2Ru  CisHasBN2P2RuU
formula
Formula weight 561.71 441.52 878.71
Temperature/K 110.00(10) 110.00(10) 109.95(10)
Crystal system triclinic trigonal monoclinic
Space group P-1 P32 P2i/c
alA 10.0257(2) 14.10010(10) 9.5408(3)
b/A 11.7788(2) 14.10010(10) 18.1474(9)
c/A 13.1244(2) 9.32090(10) 26.8151(12)
a/° 101.204(2) 90 90
B/° 103.290(2) 90 96.847(4)
v/° 94.884(2) 120 90
Volume/A3 1465.87(5) 1604.84(3) 4609.7(3)
z 2 3 4
Peaicg/cm3 1.273 1.371 1.266
u/mmt 5.530 7.361 6.788
F(000) 604.0 702.0 1872.0
Crystal 0.09 x 0.08 x 0.24 x 0.16 x
size/mmd 0.04 0.12 0.3%0.04>0.03
. CuKa (A= CuKa (A= CuKa (A=
Radiation 1.54184) 1.54184) 1.54184)

20 range for
data
collection/°®

Index ranges

Reflections
collected

Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F2
Final R indexes
[I>=20 (I)]
Final R indexes
[all data]
Largest diff.
peak/hole / e A-
3

7.096 to 154.084

12<h<10,-14
<ks<14,-12<|<
16

15708

5913 [Rint =
0.0446, Rsigma =
0.0476]

5913/0/293

1.101

R1=0.0321,
WR2 = 0.0832
R1 =0.0354,
WR2 = 0.0848

0.76/-0.92

7.24 t0 154.276

-177<h<16, -14
<sks=s17,-11=|
<11

17416

4369 [Rint =
0.0355, Rsigma =
0.0252]

4369/20/429

1.070

R1=0.0358,
WR2 = 0.0883
R1=0.0361,
WR2 = 0.0885

0.21/-0.38

8.238 t0 136.49

9shs<11,-21<
k<17,-31<l<
32

23430

8308 [Rint =
00966, Rsigma =
0.0904]

8308/9/497

1.066

R; = 0.0630,
WR2 = 0.1549

R: = 0.1056,
WR, = 0.1747

0.86/-1.48
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5.5 Computational details

The computational analysis of P,P-trans-Ru('Pr.PCH2CH2NH)2 (9) was performed by
Dr M. Arif Sajjad under the supervision of Prof. Stuart Macgregor at the university of
St. Andrews.

DFT calculations were run with Gaussian 16 (Revision C.01). '> Ru and P centres were
described with Stuttgart RECPs and associated basis sets with added d-orbital
polarisation (z = 0.387) on the latter. '3 4 6-31G** basis sets used for all other atoms.
15,16 Optimizations were run with both the BP86, and B3LYP functionals. 719 All
stationary points were fully characterised via analytical frequency calculations as either
minima (all positive eigenvalues) or transition states (one negative eigenvalue).
Electronic energies were recomputed with the def2-TZVP, basis set, corrected for the
effects of THF solvent using the PCM approach and for dispersion (D3 with Becke-
Johnson damping). 2%-2¢ TD-DFT calculations were performed on the BP86-optimised
geometries using the BP86, B3LYP and CAM-B3LYP functionals. TD-DFT spectra and

orbital plots were produced with Chemcraft. 25 26

304



5.5.1 Computed geometries and spin states of P,P-trans-
Ru(’‘Pr.PCH2CH2NH)2 (9)

Geometries were optimised in both the singlet and triplet states with both the BP86
and B3LYP functionals. For the singlet state both functionals provided square-planar
geometries with Ci symmetry. For the triplet state a square-planar Ci minimum was also
located with B3LYP, but this geometry corresponded to a transition state with BP86. A
slightly lower C1 form with a reduced N-Ru-N angle of 165° was located as a true
minimum. With both functionals the singlet spin state was computed to be significantly
more stable (BP86: DGS~T = +16.6 kcal/mol; B3LYP: DGS~T = +9.4 kcal/mol).

Ru-P2 2.316
Ru-P31 2.316
Ru-N3 1.940
Ru-N32 1.940
P2-Ru-P31 180.0
N3-Ru-N32 180.0
P2-Ru-N3 82.5
P2-Ru-N32 97.5
P31-Ru-N3 82.5
P31-Ru-N32 97.5

Figure 237. Optimised structure (BP86 functional) for Ru(Pr2PCH2CH2NH)2 (9) in the
singlet spin state with tabulated data for selected distances (A) and angles (°).
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5.5.2 Time-Dependent Density Functional Theory (TDDFT)
Calculations for P,P-trans-Ru(‘Pr.PCH2.CH:NH) (9)

TD-DFT analyses were performed on the geometry computed with the BP86 functional

in the singlet spin state. Spectra were simulated with the BP86, B3LYP and
CAM=B3LYP functionals. Of these the BP86 gave the best agreement with experiment

in terms of the excitation energies.

E S
c c
o N~
— 0
[ap] [38]
25 | |
2
815
21
1 E
c
N
0.5 a
|
0 T T T T T
250 350 450 550 650 750
‘ Wavelength (nm)
00 ?;23 340 380 400 420 440 480 480 500 520 540 560

Wavelength, nm

Figure 238. UV-vis spectrum for P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9) computed at
B3LYP level. Inset shows the experimental spectrum.
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Table 5. UV-vis spectral data for P,P-trans-Ru('Pr2PCH2CH2NH)2 (9) computed with
TDDFT at B3LYP level.

Excited label Energy Wavelength  Oscillator Orbital Transition

state (eV) (nm) strength (f) transitions  strength
1 1A 1.4006 885.24 0.0000 87 -> 88 0.70725
2 1Aq 2.1199 584.85 0.0000 86 -> 88 0.70473
3 1A 2.3331 531.42 0.0000 85 -> 88 0.69886
4 1Aq 3.7138 333.85 0.0000 87 -> 89 0.68913
87 -> 94 -0.11917

5 A 3.8406 322.82 0.0351 87 -> 90 0.67773
87 -> 91 0.16766

6 A, 3.8862 319.04 0.0749 87 ->90 -0.16386
87 ->91 0.67590

7 A, 4.0214 308.31 0.0452 83 ->88 0.60088
84 -> 88 0.35567

8 A, 4.2372 292.61 0.1935 83 -> 88 -0.35029
84 -> 88 0.54641

86 -> 90 -0.12123

86 -> 91 -0.20703

9 1A 4.2588 291.12 0.0000 86 -> 89 0.64149
87 -> 94 -0.27055

10 1A 4.2770 289.89 0.0000 86 -> 89 0.28365
87 -> 89 0.11846

87 -> 94 0.61498

11 A, 4.3411 285.60 0.1556 83 ->88 -0.10962
84 -> 88 0.21320

86 -> 90 0.35442

86 -> 91 0.54336

12 A, 4.4215 280.41 0.0036 86 -> 90 0.59249
86 -> 91 -0.37744

13 AL 4.4343 279.60 0.0098 87 -> 92 0.68035
87 -> 93 -0.16342

14 A, 4.4634 277.78 0.0019 85 ->90 0.33486
85 ->91 0.58281

85 ->93 -0.18905

15 1A 4.4737 277.14 0.0000 85 -> 89 0.64715
85 -> 94 -0.26037

16 A, 4.6614 265.98 0.0037 87 ->92 0.16811
87 -> 93 0.67559

17 A, 4.6941 264.13 0.0308 85 ->90 0.60778
85 ->91 -0.33922

18 1Aq 4.7883 258.93 0.0000 85 ->94 -0.16844
86 -> 94 0.65105

19 1Aq 4.8593 255.15 0.0000 82 -> 88 -0.18692
84 -> 91 0.11578

85 -> 89 0.24301

85 -> 94 0.55776

85 -> 96 0.12333

86 -> 94 0.18975

20 A, 4.9146 252.28 0.0079 84 -> 89 0.68749
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Figure 239. UV-vis spectrum for P,P-trans-Ru(’'PrPCH2CH2NH)2 (9) computed at
BP86 level. Inset shows the experimental spectrum.
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Table 6. UV-vis spectral data for P,P-trans-Ru('Pr2PCH2CH2NH)2 (9) computed with
TDDFT at BP86 level.

Excited label Energy Wavelength  Oscillator Orbital Transition

state (eV) (nm) strength (f) transitions strength
1 1Ag 1.5893 780.11 0.0000 87 -> 88 0.70820
2 1A 2.2512 550.75 0.0000 86 -> 88 0.70640
3 1A 2.4510 505.84 0.0000 85 -> 88 0.70292
4 1Ag 3.2854 377.38 0.0000 87 -> 89 0.70117
5 A 3.3209 373.34 0.0358 87 -> 89 -0.48990
87 ->91 0.50339

6 A, 3.3759 367.26 0.0725 83 -> 88 0.13864
87 -> 89 0.49199

87 ->91 0.47296

7 A, 3.4092 363.67 0.0105 83 -> 88 0.65833
84 -> 88 0.19940

87 -> 91 -0.13610

8 A, 3.8018 326.12 0.0079 86 -> 89 -0.18025
86 -> 93 0.67787

9 1Ag 3.8344 323.34 0.0000 86 -> 90 0.69973
10 A 3.8362 323.19 0.1164 83 ->88 0.10875
84 -> 88 -0.32109

86 -> 89 0.56382

87 -> 93 0.19669

11 A, 3.9043 317.56 0.0029 85 -> 89 0.65837
86 -> 91 -0.24482

12 A 3.9207 316.23 0.1913 83 ->88 -0.16943
84 -> 88 0.52636

85 -> 89 -0.15698

85->91 -0.10267

86 -> 89 0.28288

86 -> 91 -0.22211

13 A, 3.9332 315.22 0.0327 84 -> 88 0.16665
85 -> 89 0.19985

86 -> 89 0.18341

86 -> 91 0.61967

14 1Ag 3.9345 315.12 0.0000 85->90 0.10158
87 -> 92 0.69093

15 1A, 4.0292 307.71 0.0000 85 ->90 0.69938
87 ->92 -0.10091

16 Ay 4.1123 301.50 0.0091 87 ->94 0.69940
17 A, 4.1647 297.70 0.0532 85 ->91 0.68475
86 -> 89 0.11756

18 AL 4.3786 283.16 0.0085 86 -> 93 0.70271
19 1Ag 45114 274.82 0.0000 86 -> 92 0.67958
20 1A, 4.5445 272.82 0.0000 82 -> 88 -0.36625
84 -> 89 0.41023

85 -> 92 0.39958
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Table 6. (cont)

Excited label Energy Wavelength  Oscillator Orbital Transition

state (eV) (nm) strength (f) transitions strength
21 A 4.5588 271.97 0.0038 87 -> 95 0.70599
22 A 4.5879 270.24 0.0064 85->93 0.70511
23 1A 4.6900 264.36 0.0000 82 -> 88 0.15817
84 -> 89 -0.32049

85->92 0.56501

87 -> 96 -0.14506

24 A 4.7296 262.14 0.0066 84 ->90 0.69980
25 A 4.7701 259.92 0.0059 81 -> 88 0.69120
86 -> 94 0.12464

26 A 4.7768 259.55 0.0866 81 -> 88 -0.12661
85 ->95 -0.10247

86 ->94 0.66893

27 A 4.8143 257.53 0.0000 80 -> 88 0.53403
82 -> 88 0.14575

84 -> 89 0.26105

84 ->91 -0.30205

87 -> 96 -0.13435

28 1A 4.8445 255.93 0.0000 80 -> 88 0.35448
84 ->91 0.60022

87 -> 96 0.10390

29 1A, 4.8701 254.58 0.0000 80 -> 88 0.13431
84 -> 89 -0.14387

84 ->91 -0.18405

87 -> 96 0.60482

87 -> 97 -0.21313

30 A 4.8941 253.33 0.0060 85 ->94 0.70265
31 A 4.9198 252.01 0.0108 79 -> 88 0.68971
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Figure 240. Selected molecular orbitals (MOs) along and energies (a.u) involved in

electronic transitions in computed UV-vis spectrum at BP86 level for P.P-trans-
Ru(Pr2PCH2CH2NH)2 (9). Surface contour value = 0.10 a.u. MO-89 to MO-97 inclusive

are heavily delocalised onto the phosphine substituents and are not shown.
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Figure 241. UV-vis spectrum for P,P-trans-Ru(’Pr.PCH2CH2NH)2 (9) computed at
CAM-B3LYP level. Inset shows the experimental spectrum.

311



Table 7. UV-vis spectral data for P,P-trans-Ru(’Pr2PCH2CH2NH)2 (9) computed with
TDDFT at CAM-B3LYP level.

Excited label Energy Wavelength Oscillator Orbital Transition

state (eV) (nm) strength (f) transitions strength
1 1Ag 1.2921 959.57 0.0000 87 -> 88 0.69675
87 -> 89 0.11334

2 1Ag 2.0272 611.61 0.0000 86 -> 88 0.69168
86 -> 89 0.11282

3 1A 2.2437 552.59 0.0000 85 -> 88 0.68511
85 -> 89 0.11296

4 A 4.3673 283.89 0.1164 87 ->91 0.58370
87 -> 93 -0.37127

5 1A 4.3885 282.52 0.0000 82 -> 88 -0.10534
87 -> 89 -0.34134

87 ->94 0.54016

87 -> 96 0.19149

6 A, 4.4325 279.72 0.1882 83 -> 88 0.28764
84 -> 88 0.62190

7 A, 4.6275 267.93 0.0627 83 -> 88 0.61367
84 -> 88 -0.26618

87 ->90 -0.10793

8 AL 4.7609 260.42 0.0610 86 ->91 0.28563
86 -> 93 -0.18265

87 ->90 0.58747

87 -> 95 -0.13579

9 1A 47775 259.52 0.0000 87 -> 88 -0.10058
87 -> 89 0.57977

87 -> 94 0.32265

87 -> 97 0.14628

10 A, 4.7839 259.17 0.1784 83 -> 88 -0.10604
84 -> 88 0.13477

86 ->91 0.49311

86 -> 93 -0.31397

87 ->90 -0.31264

11 1Ag 4.8765 254.25 0.0000 85 ->89 -0.20808
85 ->94 0.53761

85 -> 96 0.21164

85 ->97 0.11397

86 -> 94 -0.20808

12 A, 4.8881 253.64 0.0034 83 -> 88 0.10155
85 ->91 0.53629

85 ->93 -0.42051

13 A, 4.9593 250.01 0.0000 85 ->94 0.20232
86 -> 89 -0.25470

86 -> 94 0.53962

86 -> 96 0.17522

86 -> 97 0.10517
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5.5.2 Computed Cartesian coordinates (A) and energies (hartrees)
for all species relating to P,P-trans-Ru('Pr.PCH2CHzNH) (9)

(1)

BP86
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C -1.41790 -1.23909 -3.69113
H -1.26551 -0.38637 -4.37460
H -1.98976 -2.00651 -4.24409
H -2.04141 -0.89605 -2.84555
C 2.44147 -1.91478 -0.29643
H 3.47865 -2.00549 0.09380
H 2.05210 -2.95990 -0.35584
C -0.33739 -3.09933 -2.34850
H -0.93732 -2.87028 -1.44966
H -0.89229 -3.84497 -2.94709
H 0.60328 -3.56857 -2.01492
C 1.93427 2.00478 -2.63932
H 2.93220 1.72198 -2.25909
H 2.07346 2.85915 -3.32670
H 1.33092 2.34225 -1.77941
2 (triplet C; minimum)

Escr = -850.299142662

G = -849.851134

Ecorr = -1520.38626460985
59

Ru -0.00230 0.02623 0.00375
P 2.32384 0.04836 0.15497
N 0.16472 -0.00209 2.01888
H -0.65135 0.12735 2.62393
C 3.27561 1.64123 -0.28050
H 4.31662 1.51143 0.07370
C 3.37867 -1.31481 -0.66574
H 3.32061 -1.07176 -1.74501
C 4.85726 -1.32733 -0.240406
H 5.36840 -0.37470 -0.45850
H 5.40519 -2.12523 -0.77490
H 4.96130 -1.52780 0.84044
C 2.62930 -0.19548 2.00548
H 2.75261 -1.28284 2.15449
H 3.55382 0.30514 2.34240
C 3.27588 1.86722 -1.80323
H 3.81735 1.07450 -2.34698
H 3.76279 2.82832 -2.05025
H 2.24185 1.90213 -2.19115
C 1.38734 0.29775 2.77121
H 1.36503 -0.18498 3.77247
H 1.50388 1.39108 2.96706
C 2.64511 2.83824 0.45386
H 1.58286 2.95350 0.17252
H 3.17156 3.77353 0.18840
H 2.69110 2.72568 1.55004
C 2.70806 -2.68507 -0.45562
H 2.73519 -2.99061 0.60564
H 3.23525 -3.46446 -1.03581
H 1.65152 -2.66312 -0.77134
P -2.32747 -0.01376 -0.16038
N -0.15634 -0.47048 -1.94970
H 0.66095 -0.65616 -2.53714
C -3.31662 -1.48071 0.54796
H -4.36637 -1.36010 0.21616
C -3.36845 1.49522 0.37301
H -3.37392 1.42613 1.47839
C -4.82136 1.49323 -0.13302
H -5.37976 0.59822 0.18860

-5.36480 2.37608 0.25126
-4.86210 1.53936 -1.23546
-2.60584 -0.11273 -2.02814
-2.67141 0.93441 -2.37406
-3.55398 -0.61794 -2.28306
-3.25857 -1.47282 2.08639
-3.70488 -0.56297 2.52322
-3.80900 -2.33910 2.49680
-2.21111 -1.54578 2.42993
-1.38711 -0.79786 -2.67611
.32078 -0.47969 -3.73956
-1.57168 -1.89794 -2.70514
-2.76475 -2.80465 -0.01094
-1.69553 -2.91881 0.24047
-3.31110 -3.66128 0.42490
-2.86338 -2.86777 -1.10746
-2.62869 2.78950 -0.01290
-2.57298 2.91316 -1.10940
-3.15549 3.67283 0.39223
-1.59620 2.78944 0.37683

T DD OQO@DN DD Q@D ITDQD@DITDOQ@D @O T
|
=

(ii) B3LYP Optimisation
2 (singlet)

Escr = -850.213690416

G = -849.746300

Ecorr = -1520.31556296
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Ru 0.00000 0.00000 0.00000
P -0.81229 0.52175 2.13139
N -1.48255 1.12922 -0.55287
H -1.67919 1.33704 -1.52878
C 0.07583 1.81199 3.19979
H -0.57715 2.04432 4.05090
C -1.25696 -0.82919 3.39130
H -0.27826 -1.20240 3.72248
C -2.03441 -0.34503 4.62403
H -1.48784 0.40996 5.19640
H -2.23536 -1.18502 5.30018
H -3.00317 0.08259 4.34239
C -2.46583 1.31714 1.71930
H -3.20700 0.51287 1.76521
H -2.75471 2.07916 2.45070
C 1.40602 1.25146 3.72569
H 1.26539 0.38556 4.38093
H 1.93972 2.01512 4.30403
H 2.05242 0.94969 2.89378
C -2.41407 1.88666 0.29349
H -3.42640 1.87349 -0.13953
H -2.11345 2.94652 0.33200
C 0.30917 3.10048 2.39718
H 0.90198 2.89624 1.49967
H 0.84925 3.83382 3.00867
H -0.63029 3.56368 2.08027
C -1.98012 -1.99128 2.69256
H -2.98338 -1.69929 2.36151
H -2.09849 -2.83406 3.38449
H -1.42738 -2.33145 1.81277
p 0.81229 -0.52175 -2.13139
N 1.48255 -1.12922 0.55287
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.67919 -
.07583 -
57715 -
.25696

.27826

.03441

.48784 -
.23536

.00317 -
.46583 -
.20700 -
.75471 -
.40602 -
.26539 -
.93972 -
.05242 -
.41407 -
.42640 -
.11345 -
.30917 -
.90198 -
.84925 -
.63029 -
.98012

.98338

.09849

.42738

2 (triplet)

H 1
c -0
H 0
C 1
H 0
C 2
H 1
H 2
H 3
C 2
H 3
H 2
c -1
H -1
H -1
H -2
C 2
H 3
H 2
c -0
H -0
H -0
H 0
C 1
H 2
H 2
H 1
Escr

G
ECOII
59

Ru O
P -0
N -1
H -1
C 0
H -0
c -1
H -0
c =2
H -1
H -2
H -3
c =2
H -3
H =2
C 1
H 1
H 1
H 2
c =2
H -3
H -2
C 0
H 0
H 0
H -0
c -1

.33704
.81199
.04432
.82919
.20240
.34503
.40996
.18502
.08259
.31714
.51287
.07916
.25146
.38556
.01512
.94969
.88666
.87349
.94652
.10048
.89624
.83382
.56368
.99128
.69929
.83406
.33145

.52878
.19979
.05090
.39130
.72248
.62403
.19640
.30018
.34239
.71930
.76521
.45070
.72569
.38093
.30403
.89378
.29349
.13953
.33200
.39718
.49967
.00867
.08027
.69256
.36151
.38449
.81277

-850.195744206

.00000
.83303
.62762
.82572
.07730
.57844
.25452 -
.27253 -
.06367 -
.55043
.24044 -
.04372
.49002
.22574
.78232
.39171
.22690
.94386
.03136
.43694
.46870
.05181
.34432
.96315
.87897
.58000
.93767 -

W WNWNNREPRPONOREREDNDOR

.00000
.54324
.07412
.29001
.82626
.08739
.82113
.17092
.35481
.42575
.19473
.03468
.33138
.52067
.08132
.24688
.40775
.01528
.89955
.91599
.00759
.95166
.09620
.87259
.83466
.56269
.99763

-849.732262
-1520.29666515

NN NEPENOODONE® D WNRERPERE OGO WWDDWEODNO

.00000
.13816
.56225
.53357
.19184
.03247
.38566
.712987
.60459
.17386
.28732
.30823
.73516
.76744
.47823
. 73740
.42052
.29147
.91809
.31318
.06459
.37512
.36960
.49374
.97912
.01700
.67098

TITDTIoDQ@DID@DQ@DnoDO@DnIoDTDQO@Dn D@D D ITDO@DQDQ@mD=2"hmTmT

.92725
.07746
.34034
.83303
.62762
.82572
.07730
.57844
.25452
.27253
.06367
.55043
.24044
.04372
.49002
.22574
.78232
.39171
.22690
.94386
.03136
.43694
.46870
.05181
.34432
.96315
.87897
.58000
.93767
.92725
.07746
.34034

.72059
.83370
.35060
.54324
.07412
.29001
.82626
.08739
.82113
.17092
.35481
.42575
.19473
.03468
.33138
.52067
.08132
.24688
.40775
.01528
.89955
.91599
.00759
.95166
.09620
.87259
.83466
.56269
.99763
.72059
.83370
.35060

.29053
.36663
.82520
.13816
.56225
.53357
.19184
.03247
.38566
.72987
.60459
.17386
.28732
.30823
.73516
.76744
.47823
.73740
.42052
.29147
.91809
.31318
.06459
.37512
.36960
.49374
.97912
.01700
.67098
.29053
.36663
.82520
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Figure S1 In-situ "B NMR spectrum from the unselective dehydrocoupling of
(H2BNHMe)n (1 mol dm-3 effective in THF) by 8 (0.33 mol%), with 30 equivalents of
'BuOK added. A mixture of dehydrocoupled products is observed.
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Figure S2 In-situ 3'P{"H} NMR of the reaction between 8 and 1 eq. of ‘BuOK showing
only 9 and unreacted 8. Recorded in THF-Hs at 298 K.
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Figure S3. Crystals of pink P,P-trans-Ru(’Pr2PCH2CH2NH)2 (9) decomposing under
Fombulin oil and argon flow as seen under a microscope at 50x magnification
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Figure S4. Fragments of (H2BNH"Pr)n film obtained by evaporation of the toluene
reaction solvent used in the dehydropolymerisation of HsB-NH2"Pr with 8 (0.5 mol%,
activated with 0.05 mol dm=3 of NH2Me).
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Chapter 2 organometallic species index
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Chapter 3 and 4 organometallic species index
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