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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(iPr-PNHP)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(iPr2PCH2CH2NH2)2Cl2. The highly unusual and reactive square-planar, d6 and low-

spin precatalyst Ru(iPr2CH2CH2NH)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(iPr2PCH2CH2NH2)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. 



3 
 

 

Declaration 

 

 

The work presented herein was carried out between September 2021 and March 2025 

at the University of York, under the supervision of Prof. Andrew S. Weller. I declare that 

all work is my own, unless otherwise stated, and that this work has not been submitted 

previously for any degree at this university or any other. All sources are acknowledged 

as references. Work from chapter 3 of this thesis contributed toward a research 

publication: M. J. Cross, A. M. Sajjad, S. A. Macgregor, A. S. Weller, Angew. Chem., 

2025, 64, e202500019. 

 

Mathew J. Cross 

 

April 2025  



4 
 

Acknowledgments 

First of all, Iôd like to thank my supervisor Prof Andew Weller. Youôve guided me through 

this whole process whilst giving me freedom to explore and teaching me to really 

critically analyse what I do. My time in the group has introduced me to what a proper 

curry is, even if I only ever order an Afghani. You have been mission control, in more 

ways than oneé 

Thankyou to all the Weller group PDRAôs past and present who I have worked with, 

you have all elevated me to be a better researcher by showing the way forward. 

Laurence: you have some strong opinions on music and strange choices in food. Our 

time working together was brief, but you continued to lift the mood long after you were 

gone. Kris: Itôs ironic that when you were first hired I was excited to have someone else 

to climb with, but as you joined, I promptly retired from climbing. Sorry about that. Many 

discussions about my haphazard meals and ropey crystal structures helped wile away 

those many lunches in the tearoom. Iôve never met anyone else who also unironically 

liked Sabaton. Alex: As the newest sacrifice to the rhodium PNHP system, I wish you 

well. AB can be particularly gruelling, and the idiosyncrasies of each catalyst are best 

described the way you and Andy put it as ñfolkloreò. I canôt say the fluoride 

depolymerisation work will be any easier, but youôve got this! Alice: We never 

overlapped during our times in the group, but your work laid the foundation for my first 

published work. Thank you for cracking that nut for me. We seem to bump into each 

other at every RSC event and I look forward to many more. Claire: Your guidance took 

me from being an undisciplined undergrad and made me the chemist I am today. Iôll 

never forget that óshort cuts cause long delaysò. Now Iôm a postdoc myself, just a little 

too often I say things that you said, and which at the time made me cringe. Matt: Having 

you around throughout my entire PhD as a font of synthetic knowledge has been 

invaluable to me, any problem and you had the solution. I hope the old-country is 

treating you well and that youôve gotten over your fear of Phil Collins. Thanks for 

helping save my face from the sulphuric acid, introducing me to Triple-J, and sorry 

again for operating the glovebox port with my foot that one time.  

To the PhDôs of the Weller group: thank you for making my time in York so fulfilling, 

dragging me out of my shell and making me a more well-rounded person. James, 

Cameron and Olie: Our time working together was brief, but you made an indelible 



5 
 

mark on the Weller spirit that was felt long after you were gone, I hope we did you 

proud. Helena: Youôre a force of nature, never change. From weekly mental health 

scores to playing bloody knuckles in Valhalla or deadlifting at York sport, we had a 

pretty unhinged time but thatôs what made it great. I didnôt expect it at the time, but 

óWhere the Crawdads Singô has definitely made my top 10 films. Joe: Where do I start, 

honestly. When we first met, I knew we had something special but little did I know that 

it would lead to a true bromance: bonding over everything from MMA and massages 

to scunges and eating primitive lifeforms. There are too many standout moments to 

count: Mt. Hatred, Crab raves, tales from the E-block toilet, rock-bottom sour sweets, 

óBOC man comeô, the óno-hopeô jumper and being your groomsman. Together we 

crawled from the primordial ooze to become truly mediocre crystallographers, what an 

achievement. Never stop being ñblas® and worseò. Chloe J (T-800): From the moment 

we became Wellers the group started slipping. Iôm so glad that I joined the group at the 

same time as you, it made the whole process so much less daunting. Luckily you had 

enough personality for the both of us, so I could hide amongst my plants in the corner 

of the office. We both made it out the other side, but Iôm more impressed that we 

managed to get all that red wine off your kitchen ceiling (oops). P.S Lego batman was 

a true masterpiece, you were right. Chloe VB (T-1000): I couldnôt have hoped for a 

better team-AB co-conspirator, you kept me grounded when I wanted to try every crazy 

idea and yet were critical in getting the TrAP project off the ground. Even if óoff the 

groundô meant only a few inches. You managed to put up with my verbalised streams 

of consciousness any time I had a new idea, for that I commend you. Even more 

impressive considering that, letôs face it, for you, patience doesn't come naturally! Sorry 

about all the desk lunches and the shrapnel wound, you were warned to be fair. You 

better refer to me as AB-Wan Kenobi for all the new starters. Jack: Having watched 

you grow from a lowly MChem to a fully-fledged (and slightly jaded) PhD student has 

been a pleasure. You brought a level of class to the group that weôd never seen the 

likes of before. The time we spent together in Trieste along with Keira and Millie was a 

cut above what I could expect from the rest of the Weller rabble. Rebecca: Iôm glad 

that Andy has finally hired someone normal. I still havenôt finished reading that book. 

Dom: Another sacrifice to AB/PB, try not to let it get you down. Keep up the 

astrophotography!  



6 
 

To the MChems of the Weller group, the continual influx of fresh blood and optimism 

kept things from going stale, there was never a dull moment. Kat:  Your brief jaunt in 

team AB was under some horrendous conditions but you survived. When we met last 

at Dalton I was proud to see the progress youôve made, while keeping that bulletproof 

positive attitude. Anna: Thank you for helping me realise my visons for the fluoride 

work, you were a very capable second pair of hands. I hope your dreams of owning a 

horse come true. Orry: I never expected to bond over fossils, hopefully I can dig out 

the rest of that tree in St. Andrews. Now that youôve started your PhD, I can live 

vicariously through you as a hardened f-block chemist, good luck. Natalia: Youôve gone 

to the SMOM dark side for now but maybe one day youôll re-join the AB light. Cheers 

for teaching me how to say caipirinha properly. 

To my housemates over my time in York Ollie, Talat, Ben, & Matt: we made it in the 

end and have somehow all secured real adult jobs despite the odds. All those times 

bouldering, playing Catan/Risk and setting the world to rights over a pint were crucial. 

Iôm still salty we lost all that money on palladium. 

To my family, particularly mum and dad: your unwavering support and advice has kept 

me on the right track all these years. Despite your best efforts, you still havenôt scared 

me off from a career in academia. Hopefully this ages well. 

Last but not least, thank you to my beautiful and incredibly caring fianc® Keira. Iôm 

sorry for all the weekends and evenings youôve had to sit watching me just write, your 

care for me has really kept me going through this whole process. Your patience for all 

my late nights in the lab and post date-night (slightly tipsy) GPC repairs means a lot. I 

now have the pleasure of helping you set off on your own PhD journey, youôll be 

incredible. I love you lots and look forward to spending the rest of our lives together. 

 

  



7 
 

Abbreviations  

¡   ¡ngstrºm (1x10ï10 metres) 

[BArF4]ï [B(3,5-(CF3)2C6H3)4]ï anion 

tBu  tertiary butyl 

ÁC  Degrees Celsius 

cal  Calorie (unit of energy) 

cat  Catalyst 

cmï3  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 

dmҍ3  Per decimetre cubed 

DP  Polymer degree of polymerisation 

ȹGÁ  Free energy change at 298 K and 1 atmosphere 

ȹGÿ  Free energy change of activation 

æHdiss0  Standard bond dissociation enthalpy 

ņ  Dispersity 

eï  Electron 

E  Electrophile 

ESI+  Electrospray ionisation (positive) 
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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 (sï1) 

iPr  Isopropyl (-CH(CH3)2) 

iPr-PNHP HN(CH2CH2PiPr2)2, MACHO type ligand 

I  Nuclear spin quantum number 

J  Joule (unit of energy) 

1J  One-bond spin-spin coupling in NMR 

K  Degrees Kelvin 

kcal  Kilocalorie 

kobs  Observed rate constant 

ə  Ligand denticity 

ln  Natural logarithm 

LUMO  Lowest unoccupied molecular orbital 

M  Molarity, moles per decimetre cubed 

[M]  Generic metal centre 

Mx  Generic metal centre where x is the oxidation state 

MACHO HN(CH2CH2PR2)2 

Me  Methyl 

mg  Milligrams 
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mol  Mole(s) 

mol%  Relative mole percent 

Mn  Number average molecular weight 

Mw  Weight average molecular weight 

Mw  Molecular weight (g molï1) 

Myrt  Myrtanyl 

m/z  Mass to charge ratio 

NBD  Norbornadiene 

NMR  Nuclear magnetic resonance spectroscopy 

Nu  Nucleophile 

OTf  Triflate (ïOSO2CF3) 

POCOPtBu ə3-2,6-bis(di-tert-butylphosphinito)benzene) 

tBu-PONOP ə3-2,6-bis(di-tert-butylphosphinito)pyridine) 

PNP  ə3-2,6-bis(di-alkylphosphino)pyridine) 

ppm  parts per million 

nPr  n-propyl 

iPr-PNHP NH(CH2CH2PiPr2) ligand 

R  Generic chemical group 

R1  Agreement between calculated and observed structure models 

R2  Square of the correlation coefficient 

Rint  Agreement between equivalent observed x-ray reflections 

RI  Refractive index 

s  Seconds 

(s)  Singlet NMR signal 
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S  Total electronic spin quantum number 

Sec  Secondary 

SN2  Bimolecular nucleophilic substitution 

SPS  Grubbs-type solvent purification system 

t  Time 

(t)  NMR triplet splitting 

Tg  Glass transition temperature 

THF  Tetrahydrofuran 

TOF  Turnover frequency 

VTNA  Variable-time normalized (kinetic) analysis 

X  Generic electronegative atom 

ŭ  Chemical shift (in ppm) 

ŭ+  Partial positive charge 

ŭï  Partial negative charge 

ȹ  The input of thermal energy during a reaction  
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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 (NR3, where R = H, alkyl, aryl), and a borane electron pair acceptor (BR3, 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 BïN 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 (R3BĿNR3) is 

isosteric and isoelectronic with the related alkanes (R3CïCR3): in both situations a total 

of 8 valence electrons are contributed by the two atoms forming each central bond, 4 

+ 4 (2 Ĭ C) in alkanes and 3 + 5 (B + N) in amine-boranes. In each case both atoms 

across the central bond are sp3 hybridised and each form 3 additional bonds (Figure 

1). The comparable prototypical examples of alkanes and amine-boranes are ethane 

and ammonia-borane (H3BĿNH3) respectively. 

In contrast to the CïC bond in alkanes, the central bond (BïN) 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. 1 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 eï are donated from N to B. 2 This is apparent when 

comparing the bond lengths and dissociation energies of the BïN in ammonia-borane 

with the CïC in the isoelectronic and isosteric ethane. The BïN bond is significantly 

longer at 1.66 ¡ and weaker (æHdissÁ = 130 kJ molï1) than its CïC counterpart (1.53 ¡, 

æHdissÁ = 377 kJ molï1) (Figure 1).2 This low bond dissociation energy of dative BïN 
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bonds means they are significantly more prone to heterolytic BïN bond cleavage than 

CïC bonds. 

 

Figure 1. The comparative bonding model in amine-boranes and alkanes, relating the 
bond lengths and energies of the BïN vs the CïC bond in H3BĿNH3 vs ethane. 2  

The electronegativity differences and polarised BïN bond in amine-boranes lead to 

exaggerated polarisation of the NïH and BïH 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), BïH bonds are polarised with a ŭï partial charge on the hydrides and 

NïH bonds are polarised with a ŭ+ partial charge on the protons. 1 In amine-boranes, 

the increased electron density at the acceptor B atom is compensated by polarisation 

of the BïH bonds, imparting a ŭï partial charge on the hydrides. Correspondingly the 

donor N atom compensates by withdrawing a larger charge density from its protons, 

imparting a relatively larger ŭ+ partial charge on the protons than in the free amine. 3 

The consequence of this is that dipolar interactions occur between NïH ŭ+ and BïH ŭï 

moieties on amine-boranes called dihydrogen bonds.4 Dihydrogen bonding 

interactions have been observed as close-contacts between NïH and BïH in the 

neutron-diffraction x-ray crystal structure of H3BĿNH3 (Figure 2).5 These relatively 

strong dihydrogen bonding interactions (17 ï 24 kJ molï1) mean that ammonia-borane 
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is a solid at room temperature, with a melting point of 124 ÁC, compared with the 

isosteric and isoelectronic ethane which has a melting point of ï189 ÁC. 3, 4, 6, 7  

 

Figure 2. Left: an example of the dihydrogen bonding interactions observed in the 
crystal structure of ammonia-borane. 5 Right: the partial charges on ammonia-borane 
protons and hydrides. 

The polarity of the BïN bond has a profound impact on the reactivity of amine boranes. 

Adjacent H ŭ+ protons and H ŭï hydrides enable the facile overall loss of H2 from across 

the BïN 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=O and C=N via concerted double H transfer, where 

complementary partial charges template the approach (Figure 3).9, 10 The thermal 

elimination of H2 from across the BïN bond is also facilitated, with H2 loss from 

H3BĿNH3 beginning at ~ 110 ÁC in solution. 11 This in contrast to analogous alkanes for 

which dehydrogenation is highly endothermic, requiring much higher temperatures. 12 

Upon loss of H2 amine-boranes form aminoboranes (R2N=BR2), 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 sp2 BR2 

and the Lewis-basic NR2, which undergo facile reaction between adjacent molecules 

that is templated by complementary partial charges (Figure 3).13 Unhindered, 

aminoboranes rapidly cyclo-oligomerise in solution, with only bulky derivatives such as 

iPr2N=BH2 existing as monomers . 14, 15  
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Figure 3. Top: the hydrogenation of polar double bonds by H3BĿNH3, templated by 
complementary dipolar interactions. 10 Bottom: The thermal decomposition of H3BĿNH3 
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 (H2NBH2)3 and short-chain oligomers. 11, 15, 16    

From the early 2000ôs, amine-boranes were of particular interest as high-density 

sources of H2 for use as fuels, with 194 g of H2 theoretically released from the complete 

dehydrogenation of 1 kg of H3BĀNH3. 17-20 As the thermal dehydrogenation of H3BĀNH3 

requires a temperature of over 100 ÁC for the first equivalent of H2 to be released and 

170 ÁC for the second equivalent, transition metal catalysts were proposed to rapidly 

release H2 from amine-boranes at ambient temperatures. 21, 22 Early examples of such 

catalysts are titanium Cp* complexes (such as Ti(C5Me4iPr)2) and the iridium complex 

Ir(POCOPt
Bu)H2 which are reported to release 1 equivalent of H2 from H3BĀNH3 (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. 25, 26 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)3, 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. 27 
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Figure 4. Examples of early transition metal catalysts reported to be capable of 
dehydrogenating H3BĀNH3, releasing 1 equivalent of H2. Ti(C5Me4iPr)2 and 
Ir(POCOPt

Bu)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 BïN 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 

H3BĿNH3 in the solid state. 28 During the pyrolysis of solid H3BĿNH3 at 120 oC, one 

equivalent of H2 is lost from across the BïN bond forming the parent aminoborane 

H2B=NH2, which rapidly oligomerises. 21 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).15, 29  

 

Figure 5. The solid-state pyrolysis of H3BĿNH3 at 120 ÁC produces a wide variety of 
dehydrocoupled products, of which the ill-defined non-volatile polymeric material 
(H2BNH2)n is deposited as a solid. 15, 29 

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(POCOPt
Bu)H2) was used to 

dehydropolymerise methylamine-borane (H3BĿNH2Me) (Figure 6).23, 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 dmï3 of ammonia borane.23 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. 31 The use of a 

catalyst for the dehydrocoupling of H3BĿNH2Me facilitated the selective production of 
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linear (H2BNHMe)n, rather than the branched polymer and oligomers observed in the 

pyrolysis of H3BĿNH3, via the controlled production of the aminoborane intermediate 

(H2B=NHMe). 32 The thermal decomposition of H3BĿNH2Me, unlike H3BĿNH3 (Figure 

5), results primarily in the formation of the cyclic oligomer (H2BNHMe)3 as the 

thermodynamic product, and so the catalysed dehydrogenation allows access to the 

linear, kinetic product (H2BNHMe)n (Figure 6). 33-35  

The Ir catalyst used by Manners et al. (Ir(POCOPt
Bu)H2) is also capable of 

dehydropolymerising H3BĿNH3. The linear polymer formed (H2BNH2)n, 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)n polymer chains, which is somewhat disrupted by the substitution 

of an NïH by a methyl group in (H2BNHMe)n. 36 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). 

 

Figure 6. The thermal dehydrocoupling of H3BĿNH2Me forming the cyclic trimer 
(H2BNHMe)3 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)n 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: 11B and 10B in an approximate ratio of 

4:1 respectively. Both of these isotopes are spin active (11B I = ï 3/2, 10B I = 3) and can 

be observed by nuclear magnetic resonance spectroscopy (NMR), of which 11B with 

the higher abundance and lower quadrupolar nuclear spin, is of more practical use. 38 

In 11B NMR spectroscopy, polyaminoboranes appear as a broad peak centred around 

ŭ ï 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 11B NMR BH2 environment 

would appear as a 1:2:1 triplet from 1J coupling to the two attached I = İ H nuclei. The 

BH3 end group has also been detected by 11B NMR spectroscopy for short-chain 

polyaminoboranes, appearing at ï 18 ppm. 25 1H NMR spectra of polyaminoboranes 

show NïH protons as a broad peak at ŭ 2.5 ï 3 ppm and BïH hydrides as a broad 

peak at ŭ 1.5 ï 2 ppm (when recorded in CDCl3); any pendant alkyl chains are also 

observed as broadened signals (Figure 8).26 

 

Figure 7. The 11B NMR spectrum of (H2BNHMe)n 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 1H NMR spectrum of (H2BNHMe)n showing signals corresponding to 
NH, CH3 and BH2 1H 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. 39 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 

(Mn), either side of which there are an equal number of polymer chains, and weight 

average molecular weight (Mw) 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 (ņ), which is calculated as ņ = Mw/Mn (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 Mn, such as multi-angle light scattering suggest that RI 
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measurements overestimate by a factor 3 ï 6. 36, 41, 42 As 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 Mw and Mn 

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 ólow molecular weightô (Mn < 50,000 g molï1), ómoderate molecular 

weightô (100,000 g molï1 > Mn > 50,000 g molï1) and óhigh molecular weightô (Mn > 

100,000 g molï1). GPC is however very useful for measuring relative molecular weights 

of polyaminoboranes when measured on the same machine under the same 

conditions.   

 

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 Mw and Mn. 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. 36 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. 41, 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 (H2BNHMe)n and 

(H2BNH2)n 

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 NïH variants. This is due to the availability 

of the pre-monomer amine-boranes (H3BĀNH2Me and H3BĀNH3 for (H2BNHMe)n and 

(H2BNH2)n 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 C6, myrtanyl, allyl and CH2SiMe3 (Figure 10).44, 45 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 (ï 40 oC, >10 hrs). 44, 45 The polymer obtained by this non-catalytic method 

also has characteristically large dispersity values (ņ up to 10.2) and a wide range of 

polymer molecular weights, varying with each substituent (Mw 200,000 ï 5,500,000 g 

molï1). 44  

A smaller variety of N-alkyl substituted polyaminoboranes have been synthesised by 

catalytic methods (Figure 10).25, 26, 46 N-alkyl-aryl substituted polymer have also been 

reported, where the aryl group is at the end of an alkyl chain of C1-4. 25, 33, 47 Catalytic 

syntheses of allyl and CH2SiMe3 substituted polymers are also reported. 46, 47 The 

majority of these polymers are produced by just two catalysts systems: 

Ir(POCOPtBu)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 (Mw ~ 100,000 ï 200,000 g molï1, ņ ~ 1.5 ï 2.0). 25, 

26, 33, 47 These dehydropolymerisations however require high catalyst loadings (1 ï 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 (H3BĿNH2NH2) has also 

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

 

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. H3BĿNHMe2) 

and bulky primary N-substituted amine-boranes (e.g. H3BĿNH2tBu) results only in cyclic 

aminoborane oligomers (e.g. (H2BĿNMe2)2) or borazines, instead of 

polyaminoboranes. 48-50 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, 36, 46, 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. 51, 52 For example, the BïN bond of 

amine boranes H3BĿNH2Me, H3BĿNHMe2 and H3BĿNMe3 strengthens with increasing 

number of methyl groups, observed as a shortening of the BïN bond by x-ray 

crystallography. 51 With larger N-alkyl substituents however it is clear that steric factors 

quickly overtake the increased N donor ability. A comparison between H3BĿNHMe2 and 
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H3BĿNHiPr2 showed a significantly larger BïN distance for H3BĿNHiPr2, suggestive of 

significant steric clash (1.5965(13) ¡ and 1.6333(6) ¡ respectively) and a weaker BïN 

bond. 53  

In the dehydropolymerisation of H3BĿNH2CH2SiMe3 with an iron hydride catalyst 

(Fe(iPr-PNHP)(CO)H), at catalyst loadings lower than 2%, difficulty achieving full 

substrate conversion was reported, with observation that BH3 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, 54 As this catalyst deactivation was not observed 

significantly with H3BĿNH2Me, it is possible that H3BĿNH2CH2SiMe3 is more prone to 

releasing BH3 due to a weaker BïN 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).55 These polymers have been 

prepared unselectively, forming large amounts of borazines and oligomers, and at high 

catalyst loadings (> 5 mol%).55 These B-substituted amine-boranes and 

polyaminoboranes are susceptible to both the thermal redistribution of pendant groups 

across the BïN bond and over-dehydrogenation, leading to poor selectivity and 

polymer yields. 53, 55 This instability is most prominent with B-methyl amine-borane 

(MeH2BĿNH3) which decomposes slowly at 20 ÁC to form Me3BĀNH3, Me2HBĀNH3, 

H3BĀNH3 and (HNBMe)3, so thus far has not been successfully dehydropolymerised, 

unlike itôs N-substituted analogue. 26, 53 The observed products of catalytic 

dehydrocoupling are borazine (HNBMe)3 and MeB(NH2)2. 53 It is suggested that the 

inductive electron donating effect of B-substituted alkyl groups leads to a less 

electrophilic boron and so a weaker BïN dative bond, therefore thermodynamically 

facilitating BïN bond cleavage and redistribution in the B-substituted 

polyaminoboranes such as (MeHBNH2)n, reducing stability. 51, 53 The more electrophilic 

boron in (MeHBNH2)n (when compared to (H2BNHMe)n) is also suggested to increase 

the BïH hydricity, and therefore the propensity to over dehydrogenate the formed B-

methyl polymer to B-methyl borazine (HNBMe)3. 53  
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Figure 11. The reported polymerisations of B-substituted aryl amine-boranes to form 
B-substituted polyaminoboranes. 55 

Notably, the formation of substituted polyaminoboranes other than (H2BNHMe)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)n (Figure 12), rather than the cyclic thermodynamic product (H2BNHR)3.56 

This overall process is referred to as a cascade polymerisation. 57 

 

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, 58 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).59 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 molï1, significantly lower than the 

energy barrier for on-metal cyclo-oligomerisation at 22.1 kcal molï1, explaining the 

selectivity for linear polyaminoborane. 59 Isolated metal-bound aminoborane oligomers 

from amine-borane dehydrogenation provide evidence for this mechanism. 63 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 ïBH3 and amine capped polymers have been observed, 

suggesting electrophiles BH3 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 

  

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 BH3. 
56 
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1.3.2 Aminoborane generation mechanisms 

The formation of the ñtrueò 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. iPr2N=BH2) 

can act as BH2 transfer reagents, stoichiometrically releasing one equivalent of 

unhindered aminoborane and the secondary amine  (Figure 14).44 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 (ņ = 1.2 ï 10.2). 44 The release of one 

equivalent of iPrNH2 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 Brßnsted 

acid (H-X where X= OTf, Cl or B(C6F5)4), forming a boronium salt (RH2NĿBH2X) where 

in the case X = B(C6F5)4-, the anion is non-coordinating and so the BH2 forms a solvent 

adduct (e.g. THF, Et2O). 58 This boronium species can then be deprotonated by an 

amine base such as iPr2NH releasing an aminoborane (RHN=BH2). 58 When R = Me 

the formed aminoborane polymerises, likely initiated by the amine base (Figure 14). 

This process is however unselective, producing polyaminoborane of Mn < 5000 g molï

1 and is also poorly atom economical. 

 

Figure 14. Top: BH2 transfer from iPr2N=BH2 to a primary amine to form a primary 
aminoborane (RHN=BH2). Bottom:  Acid promoted exchange across an amine-
borane BïN 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 BïH hydride abstraction; inner 

sphere NïH/BïH activation and metal-ligand cooperative. 41, 43 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 M0 by the amine-borane 

substrate. 36, 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 iPrOH. This would involve transfer of two hydrogen atoms 

from across the BïN bond to the nanoparticle surface, releasing an aminoborane, 

followed by subsequent elimination of H2 (Figure 15).66 

 

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 NïH/BïH abstraction and aminoborane formation. Finally, 
the adsorbed H atoms are eliminated as H2. 66 

B) Inner sphere BïH abstraction catalysts operate via intermediate ů-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 ů-amine-borane complex NïH by a base such as an amine or 

adjacent metal-hydride, releasing an aminoborane. 48, 68, 69 In the case of an adjacent 

metal hydride acting as a base, a labile metal-dihydrogen complex is formed, such as 

in the [Ir(iPr-PNHP)(H)2(H2)][BArF
4] precatalyst system reported by Weller et al. 62, 68, 70, 

71 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(tBu-PONOP)H 

precatalyst system reported by Weller et al. (Figure 16).48   
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Figure 16. Proposed inner sphere BïH abstraction amine-borane dehydrogenation 
mechanism. Top route: amine mediated BïH transfer from a ů-amine-borane complex 
to the metal centre forming an aminoborane, followed by metal hydride protonation and 
H2 loss. 48 Bottom: metal hydride mediated BïH transfer from a ů-amine-borane 
complex to the metal centre forming an aminoborane, followed by H2 loss. 62, 68, 70, 71 

Inner-sphere BïH/NïH activation catalysts can also operate by concerted oxidative 

addition of H2 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. IrI/IrIII, CoI/CoIII). 25, 31, 72-74 Examples include the 

Ir(POCOPt
Bu)H2 system reported by Manners et al. for which DFT calculations suggest 

IrI/IrIII and IrIII/IrV cycles are energetically accessible (where IrIII/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 BïH 

abstraction or metal-ligand cooperativity. 72, 75, 76 It also is possible that catalysts 

thought to operate by a concerted oxidative addition of H2 from simultaneous BïH/Nï

H  activation proceed instead by sequential oxidative addition of an amine-borane Bï

H bond at the metal centre, followed by NïH transfer and aminoborane dissociation, 

then H2 loss via reductive elimination (Figure 17).77, 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(iPr-Xantphos)H, where 

concerted BïH activation and dihydride conversion to a ů-bonded dihydrogen 

maintains the Rh oxidation state at (III). 70 This is followed by amine-promoted hydride 

transfer and ammonium protonation of a hydride to eliminate H2. 70  
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Figure 17. Proposed inner sphere BïH/NïH activation mechanisms. Top: concerted 
amine-borane BïH and NïH oxidative addition via a 5-membered metallacycle 
transition state releasing an aminoborane, followed by reductive elimination of H2 from 
the metal centre. 31, 74 Bottom: stepwise amine-borane BïH oxidative addition and Nï
H activation releasing an aminoborane, followed by reductive elimination of H2 from 
the metal centre. 77, 78 

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. 79 

Pincer ligands with aromatic/dearomatised substituents (phenyl, pyridyl etc.) can act 

as transient Brßnsted bases, deprotonating an NïH on a bound amine-borane and 

facilitating BïH transfer to the metal centre. 80, 81 This is analogous to the base 

deprotonation a bound ů-amine borane complex NïH inducing BïH activation and 

hydride transfer to the catalyst metal centre as part of the inner sphere mechanism 

mentioned vide infra. 48, 62, 68, 70, 71 Examples where the acceptor atom is part-of and 

adjacent-to the aryl ring are also reported. 80, 81 This can involve aromatisation of  the 

aryl system upon addition of an equivalent of H2 between the metal and ligand, then 

dearomatized upon H2 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(POCOPt
Bu)H2 

system reported by Manners et al. for which NïH and BïH activation are proposed to 

occur at the metal centre with a non-participating ligand. 26, 82, 83 

 

Figure 18. Proposed mechanisms for the aryl-assisted metal ligand cooperative 
dehydrogenation of amine boranes. Top: phenyl ring assisted BïH transfer via 
deprotonation of an amine-borane NïH to release an aminoborane, e.g. POCOP 
ligand. Bottom: assisted BïH transfer to release an aminoborane via deprotonation of 
an amine-borane NïH 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. 80, 81 

The most studied ligand-cooperativity systems for amine-borane dehydrogenation 

involve a ligand NïH 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 NïH and metal hydride in the syn-position. 54, 56, 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 BïH and NïH, resulting in addition of H2 across the MïN bond. 72, 86, 87 This 

occurs by deprotonation of an amine-borane NïH by the amido, followed by BïH 

transfer to the metal forming an amine and a metal hydride, then releasing an 

aminoborane (Figure 19). 86, 87 This is related to the role of additional amine in the 

inner sphere BïH abstraction mechanism mentioned vide infra, where a metal-

coordinated ů-amine borane NïH is deprotonated and transfers a BïH hydride to the 

metal centre (Figure 16). 48 Also similarly to the inner sphere BïH abstraction 

mechanism, the amine NïH and metal hydride eliminate to re-form the metal amido 

bond and a sigma dihydrogen complex. 85, 87 This coordinated dihydrogen then 

dissociates or is displaced by another amine-borane substrate molecule (Figure 19).85, 

87  

 

Figure 19. The inner sphere amido mediated metal ligand cooperative 
dehydrogenation of amine boranes. An equivalent of H2 is transferred from across the 
amine-borane BïN bond to across the metal amido bond, releasing an aminoborane. 
The formed metal hydride deprotonates the adjacent ligand NïH, eliminating H2 and 
re-forming the metal amido bond. 85-87  

In the outer sphere dihydrogen cooperative bonding mechanism, the ligand ŭ+ amine 

proton and ŭ- metal hydride template the approach of the ŭ- BïH and ŭ+ NïH on the 

amine-borane via dihydrogen bonding interactions (see section 1.1). 54, 56 The 

amineborane NïH is then deprotonated by the metal hydride, forming a sigma 

dihydrogen complex with ligand-bound amidoborane (Figure 20).54, 56 This 

amidoborane NH2ï is more negatively charged than the BïH ŭ- and so the fragment 

switches binding mode, with the NH2ï binding to the ŭ+ ligand NïH and the BïH 
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displacing the sigma bound dihydrogen from the metal centre (Figure 20).54, 56 A 

variation where the amine-borane N remains bound to the ligand NïH throughout the 

mechanism prior to aminoborane dissociation has also been proposed. 84 The bound 

amidoborane then transfers a BïH to the metal centre, releasing an aminoborane and 

re-forming the metal hydride (Figure 20).54, 56, 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.85 Computational study is required to deterimine which 

pathway is taken by a particular catalyst species.  

 

Figure 20. The outer sphere dihydrogen bond mediated metal ligand cooperative 
mechanism for amine-borane dehydrogenation. The metal hydride deprotonates an 
amine-borane NïH to form a dihydrogen complex, which is dissociates upon 
rearrangement of the amido fragment. An amine-borane BïH bond is then activated, 
re-forming the metal hydride and eliminating an aminoborane. 54, 56, 84  
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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. 88, 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. 92 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 H2 activation so that heterolysis occurs readily at ambient 

conditions. 93, 94 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. 94 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).93 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).95-97   

 

Figure 21. Top: Metal ligand cooperative activation of dihydrogen by a cysteine ligand 
at the active site of a FeNi hydrogenase metalloenzyme. 93 Bottom: the 
dehydrogenation of isopropanol with metal ligand cooperativity in Shvoôs catalyst. 96, 98 
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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. 99, 100 This was further expanded 

on in subsequent publications where NïH containing amine based ligands were shown 

to vastly accelerate catalytic rate (TOF from 70 hï1 to 6700 hï1) and an explicit metal-

ligand cooperative mechanism was suggested, involving metal-amido and sigma 

dihydrogen complex intermediates (Figure 22).101-103 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. 104  

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 H2. 98, 105 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 

 

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 NïH are necessarily present at some point on the catalytic cycle.108 Octahedral 

complexes are ideal for templating this reactivity as the HïMïN angle is constrained 

to ~ 90o. Multidentate amine ligands help stabilise the transition state for H2 activation 

(either H2 elimination or substrate dehydrogenation) across the MïN bond in the 

correct conformation and bring the HïNïMïH dihedral angle close to 0o (Figure 23). 

A commonly used ligand type for this purpose is aminophosphine MACHO pincer 

ligands (HN(CH2CH2PR2)2).109 A strongly hydride-polarised MïH unit is also 

advantageous for metal ligand cooperative dehydropolymerisation catalysts as the 

larger ŭ- on the hydride aids both templating of the approaching amine-borane (outer 

sphere mechanism) and protonation by the ligand or amine-borane NïH preceding H2 

loss  (Figure 23).110 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. NïH 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 d6 metal centres. Most amine-borane dehydropolymerisation 

catalysts operating by a metal ligand cooperative mechanisms have active catalytic 

species that have d6 metal centres, which are FeII, RuII, RhIII. 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 MïN bond from 

the approaching substrate, or the subsequent loss of dihydrogen across this same 

bond, and so the specific preference for 3d/4d d6 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 d6 electronic 

configuration is the only commonly observed singlet spin configuration for octahedral 

geometry.110 Examples of high spin states disfavouring small molecule binding and 

activation at metal centres have been reported.111, 112 Low spin electronic 

configurations can be favoured for 3d metals such as FeII by strong field ligands such 

as phosphines (e.g. MACHO pincer ligands). 46, 113 This is also seen in nature where 

H2 activating hydrogenase metalloenzymes contain strong field CNï and CO ligands 

to retain low spin in 3d Fe and Ni metal centres (see Figure 21).93, 114    



45 
 

d8 metal centres such as NiII 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 NïH into the same plane, a necessity for the elimination of H2 (Figure 

24).108 Consequently, although d8 (and also d7) square planar 

hydrogenation/dehydrogenation complexes with NH functionalised ligands exist, they 

are not thought to operate through ligand cooperative mechanisms. 108, 115 Utilising 

ligands where the cooperative functional group is coordinated adjacent to the MïH 

may allow cooperativity with d8 metal centres and is an area requiring further work. 108 

 

Figure 24. The conformational changes required for d8 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 NïH effectuates an 
energy penalty to this mechanism, and so metal-only dehydrogenation mechanisms 
predominate. 108, 115 

Within d6 metal complexes, periodic trends dictate the varying ability to act as effective 

hydrogenation/dehydrogenation catalysts. From MnI to FeII to CoIII, 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. 116 Simultaneously, the back donation ability of the metal from 

MnI to FeII to CoIII centre decreases, so the barrier to metal-only inner sphere 

dehydrogenation increases, further favouring a metal ligand cooperative mechanism 

(Figure 25).117 

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. 114 

Down the groups e.g. from CoIII to RhIII to IrIII 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).115, 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 IrIII disfavours H2 loss as the activated hydride is too stable. 68, 

119 This is seen when comparing structurally identical IrIII and RhIII 

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 H2 loss. 56, 68 Due to the increased stability of higher oxidation 

states in lower transition metal rows, this iridium catalyst can instead operate via an 

IrIII/IrV oxidative addition/reductive elimination cycle that is inaccessible to Rh. 68 This 

is likely also the case for an osmium amine-borane dehydrogenation catalyst, 

operating via an OsII/OsIV cycle. 119-121  

  

Figure 25. Transition metal d orbital backdonation to the ů* orbitals of hydride donor 
substrates. Back donation ability increases with decreasing oxidation state within the 
same electronic configuration (d6) 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).118, 122 This, with 

the preference for low spin d6 focuses the ideal metal centre properties on RuII and 

RhIII. 3d metal centres FeII and CoIII
 can be similarly favourable if strong field ligands 

are used that disfavour high spin, and favour electron density donation into antibonding 

orbitals of approaching H2-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. 115, 122 

 

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, (SiR2O)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. 123-125 For example, silicon based polymers and 

polyborazylenes (polymers with borazine monomers, B3N3R3) 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. 128  

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. 129 Polyaminoboranes and the precursor amine-boranes 

were among the materials suggested due to the high mass percentage of H2 (14 wt% 

for (H2BNH2)n).130 The hydrogen can be released thermally or by catalysis (as 

discussed previously in sections 1.1 and 1.2) and by hydrolysis. 131 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 

liquid ammonia under high pressures at 60 ÁC. 27  

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

for the improved synthesis of boron-nitride. 26 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 B2O3 and NH3 at high temperatures to form amorphous boron nitride, 

followed by annealing and hot pressing at even higher temperatures. 133 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 (H2BNH2)n 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). 56 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. 26, 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 PNHP 

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). 1-3 The first 

reported MACHO catalyst óRU-MACHOô [Ru(PNHPPh2)(CO)ClH] was developed for 

the catalytic reduction of esters by hydrogenation. 4 These catalysts generally have 

active species with M2+ d6 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). 5-7   

 

Figure 27. Left: The structure of tridentate aminophosphine MACHO ligands. Right: 
the first reported MACHO catalyst: Ru-MACHO. 4 

Catalysts with MACHO ligands have also been used for amine-borane 

dehydropolymerisation with group 8 and 9 metals (Fe, Ru, Co, Rh, Ir). 7-11 These 

MACHO catalysts can often be used at low loadings (< 0.5 mol%) and are particularly 

fast, for example the ruthenium catalyst Ru(iPr-PNHP)(PMe3)H2 has a reported TOF of 

up to 20 sī1 for the dehydrogenation of H3BĀNH2Me. 5, 6 In one of the most recent 

developments, Weller et al. reported the MACHO-containing precatalyst [Rh(iPr-

PNHP)(NBD)][Cl] (1) as a dehydropolymerisation precatalyst for methyl amine-borane 

(H3BĀNH2Me). 

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).11 The activation route of the precatalyst 1, specifically how the 

NBD placeholder ligand is lost and the metal centre is oxidized from RhI to RhIII, is 
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currently not known. Initially there is an induction period to the dehydropolymerisation 

of H3BĀNH2Me with 1 after which complexes Rh(iPr-PNHP)H2Cl (2) and Rh(iPr-PNHP)H3 

(3) are observed by 31P{1H} NMR spectroscopy. 11 The dihydride chloride 2 can itself 

be used as a precatalyst, removing the induction period and expediting the formation 

of the catalytically active trihydride species Rh(iPr-PNHP)H3 3, likely via a base-

promoted hydride transfer from amine-borane (Figure 28).11 This releases an 

equivalent of boronium salt [H2B(NMeH2)2][Cl] which can be observed by 11B NMR.11 

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 31P{1H} and 1H NMR spectroscopies.11  

Complex 3 is reported to operate via an outer-sphere ligand cooperative mechanism, 

where H3BĀNH2Me forms a dihydrogen bonded outer sphere adduct across the RhïH 

and adjacent NïH prior to dehydrogenation, as supported by DFT calculations (Figure 

29).11 This Rh MACHO system is reported to exhibit a first order dependance of rate 

on the catalyst concentration and an initial ópseudo zeroth orderô dependance on the 

concentration of H3BĀNH2Me. This is due to a pre-equilibrium involving H3BĀNH2Me 

binding to the active catalyst species 3 that lies towards the dihydrogen bonded adduct 

3ĀAB, and so when H3BĀNH2Me concentration decreases as catalysis progresses, the 

concentration of 3ĀAB and therefore rate of dehydrogenation does not decrease until 

almost all of the H3BĀNH2Me is consumed. 11 

 

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. 11 
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Figure 29. The proposed mechanism for the dehydrogenation of H3BĀNH2Me 
catalyzed by Rh MACHO catalyst Rh(PNHPiPr)H3 (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. 11 It has 

previously been reported that dehydropolymerisation catalysts that are effective for 

H3BĀNH2Me (such as Ir(POCOPtBu)H2) 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.12,13 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(iPr-PNHP)(NBD)][Cl] (1) and Rh(iPr-PNHP)H2Cl (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 H2 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 (ȹGÿ = 7.8 kcal molï1) is significantly lower than the typical overall 

energy span for catalytic amine-borane dehydrogenation (ȹGÿ = 15 ï 25 kcal molï1) 

and therefore the rate of catalysis is related to that of the dehydrogenation step.11, 14, 15  

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 H2 (Figure 30). This selectivity is 

monitored by 11B NMR spectroscopy and needs to be noted when using the recorded 

kinetic data to aid in mechanistic elucidation. 

 

Figure 30. The catalytic dehydropolymerisation of H3BĀNH2Me to cyclotriborazane or 
polyaminoborane via aminoborane H2B=NHMe releasing 1 equivalent of H2. 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. 1H and 31P{1H} NMR 

spectroscopies are particularly important for monitoring the catalyst speciation, i.e. 

precatalyst activation, resting-state identity and catalyst poisoning. 31P{1H} NMR 

spectroscopy allows for convenient identification and relative quantification of catalyst 

species when a phosphorous containing ligand (such as a MACHO ligand) is present. 

1H 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. 11, 16 11B 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. 17 
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2.1.1 The effect of air on [Rh(iPr-PNHP)(NBD)][Cl] (1) precatalyst 

activation 

Precatalyst 1 is reported to be air-tolerant, such that dehydropolymerisations of 

H3BĀNH2Me can be performed in air and form poly(N-methylaminoborane) with 98% 

selectivity. 11 Complex 1 is air stable, however the catalyst activation intermediate 2 

and active species 3 are air sensitive. Dehydropolymerisations of H3BĀNH2Me 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 31P{1H} NMR 

spectroscopy). 11 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 H3BĀNH2Me 

into the reaction vessel with an initial atmosphere of air, which upon the initiation of 

catalysis was displaced by the H2 produced. 

 

Figure 31. A typical hydrogen evolution plot for the dehydropolymerisation of 
H3BĀNH2Me (1 mol dmï3 in 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 H3BĀNH2Me was investigated by eudiometric measurements of H2 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 dmï3
 

H3BĀNH2Me in dry THF solvent (10 ppm of H2O), with 0.5 mol% 1 relative to 
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H3BĀNH2Me (Figure 32). The THF solvent was added to the solid precatalyst and 

H3BĀNH2Me to initiate the reactions. Dehydropolymerisations were set up under an 

initial atmosphere of argon and various volumes of air (0, 2.5 cm3, 5 cm3) were injected 

into the solvent of the stirring reaction mixture. For reference, 2.5 cm3 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 dmï3, reaching an effective aminoborane concentration of 1 

mol dmï3 represents the release of 1 equivalent of H2 per amine-borane, as occurs in 

the selective formation of polyaminoborane. 

 

Figure 32. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dmï3 
in THF) with precatalyst 1 (0.5 mol%), varying the reaction vessel atmosphere: argon 
(0 cm3 air), argon + 2.5 cm3 air, argon + 5 cm3 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. 11 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 (4.4Ñ0.03)x10-4 mol dmï3 sï1 

under argon to (1.8Ñ0.07)x10ï3 mol dmï3 sï1 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 31P{1H} NMR spectra recorded at the end of 

catalysis, which show precatalyst 1 still present at the end of catalysis (44.9 ppm, d, 

JPRh = 125 Hz) when performed solely under argon, which decreases as the amount of 

air introduced increases (Figure 34). Concurrently the 31P NMR signal from complex 

2 (75.7 ppm, d, JPRh = 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. 11 

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 (RhI) is yellow whereas 2 (RhIII) 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.  

 

Figure 33. Effective H2B=NMeH concentration over time from eudiometric H2 evolution 
measurement for the dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in 
THF) by precatalyst 1 (0.5 mol%) in THF with varying reaction vessel atmosphere: 
argon, argon + 2.5 cm3 air, argon + 5 cm3 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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Table 1. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dmï3 in 
THF) with precatalyst 1 (0.5 ml%), varying the reaction vessel atmosphere: argon, 
argon + 2.5 cm3 air, argon + 5 cm3 air, air. Rates a determined by eudiometric 
measurement. Amine-borane conversion b and polymer selectivity c determined by in-
situ 11B NMR spectroscopy at the end of catalysis, precatalyst 1 conversion to complex 
2 d determined by in-situ 31P{1H} NMR spectroscopy, both measured after the end of 
hydrogen evolution. Polymer Mn e and dispersity f determined by GPC. 

 

 

Figure 34. 31P {1H} NMR spectra recorded from in-situ aliquots at the end of the 
dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) by precatalyst 1 
(0.5 mol%) in THF with varying reaction vessel atmosphere: argon, argon + 2.5 cm3 
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 d8 metal centers (RhI & IrI) has been reported, for 

example the release of 2-cyclooct-1-enone from [Rh(C2H4)(COD)Cl2] upon exposure 

to oxygen, however a mechanism for this reaction that is also applicable to NBD 

complexes has not been reported. 18, 19 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). 20 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.11 Attempts to observe free NBD or its 

products (such as norbornene or norbornane) post catalysis by 1H 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 Mn increases with increasing 

air present during dehydropolymerisation, from 25,600 g molï1 under argon to 81,800 

g molï1
 in air (Table 1). Conversion of H3BĀNH2Me and selectivity for polymer (both 

approaching 100%) are unaffected as measured by 11B NMR spectroscopy.  Strong 

linear correlations are seen between the fractional amount of complex 2 observed at 

the end of catalysis with both the polymer Mn (R2 = 0.9952) and kobs (R2 = 0.9965) 

(Figure 35). 

The increase in polymer Mn 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][Cl] 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. 11 A possible explanation for the 

increase in polymer Mn 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. 

 

Figure 35. A plot of the measured kobs and polyaminoborane Mn 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 31P{1H} NMR spectroscopy integrals. Strong linear 
correlations are shown between both Mn and kobs with the fractional amount of 2 
observed.   
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2.1.2 The effect of water on [Rh(iPr-PNHP)(NBD)][Cl] (1) precatalyst 

activation 

Water is also suggested to be a trace conponent during the dehydropolymerisation of 

H3BĀNH2Me 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 

H2O), a longer induction period was observed than when SPS dried THF was used 

(~35 ppm H2O). 11 To further investigate this, dehydropolymerisations of H3BĀNH2Me 

with precatalyst 1 (0.5 mol%, 0.005 mol dmï3) were performed in THF solvent (2.5 cm3, 

1 mol dmï3 of H3BĀNH2Me) 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 dmï3 respectively, and so 100 ppm of water in the THF solvent represents ~ 1 

equivalent of H2O 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 H2 can be observed by 11B NMR spectroscopy. 

When ~ 400 equivalents of water to precatalyst 1 (at 0.5 mol% relative to H3BĀNH2Me, 

0.005 mol dmï3 in 2.5 cm3 of THF) was added to dehydropolymerisation rapid H2 

release was observed, and an in-situ 11B NMR spectrum showed a broad peak at 20 

ppm which corresponds to B(OH)3. 21 

 

Figure 36. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dmï3 
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, (4.4Ñ0.03)x10-4 mol 

dmï3 sï1 to (1.1Ñ0.006)x10ï3 mol dmï3 sï1 (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 31P{1H} 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 H2O to 64% at 100 ppm 

of H2O (Figure 38). A linear correlation (R2 = 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.  

 

Figure 37. Effective H2B=NMeH concentration over time from eudiometric H2 evolution 
measurement for the dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in 
THF) by precatalyst 1 (0.5 mol%, 0.005 mol dmï3) 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. 31P{1H} NMR spectra recorded from in-situ aliquots at the end of the 
dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 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. 

 

Figure 39. Water concentration in the THF used for the dehydropolymerisation of 
H3BĿNH2Me (0.112 g, 1 mol dmï3) with- precatalyst 1 (0.5 mol%) against the observed 
fractional amount of complex 2 at the end of catalysis, as measured by 31P{1H} NMR 
spectroscopy integrals 
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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. 22, 23 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(PNHPiPr)(PMe3)H2. 24 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 H3BĿNH2Me NïH activation, this is likely the 

mechanistic step that is facilitated by the presence of water (Figure 40).11 

 

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. 11 
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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 31P{1H} 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 Mn of 

25,600 g molï1 with 44% complex 2 (10 ppm water) to 39,500 g molï1 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 Mn. 11 

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. 

 

Table 2. The dehydropolymerisation of methylamine borane (0.112 g, 1 mol dmï3 in 
THF) with precatalyst 1 (0.5 ml%), with varying water content of the solvent: 10, 50 & 
100 ppm. Rates determined by eudiometric measurement a; amine-borane conversion 

b and polymer selectivity c determined by in-situ 11B NMR spectroscopy at the end of 
catalysis, precatalyst 1 conversion to complex 2 d determined by in-situ 31P{1H} NMR 
spectroscopy, both measured after the end of hydrogen evolution. Polymer Mn e and 
dispersity f determined by GPC 
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Figure 41. A plot of the measured kobs and polyaminoborane Mn 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 31P{1H} NMR spectroscopy integrals. Strong 
linear correlations are shown between both Mn 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(iPr-

PNHP)(NBD)][Cl] (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 (4.4Ñ0.03)x10ï4 mol dmï3 sï1 (10 ppm water, 

under argon) to (1.8Ñ0.007)x10ï3 mol dmï3 sï1 with an initial reaction vessel 

atmosphere of air and to (1.1Ñ0.006)x10ï3 mol dmï3 sï1 when 100 ppm of H2O 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 1H 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 molï1 (10 ppm water, under argon) to 

81,000 g molï1 with an initial reaction vessel atmosphere of air and to 39,500 g molï1 

when 100 ppm of H2O 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 31P{1H} 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 



74 
 

comparing the data from dehydropolymerisations of N-methylamine borane with 

precatalyst 1, where 100 ppm of H2O or 2.5 cm3 of air are added. Both show a 64% 

conversion of precatalyst 1 to the post-catalysis off cycle species 2 as measured by 

31P{1H} NMR integrals at the end of catalysis, and so implicitly the same concentration 

of active species 3 was present during catalysis. With 2.5 cm3 of air present during 

catalysis, in the pseudo zeroth order region the rate of dehydrogenation is 

(9.2Ñ0.07)x10-4 mol dmï3
 sï1. However when 100 ppm of water is present in the 

reaction mixture solvent, a higher rate of (1.1Ñ0.006)x10ï3 mol dmï3 sï1 is observed. 

This strongly suggests that water can act as a rate-accelerating cocatalyst with active 

species 3.  
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2.1.4 The attempted dehydropolymerisation of N-alkyl amine-

boranes with precatalyst [Rh(iPr-PNHP)(NBD)][Cl] (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. 11 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. 25  

Dehydropolymerisations of H3BĀNH2nPr were attempted with precatalyst 1 at an amine-

borane concentration of 1 mol dmï3 (0.182 g in 2.5 cm3 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 H2 evolved after 1 hour, as 

measured eudiometrically. This is supported by the in-situ 11B NMR spectrum recorded 

after 1 hour that shows primarily unreacted H3BĀNH2nPr at ï18.9 ppm (Figure 43). 

Notably, small amounts of anions BH4
ï and B3H8ï are observed in the 11B NMR 

spectrum at <1 % of the total integral (ï 37.7, pentet, JBH = 82 Hz and ï 29.6 Hz, nonet, 

JBH = 33 Hz respectively, Figure 43).26 These are not observed when precatalyst 1 is 

exposed to H3BĀNH2Me. The in-situ 31P{1H} NMR spectrum shows two species, 

unactivated precatalyst 1 (10% total integral) as a doublet (JPRh = 126 Hz) at 48.8 ppm 

and a new rhodium-coupled species (90% total integral) as a doublet (JPRh = 110 Hz) 

at 79.3 ppm (see 2.1.5). 11 This suggests poisoning of the catalyst to form an inactive 

species seen at 79.3 ppm by 31P NMR spectroscopy. 

  

Figure 42. The attempted dehydropolymerisations of N-propylamine borane (0.182 g, 
1 mol dmï3 in THF) with precatalyst 1 (0.5 mol%), varying the reaction vessel 
atmosphere: argon, air. 



76 
 

  

Figure 43. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol dmï3 in THF) by 1 
(0.5 mol%) in THF. Primarily unreacted H3BĿNH2nPr is seen as a quartet corresponding 
to the BH3, at ï18.9 ppm. Inset shows trace amounts of BH4

ï and B3H8ï anions. 

 

Figure 44. 31P {1H} NMR spectrum recorded from an in-situ aliquot after one hour of 
the attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol dmï3) 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 H3BĿNH2nPr 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 H3BĿNH2Me (see 2.1.1). H3BĿNH2nPr (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 H3BĿNH2nPr appears to have 

been dehydrogenated. A brief pseudo zeroth order region of catalysis 

((2.86Ñ0.003)x10-4 mol dmï3 sï1) and then a deceleration of rate is shown (Figure 45). 

This partial dehydrogenation is also seen in the in-situ 11B NMR spectrum recorded 

after 2000 seconds that shows primarily unreacted H3BĀNH2nPr at ï18.9 ppm (41%) 

and a small amount of oligomer and/or N,N,N-tripropylborazane are present as a broad 

signal at ï6.5 ppm (Figure 46).27 Also present in the 11B NMR are a doublet at 27.8 

ppm corresponding to HB(NHnPr)2, 25 a broad singlet at 21.8 ppm corresponding to 

B(OH)3 from the reaction with water (in the air) and an unknown signal at 1.8 ppm 

(Figure 46).28, 29  

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]ï 

is also observed in the 11B NMR spectrum at <1 % of the total integral (ï 37.7, pentet, 

JBH = 82 Hz). The in-situ 31P{1H} NMR spectrum shows one organometallic species, a 

doublet (JPRh = 110 Hz) at 79.3 ppm, the same species observed when the 

dehydropolymerisation of H3BĿNH2nPr was attempted under argon (Figure 47). A 

singlet at 57.1ppm is also seen by 31P{1H} NMR, lacking P-Rh coupling. This suggests 

that this corresponds to a non-coordinated phosphine, or more likely the corresponding 

phosphine oxide such as (iPr2P(=O)CH2CH2)2NH. Free phosphine (iPr2PCH2CH2)2NH 

has a reported 31P chemical shift of ï1 ppm whereas P(=O)Me3 has a more similar 

reported shift of 39.3 ppm. 30, 31 As this species is not present after 

dehydropolymerisations of H3BĿNH2Me 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 31P{1H} NMR spectrum.  
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Figure 45. Effective H2B=NMeH concentration over time from eudiometric H2 evolution 
measurement for the attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol 
dmï3) 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 (2.86x10-4 Ñ 
3x10-6 mol dmï3 sï1) and then a deceleration of rate.  

  

Figure 46. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol dmï3 in THF) by 1 
(0.5 mol%) in THF. Primarily (41%) unreacted H3BĿNH2nPr is observed at ï18.9 ppm. 
Small amounts of oligomer/N,N,N-tripropylborazane are present at ï 6.5 ppm. 27 Inset 
shows trace amounts of BH4

ï as a pentet at ï 37.7 ppm. 
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Figure 47. 31P {1H} NMR spectrum recorded from an in-situ aliquot after one hour of 
the attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol dmï3) 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 H3BĿNH2nPr with precatalyst 1 

using conditions that are efficacious with H3BĿNH2Me are ineffective. Eudiometric 

measurements and 11B NMR spectra show partial dehydrogenation with the absence 

of polymeric material and 31P{1H} NMR spectra show conversion of precatalyst 1 to a 

new rhodium species at ï 79.3 ppm (JPRh = 110 Hz) which appears to be catalytically 

inactive (Figure 44). The presence of air during catalysis appears to marginally 

improve the catalyst engagement with H3BĿNH2nPr as shown by 11B 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 H3BĿNH2nPr with precatalyst 1 

During the attempted dehydropolymerisation of H3BĿNH2nPr (1 mol dmï3 in 2.5 cm3 

THF) with precatalyst 1 (0.5 mol%, 0.005 mol dmï3) both in the presence of air and 

argon, conversion to a new rhodium-coupled species is observed in the 31P{1H} NMR 

spectrum at ï79.3 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
ï (pentet, ï 37.7 ppm) are observed in the in-situ 11B NMR spectra 

after attempted dehydropolymerisation, and a broadened pentet is seen adjacent to 

this signal at ï35.7 ppm with JBH = 80 Hz, possibly corresponding to a coordinated 

borohydride (Figure 46). 

The in-situ 1H NMR spectrum recorded after attempted dehydropolymerisation of 

H3BĿNH2nPr with precatalyst 1 supports the formation of a borohydride complex, with 

a broad signal at ï 2.37 ppm that is indicative of a coordinated borohydride (Figure 

49), and almost identical to that seen by Schneider et al. for iron ə1-borohydride 

complexes with the PNHP MACHO ligand (ï2.58, broad, Figure 48).32 The in-situ 1H 

NMR spectrum also shows two overlapping multiplets at ï16.27 and ï16.40 ppm that 

in total integrate to 2H relative to the 4H of the borohydride at ï2.37 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 ə1-borohydride-

dihydride complex.  

 

Figure 48. The ə1 borohydride complex Fe(PNHPiPr)(CO)(BH4)H reported by 
Schneider et al. 32 
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Figure 49. 1H NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 1 mol dmï3 in THF) by 1 
(0.5 mol%) in THF. 1:1:1:1 quartet at ï0.16 ppm corresponds to free BH4

ï. The broad 
signal at ï2.37 ppm corresponds to coordinated BH4

ï (4H) and the multiplets at ï16.27 
and ï16.40 ppm correspond to rhodium hydrides (2H total). Left inset expands upon 
the overlapping hydride signals. Right inset shows the 11B NMR signal 

To confirm the tentative assignment of the rhodium ə1-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 

[nBu4N][BH4] in THF (Figure 50, see experimental for further details). 32 Complex 4 

[Rh(PNHPiPr)(ə1-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 ï20 ÁC overnight.   

 

Figure 50. The synthesis of Rh(PNHPiPr)(ə1-BH4)H2 (4) from 2 and [nBu4N][BH4] in 
THF, adapted from literature procedure. 32 
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The NMR spectra of the formed Rh(PNHPiPr)(ə1-BH4)H2 (4) match well with the species 

observed after attempted dehydropolymerisation of H3BĿNH2nPr with precatalyst 1. 

Both show a 31P{1H} NMR  signal at ~79 ppm (d, JRhP = 109 Hz), a 11B NMR signal at 

ï 35 ppm (br) and 1H NMR hydride signals corresponding to a coordinated BH4
ï and 

two rhodium hydrides (Figure 49, Figure 51). The broad peak observed in the 1H NMR 

spectrum of complex 4 (ï2.37 ppm in THF, ï1.36 ppm in benzene-d6) 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 (ï9.89 ppm, 1H) and terminal (ï0.13 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 ə1-BH4 and two hydrides, both cis and trans to the 

borohydride (Figure 53). The crystals were well-diffracting with an Rint 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 NïH and RhïH hydrogen atoms were all located in 

the electron density map, allowed to ride on their parent atoms and freely refined. The 

BïH hydrogen atoms were also located in the electron density map and their bond 

distances were equally restrained to 1.1 ¡. 
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Figure 51. 1H NMR spectrum of complex 4 showing the hydride region with peaks 
corresponding to BH4 hydrides (*) and Rh-H hydrides (À and ÿ). Top inset: BH4 signal 
at ï34.4 ppm in the 11B NMR spectrum. Bottom inset: 31P{1H} 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-d6, 298 K.  

 

Figure 52. In-situ low-temperature in-situ 1H NMR spectrum from the synthesis of 
complex 4 showing the hydride region with peaks corresponding to BH4 hydrides and 
Rh-H hydrides (À and ÿ). Separation of the bridging (#, ï 0.13 ppm) and terminal (*, ï 
9.89 ppm) BH4 hydrides is observed. Recorded in THF, 185 K. 
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Figure 53. Molecular structure of Rh(PNHPiPr)(ə1-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. NïH, RhïH and BïH were located 
in the Fourier difference map, allowed to ride the parent atoms and freely refined. 
Selected distances [¡], bond lengths [¡] and angles [Á]: Rh(1)ĿĿĿB(1) 2.709(8), Rh(1) ï 
N(1) 2.188(2), Rh(1) ï P(1) 2.2677(7), Rh(1) ï P(2) 2.2590(7), P(1) ï Rh(1) ï N(1) 
84.32(7), P(1) ï Rh(1) ï P(2) 168.31(3), P(2) ï Rh(1) ï 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 

H3BĿNH2Me (Figure 54).5, 12 Manners et al. report the rapid and complete poisoning of 

amine-borane dehydropolymerisation catalyst Ir(POCOPtBu)H2 upon exposure to N-

aryl amine-boranes such as H3BĿNPhH2, forming BH3-inactivated species 

Ir(POCOPtBu)(BH3)H2 (Figure 54).34 No polyaminoboranes are formed and 

Ir(POCOPtBu)(BH3)H2 is reported to be a poor amine-borane dehydropolymerisation 

catalyst for amine-boranes, including H3BĿNH2Me. 34, 35   

 

Figure 54. BH3-deactivated catalyst species previously reported to form during 
amine-borane dehydeogenations. 5, 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 H3BĿNH2Me (1 mol dmï3 in THF) under argon, where after 3 hours no H2 gas 

had been evolved and no conversion of the H3BĿNH2Me was observed by 11B NMR 

spectroscopy. The formation of complex 4 during attempted dehydropolymerisation of 

H3BĿNH2nPr is likely from BH3 capping of the active species in catalysis, complex 3 

(Rh(iPr-PNHP)H3), which fits well with the observation of catalysis starting but not 

reaching completion as evidenced by 11B NMR and eudiometric measurements 

(Figure 45, Figure 46).  

The importance of BH3 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 RhïH and NïH 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 NïH is reported to be thermodynamically controlled in the related ə1-BH4 

complex Fe(iPr-PNHP)(CO)(BH4)H, caused by dihydrogen-bonding between the 

adjacent BïH and NïH 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 BH3 that is observed to deactivate the active catalyst species 3 

forming borohydride complex 4 during dehydropolymerisation is likely from BïN bond 

cleavage of the amine-borane substrate. The release of BH3 in solution by amine-

boranes has been investigated computationally and reported in the literature. The first 

proposed route is that of direct and reversible BïN bond cleavage of amine-boranes 

releasing an amine and solvation stabilised BH3. 36 In this process amines are attacked 

by nucleophilic solvents such as THF via an SN2 transition state, releasing THFĀBH3 

and an amine (Figure. 55). The stabilised Lewis adduct THFĀBH3 allows the otherwise 

highly reactive BH3 to persist in solution. The free energy barrier to this process is 

reported to be 27.5 kcal molï1 with H3BĀNH3 in solution, and so dissociation is slow 

This reaction also has a positive ȹGÁ, +14.6 kcal molï1, and so the equilibrium lies 

heavily against dissociation. 36 The subsequent BH3 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 BïN bond cleavage and BH3 

release from H3BĿNH2nPr relative to H3BĿNH2Me is potentially due to the increased 

favourable solvation of the subsequently released amine NH2
nPr compared to NH2Me. 

This increased favourability for BïN bond cleavage in amine-boranes with larger N-

alkyl substituents has been reported computationally. In gas-phase calculations N-alkyl 

amines such as NH2nPr bind more strongly to BH3 than NH3 (forming a stronger BïN 

bond), as expected with alkyl inductive effects promoting nitrogen lone-pair donation, 

however calculations modelling THF solvation reverse this trend. 36 

 

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 H3BïNH2ïBH=NH2 which is reported to lose BH3 to THF in 

solution via an SN2 transition state in an overall exergonic process (ȹG0 = ï 3.5 kcal 

molï1). 38 This occurs in a process with a free energy barrier of 15.6 kcal molï1, 

releasing THFĀBH3 and HB(NH2)2 (Figure 56).38 Tentative evidence for the occurrence 

of this process during the attempted dehydropolymerisation of H3BĿNH2nPr with 1 is 

the presence of HB(NHnPr)2 in the in-situ 11B NMR spectrum (27.8 ppm, d, JBH = 125 

Hz) (Figure 46).25 The free energy barrier to this process with H3BĿNH3 is reported to 

be significantly higher in non-coordinating solvents such as toluene (19.9 kcal molï1) 

due to the lack of a solvent-assisted pathway, however still accessible at ambient 

temperatures. 38 

 

Figure 56. A free energy profile of the proposed oligomerisation and BH3 transfer to 
THF of aminoborane H2B=NH2 in solution. 38   

The aminoborane dimerization to release BH3 has a significantly lower free energy 

barrier than direct amine-borane BïN bond cleavage (15.6 vs 27.5 kcal molï1) however 

free aminoboranes only exist at low concentrations during dehydropolymerisation as a 

transient intermediate. 37, 38 It is possible that both of these processes contribute to the 

presence of BH3 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 sï1) 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) 11 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 BH3 in the catalysis mixture may also affect the subsequent 

polyaminoborane molecular weight produced from amine-borane 

dehydropolymerisation. As BH3 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. 39 This could explain the 

increasing polyaminoborane molecular weight observed after the 

dehydropolymerisation of methyl amine-borane with precatalyst 1 [Rh(iPr-

PNHP)(NBD)][Cl] 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(iPr-PNHP)H2Cl (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: 2.7x10ï3 mol dmï3 sï1 with precatalyst 2 and 1.9x10ï3 

mol dmï3 sï1 with precatalyst 1 (both at 0.5 mol%, 1 mol dmï3 of H3BĿNH2Me in 2.5 cm3 

of THF, 293 K). 11 As discussed in section 2.1.6 the formation of the proposed catalyst 

poison BH3 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) 11, N-ethyl and N-propyl amine-borane with precatalyst 2 (Figure 57).11 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 cm3 to 0.5 cm3 

of THF, increasing the absolute catalyst concentration (relative to attempted catalysis 

with precatalyst 1, from 0.005 to 0.05 mol dmï3). This also increases the amine-borane 

concentration during catalysis to 5 mol dmï3, 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 H3BĿNH2nPr 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: (3.60Ñ0.02)x10ï2 mol dmï3 sï1 for 

methyl, (1.54Ñ0.01)x10ï2 mol dmï3 sï1 for ethyl and (3.55Ñ0.04)x10ï3 mol dmï3 sï1 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 31P{1H} NMR spectra (2.1% 4 for Me, 15.9% 4 for Et and 
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66.2% 4 for nPr Figure 59). This suggests significantly increased propensity to release 

BH3 for amine-boranes with larger N-alkyl substituents. 

 

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 dmï3 in 0.5 cm3 of 
THF) with precatalyst 2 (1 mol%, 0.05 mol dmï3), with an initial reaction vessel 
atmosphere of air. 

 

 

Figure 58. Effective H2B=NRH concentration over time from eudiometric H2 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 dmï3 in 0.5 cm3 of THF) 
with precatalyst 2 (1 mol%, 0.05 mol dmï3), with an initial reaction vessel atmosphere 
of air. Rates of reaction with each substrate follow the trend H3BĿNH2Me > H3BĿNH2Et 
> H3BĿNH2nPr. 
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Table 3. Data recorded from the dehydropolymerisations of H3BĿNRH2 (R = Me, Et, 
nPr, 5 mol dmï3 in 0.5 cm3 of THF) using 2 (1 mol%) initially under air. Rates a 
determined by eudiometric measurement; amine-borane conversion b and polymer 
selectivity c determined by in-situ 11B NMR spectroscopy; precatalyst 2 conversions to 
complex 4 d determined by in-situ 31P{1H} NMR spectroscopy. Polymer Mn e and 
dispersity f determined by GPC.  

 

  

Figure 59. 31P {1H} 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 dmï3 in 0.5 cm3 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)H3) to inactivated 

species 4 (Rh(PNHP)(BH4)H2) is rapid at the onset of catalysis under these conditions, 

the amount of complex 2 (Rh(PNHP)H2Cl) detected by 31P{1H} 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. 

 

Figure 60. A plot of kobs (mol dmï3 sï1) 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 31P{1H} NMR spectroscopy at the end of catalysis). Data points from the 
dehydropolymerisations of H3BĿNRH2 (R = Me, Et, nPr, 5 mol dmï3 in 0.5 cm3 of THF) 
using 2 (1 mol%, 0.05 mol dmï3) initially under air. 

In-situ 11B NMR spectra of the reaction mixtures show broad peaks for all three 

dehydropoymerisations, at ï 5.4, ï 7.1 and ï 6.7 ppm corresponding to (H2BNHMe)n, 

(H2BNHEt)n and (H2BNHnnPr)n respectively. All three dehydropolymerisations show 
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>90% conversion of the amine-borane substrate by 11B 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 nPr, corresponding to an increase 

in B(OH)3, HB(NHnPr)2 and other unidentified B-containing side products, as observed 

by 11B NMR (Table 3). The observation of Me, Et and nPr 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 H3BĿNH2Et and 

H3BĿNH2nPr to form polyaminoboranes (H2BNHnPr)n and (H2BNHEt)n. The successful 

catalytic synthesis of this polymer with precatalyst 2 and evidence for the formation of 

BH3 poisoned catalyst species 4 suggests that the limitation to synthesizing a wider 

range of N-substituted polyaminoboranes is related to BH3 release, rather than that 

repulsive steric interactions between bulkier amine-boranes and catalysts inhibit 

dehydrogenation as previously suggested in the literature. 12, 13 Also notable is that the 

(H2BNHnPr)n 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 H3BĿNH2Et 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 H3BĿNH2Me 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)n and (H2BNHnPr)n 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. 25 The Mn of the polymer obtained varies from 33,500 g molï

1 for (H2BNHMe)n, 62,400 g molï1 for (H2BNHEt)n and 51,200 g molï1 for (H2BNHnPr)n 

(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)n and (H2BNHnPr)n 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 H3BĿNH2Me, H3BĿNH2Et and H3BĿNH2nPr, (5 mol dmï3 in 
0.5 cm3 of THF) by precatalyst 2 (1 mol%, 0.05 mol dmï3) initially under air. 

 

Figure 62. Top: The head-to-tail chain propagation aminoborane mechanism with 
complex 3 as an initiator proposed by Weller et. al. 11 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 (H3BĿNH2Me can be dehydropolymerised 

at 0.01 mol% of precatalyst 2). 11 These trial dehydropolymerisations were performed 

on H3BĿNH2Me or H3BĿNH2Et at 1 mol dmï3
 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 31P{1H} 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 H3BĿNH2Me (1 mol dmï3) with precatalyst 2 (0.5 mol%, 

0.005 mol dmï3) 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. 12, 40 The 

maximum solubility of H3BĿNH2Me in 1,2-DFB and toluene is low, ~ 0.2 mol dmï3, and 

so catalysis was performed as a slurry with an effective concentration of 0.2 mol dmï

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 11B NMR 

spectroscopy and eudiometric measurements.  In-situ 31P{1H} 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 BïN 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 BH3 release mechanisms 

discussed in 2.1.6, which operate via the formation of a solvent-BH3 adduct (e.g. 

THFĀBH3). 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 BH3 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. 

 

Figure 63. The dehydropolymerisations of N-methylamine borane (0.112 g, 1 mol 
dmï3) with precatalyst 2 (0.5 mol%), varying the reaction solvent, using THF, toluene 

or 1,2-DFB. 

 

Figure 64. The percentage conversion of precatalyst 2 to poisoned species 4 during 
the dehydropolymerisation of H3BĿNH2Me in solvents THF, toluene and 1,2-DFB. 
Values obtained from in-situ 31P{1H} NMR spectra integrals. 
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As toluene showed promise for reducing catalyst poisoning of precatalyst 2 to complex 

4 (likely via active species 3), dehydropolymerisations of H3BĿNH2Et, which appears to 

be more prone to BH3 loss than H3BĿNH2Me, were attempted with precatalyst 2 at 0.5 

mol% in toluene and THF (Figure 65). In THF the in-situ 11B NMR spectrum recorded 

after 1 hour shows very little conversion of the H3BĿNH2Et, with integrals showing ~ 

5% conversion to cyclic trimer (H2BNEtH)3 (Figure 66). Coordinated (in complex 4) 

and uncoordinated borohydride alongside B3H8ï can also be seen suggesting 

significant BH3 production. Interestingly, the total integral for these BH3-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 BH3 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 

B3H8ï which forms from BH3 aggregation and the poor conversion of H3BĿNH2Et 

indicate complete catalyst poisoning. 41 This is observed by an in-situ 31P{1H} 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 31P{1H} NMR spectroscopy. The in-situ 11B NMR spectrum however 

showed significantly higher conversion of the H3BĿNH2Et substrate (66%), forming a 

mixture of (H2BNHEt)n (ï 6.8 ppm, br) and H3BïNHEt-BH2ïNH2Et (BH3, ï 18.4 ppm, 

q; BH2, ï 6.8 ppm, t, Figure 67). The formation of (H2BNHEt)n suggests that the catalyst 

persisted in solution longer in toluene than in THF, before ultimately forming 4. The 

improved conversion of H3BĿNH2Et by precatalyst 2 in toluene when compared to THF 

is similar to the reported improvement of (H3BĿNH2CH2SiMe3) by Fe(PNHP iPr)(CO)H2 

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 Gl¿er et al. at low catalyst loadings with 

H3BĿNH2Me, forming Fe(PNHPiPr)(CO)(ə1-BH4)H which is analogous to complex 4. 5 
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Figure 65. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1 
mol dmï3) with precatalyst 2 (0.5 mol%), varying the reaction solvent, using THF or 
toluene. 

 

Figure 66. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by 2 (0.5 mol%) 
in THF. Primarily unreacted H3BĿNH2Et is seen as a quartet corresponding to the BH3, 
at ï18.9 ppm. The left inset shows the doublet corresponding to HB(NHEt)2. The right 
inset shows B3H8ï, complex 4 and BH4

ï signals. 
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Figure 67. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by precatalyst 2 
(0.5 mol%) in toluene. Unreacted H3BĿNH2Et is observed along with oligomer H3Bï
NHEt-BH2ïNH2Et and polymer (H2BNHEt)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 

Gl¿er et al. also reported the use of in-situ NMe2Et as a BH3 scavenging agent to 

prevent catalyst poisoning and subsequently observed a 3-fold increase in maximum 

turnover number of the catalyst (Fe(PNHPiPr)(CO)H2). 5 Dehydropolymerisations were 

performed on H3BĿNH2Et at 1 mol dmï3
 concentration in THF with 0.5 mol% catalyst 

loading of 2 and 5 equivalents to catalyst of NEt3 or NH2Et to evaluate their 

effectiveness as BH3 scavenging agents (Figure 68).  

In-situ 11B NMR integrals after catalysis with the presence of 5 equivalents of NH2Et 

showed most promise, with 87% conversion of the H3BĿNH2Et substrate, forming 

primarily (H2BNHEt)n alongside small amounts of H3BïNHEtïBH2ïNH2Et and 

HB(NHEt)2. This is a significant improvement over when precatalyst 2 is used without 

amine, where 6% conversion is observed by 11B NMR spectroscopy and only 

(H2BNHEt)3 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 31P 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. 11 

With 5 equivalents of NEt3, lower conversion (63%) of H3BĿNH2Et is observed by 11B 

NMR spectroscopy, however significant amounts of H3BïNHEt-BH2ïNH2Et are 

present which has an overlapping BH3 signal with H3BĿNH2Et, meaning this conversion 

value is an underestimate (Figure 69).42, 43 Large amounts of H3BĿNH2Et are left 

unreacted. The observed presence of H3BĿNEt3  in the 11B NMR spectrum could 

suggest BH3 scavenging, however the direct displacement of BH3 from H3BĿNH2Et by 

NEt3 is also likely to occur (Figure 71).44 In-situ 31P{1H} NMR spectra show that despite 

the highest amount of precatalyst 2 remaining after catalysis with 5 equivalents of NEt3 

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 31P{1H} NMR and 

unreacted H3BĿNH2Et by 11B 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(PNHPiPr)H3] (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, H3BĿNH2Et is outcompeted 

by H3BĿNEt3 in coordinating to precatalyst 2. As H3BĿNEt3 has no NïH protons it cannot 

undergo the same base-promoted hydride transfer to form active catalyst 3 (Figure 

73). Overall, NEt3 and NH2Et both show improvements in amine-borane conversion 

when present during the dehydropolymerisation of H3BĿNH2Et with precatalyst 2, 

allowing the formation of polymer (H2BNHEt)n. NEt3 is a less suitable additive than 

NH2Et, as it appears to promote the formation of multiple unknown and apparently 

catalytically-inactive rhodium containing species observed by 31P{1H} NMR 

spectroscopy (Figure 72). 

 

Figure 68. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1 
mol dmï3 in THF) with precatalyst 2 (0.5 mol%), with 5 Eq. of added NEt3 or NH2Et as 
BH3 scavengers. 
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Figure 69. The percentage conversion of H3BĿNH2Et to dehydrocoupled species as 
measured by in-situ 11B NMR spectroscopy integrals from attempted 
dehydropolymerisations (0.147 g, 1 mol dmï3) by precatalyst 2 (0.5 mol%) in THF. A 
comparison of BH3 scavenging additives shows highest conversion of H3BĿNH2Et 
when NH2Et is present. 

 

Figure 70. The percentage of precatalyst 2 remaining as measured by in-situ 31P{1H} 
NMR integrals after attempted dehydropolymerisations of H3BĿNH2Et (0.147 g, 1 mol 
dmï3) by precatalyst 2 (0.5 mol%) in THF. A comparison of BH3 scavenging additives 
shows highest remaining quantity of precatalyst 2 when NEt3 is present.   
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Figure 71. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 

attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by precatalyst 

2 (0.5 mol%) in THF with 5 Eq. of NEt3. Unreacted H3BĿNH2Et is observed along with 

oligomer H3BïNHEt-BH2ïNH2Et, N,N,N-triethylborazine (HBNEt)3, H3BĿNEt3 and 

polymer (H2BNHEt)n. 45 

 

Figure 72. In-situ 31P{1H} NMR spectrum recorded after the attempted 
dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by precatalyst 2 (0.5 mol%) 
in THF, with 5 Eq. of NMe3 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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Figure 73. Top: The activation of precatalyst 2 to complex 3 via base-promoted 
hydride transfer from a sigma amine-borane complex intermediate proposed by 
Weller et al. 11 Bottom: The possible prevention of precatalyst (2) activation in the 
presence of H3BĿNEt3. 
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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 H3BĀNH2(CH2)4Ph with Ir(POCOPtBu)H2 at 20 and ï40 ÁC, showing that 

selectivity for the polymer (H2BNH(CH2)4Ph)n is improved from 28 % at 20 ÁC to 45% 

at ï40 ÁC. 46 Although it is not explicitly stated, it is likely that with H3BĀNH2(CH2)4Ph 

this catalyst system is suffering from BH3 poisoning, such as has been reported with 

H3BĀNH2Ph. 34 The reported increased selectivity for  polyaminoborane with decreasing 

temperature for dehydropolymerisation may be the effect of a reduction in BH3 release 

at lower temperatures. This was investigated by attempting dehydropolymerisations of 

H3BĿNH2Et (1 mol dmï3) with precatalyst 2 (0.5 mol%) in THF at temperatures 0, 20 

and 40 ÁC (Figure 74).  

At all three temperatures, complete catalyst poisoning  was observed, with complex 4 

as the only species observed by post-catalysis in situ 31P{1H} NMR spectra after 1 hour. 

At 20 and 40 ÁC little conversion of the H3BĿNH2Et substrate was observed by in-situ 

11B NMR spectroscopy (6 and 5% respectively by relative integrals, Figure 75) and the 

only product formed was the cyclic trimer (H2BNHEt)3, indicative of rapid formation of 

the catalytically inactive complex 4. At 0 ÁC significant conversion of the H3BĿNH2Et 

substrate was observed by in-situ 11B NMR spectroscopy (82% by relative integrals, 

Figure 75), with a broad peak at ï6.7 ppm corresponding to polymer (H2BNHEt)n, with 

a small amount of overlapping oligomer H3BïNHEt-BH2ïNH2Et (Figure 76). This 

suggests that catalyst poisoning to complex 4 was more gradual at 0 ÁC and therefore 

a significant proportion of the H3BĿNH2Et substrate was dehydropolymerised to form 

(H2BNHEt)n before the catalyst was fully taken offline. The effect of low temperature to 

decrease the formation of BH3 capped complex 4 during catalysis is likely due to 

disfavouring BïN bond cleavage at lower temperatures. At ï10 ÁC, activation of 

precatalyst 2 did not occur, as observed by in-situ 31P{1H} NMR spectroscopy.  
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Figure 74. The attempted dehydropolymerisations of N-ethylamine borane (0.147 g, 1 
mol dmï3 in THF) with precatalyst 2 (0.5 mol%), performed at 0, 20 and 40 ÁC. 

 

 

Figure 75. The percentage conversion of H3BĿNH2Et to dehydrocoupled species as 
measured by in-situ 11B NMR spectroscopy integrals from attempted 
dehydropolymerisations (0.147 g, 1 mol dmï3) by precatalyst 2 (0.5 mol%) in THF at 0, 
20 and 40 ÁC.  
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Figure 76. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by precatalyst 2 
(0.5 mol%) in THF at 0 ÁC. Unreacted H3BĿNH2Et is observed along with oligomer H3Bï
NHEt-BH2ïNH2Et, N,N,N-triethylborazine (HBNEt)3, H3BĿNEt3 and polymer 
(H2BNHEt)n. 45 
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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 dmï3) for 

dehydropolymerising N-alkyl substituted amine-borane H3BĿNH2Et, by helping delay 

the poisoning of the active species 3 by free BH3 to catalytically inactive species 4. The 

non-coordinating solvent toluene likely helps reduce BH3 formation as it does not 

participate in either of the postulated BH3 release mechanisms (amine-borane BïN 

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 THFĀBH3. 36, 38 This is apparent when comparing the conversion of 

H3BĿNH2Et 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 11B NMR integrals, Figure 77). At the end of catalysis however both 

show complete conversion of the catalyst to inactive species 4 by 31P{1H} NMR 

spectroscopy (Figure 78). 

Lowering the reaction temperature to 0 ÁC (when compared to 20 ÁC) during 

dehydropolymerisations significantly increases the conversion of H3BĿNH2Et 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 BH3 loss from amine-

boranes in solution, which is less likely to be overcome if there is less thermal energy 

in the system. 36, 38 The addition of amine NH2Et to the dehydropolymerisation of 

H3BĿNH2Et 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 BH3 

scavenging agent, re-forming H3BĿNH2Et.  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 

BH3.  

 

Figure 77. Green: The percentage conversion of H3BĿNH2Et to dehydrocoupled 
species as measured by in-situ 11B NMR spectroscopy integrals. Purple: The 
percentage selectivity for polymer (H2BNHEt)n of dehydrocoupled species formed. 
Both as measured by in-situ 11B NMR spectroscopy integrals from attempted 
dehydropolymerisations (0.147 g, 1 mol dmï3) by precatalyst 2 (0.5 mol%, 0.005 mol 
dmï3). Catalysis attempted with: THF at 20 ÁC, Toluene at 20 ÁC, THF at 0 ÁC and THF 
at 20 ÁC with 5 eq. (0.025 mol dmï3) of NH2Et. 

 

Figure 78. The percentage conversion of precatalyst 2 to inactivated species 4 as 
measured by in-situ 31P NMR spectroscopy integrals from attempted 
dehydropolymerisations (0.147 g, 1 mol dmï3) by precatalyst 2 (0.5 mol%, 0.005 mol 
dmï3). Catalysis attempted with: THF at 20 ÁC, Toluene at 20 ÁC, THF at 0 ÁC and THF 
at 20 ÁC with 5 eq. (0.025 mol dmï3) of NH2Et.  
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In an attempt to selectively produce (H2BNHEt)n from complete conversion of 

H3BĿNH2Et 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 ÁC and adding 5 equivalents of NH2Et 

relative to catalyst (Figure 79). The in-situ 11B NMR spectrum recorded after the 

cessation of hydrogen evolution (as measured eudiometrically) shows the complete 

conversion of the H3BĿNH2Et substrate, however no (H2BNHEt)n is present. The main 

products that are observed are doublets corresponding to BH environments, N,N,N-

triethylborazine, (HBNEt)3 (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-(B3N3Et3H2), 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. 47   

The presence of N,N,N-triethylborazine and related products suggests over-

dehydrogenation, where 2 equivalents of H2 are lost from the H3BĿNH2Et substrate. 

This likely occurs sequentially, where (H2BNHEt)n and (H2BNHEt)3 that are formed first, 

continue to interact with the catalyst and are dehydrogenated. The in-situ 31P{1H} NMR 

spectrum shows the presence of both complex 2 (46%) and complex 4 (33%) alongside 

an unidentified JPRh 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 ÁC should be further investigated to 

establish whether these conditions help prevent catalyst conversion to complex 4, 

whilst maintaining selectivity for polyaminoborane (H2BNHEt)n.  

 

Figure 79. The attempted dehydropolymerisation of N-ethylamine borane (0.147 g, 1 
mol dmï3 in toluene) with precatalyst 2 (0.5 mol%, 0.005 mol dmï3), performed at 0 ÁC 
and with 5 equivalents of NH2Et relative to catalyst present. 
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Figure 80. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by precatalyst 2 
(0.5 mol%) in toluene at 0 ÁC with 5 Eq. of added NH2Et. N,N,N-triethylborazine 
(HBNEt)3 is observed along with HB(NHEt)2 as the major products, alongside an 
unidentified doublet at 33.3 ppm. 45, 48 

 

Figure 81. 31P{1H} NMR spectrum recorded from an in-situ aliquot after one hour of 
the attempted dehydropolymerisation of H3BĿNH2Et (0.147 g, 1 mol dmï3) by 2 (0.5 
mol%) in toluene at 0 ÁC 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(iPr-PNHP)Cl2 (5), Co(Cy-PNHP)Cl2 (6) and Co(Cy-PNHP)H2Cl (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 BH3 in solution to form 4, the analogous cobalt complexes were 

screened for their reactivity with N-propyl amine-borane. Co(iPr-PNHP)Cl2 (5) and 

Co(Cy-PNHP)Cl2 (6) are reported by Boyd et al. to be competent 

dehydropolymerisation precatalysts for H3BĿNH2Me, capable of forming (H2BNHMe)n 

selectively. 10 Unlike the rhodium PNHP 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(iPr-

PNMeP)Cl2 is catalytically inactive, and therefore a metal-ligand cooperative 

mechanism is invoked. 10 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. 10, 11 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. 10, 11 
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2.2.1 The attempted dehydropolymerisation of H3BĿNH2nPr with 

Co(iPr-PNHP)Cl2 (5) & Co(Cy-PNHP)Cl2 (6) 

Dehydropolymerisations of H3BĿNH2nPr (5 mol dmï3 in 0.5 cm3 THF) were attempted 

with precatalysts 5 and 6 (0.5 mol%, 0.025 mol dmï3), each activated with 2 equivalents 

of NH2Me (Figure 82). These conditions are analogous to those reported for the 

dehydropolymerisation of H3BĿNH2Me by pretacalysts 5 and 6 by Weller et al. 10  

 

Figure 82. The attempted dehydropolymerisations of N-propylamine borane (0.182 g, 
5 mol dmï3 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 H3BĿNH2nPr 

respectively (Figure 83). This is also reflected in the initial rates of catalysis which are 

(3.1Ñ0.09)x10-4 mol dmï3
 sï1 for precatalyst 5 and (1.2Ñ0.01)x10ï3 mol dmï3

 sï1 for 

precatalyst 6 (Table 4). This suggests that phosphine Cy groups on 6 make the 

dehydropolymerisation of H3BĿNH2nPr intrinsically faster than the iPr groups on 5, as 

also seen with H3BĿNH2Me. 10  

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 H2, 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. 49 The relative 

electronic effect of varying ligand phosphine substituents will be investigated in section 

2.2.2.   

 

Figure 83. Effective H2B=NHnPr concentration over time from eudiometric H2 evolution 
measurement for the dehydropolymerisations of H3BĿNH2nPr (0.182g, 5 mol dmï3 in 
0.5 cm3 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.  

 

Table 4. Data recorded from the dehydropolymerisations of H3BĿH2nPr, 5 mol dmï3 in 
0.5 cm3 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 11B NMR spectroscopy. 
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In-situ 11B NMR spectra recorded after hydrogen evolution had ceased (~ 1 hour) show 

incomplete conversion of the H3BĿNH2nPr substrate to (H2BNnPr)n for both precatalysts 

5 and 6, with 24 and 48% conversion respectively, as measured by relative integrals 

(Figure 84, Figure 85). In 11B NMR spectra recorded post-catalysis with both 

precatalysts 5 and 6 free BH4
ī is also observed, alongside two broad signals possibly 

corresponding to coordinated cobalt-borohydride complexes (ï43.9 and ï35.3 ppm, 

Figure 84, Figure 85). Co(iPr-PNP)(ə2-BH4) which would correspond to the BH3 

capping of a cobalt (I) hydride is a known compound, but the 11B NMR is not reported. 

The analogous cobalt (II) and cobalt (III) borohydrides are unknown.50 The presence 

of borohydride complexes suggests that like precatalyst 2, precatalysts 5 and 6 are 

susceptible to BH3 poisoning in solution before the dehydropolymerisation of 

H3BĿNH2nPr 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 BH3 formation may be 

independent of catalyst, such as in direct BïN bond cleavage of amine-boranes (see 

2.1.6). Catalysis with precatalyst 6 appears to further outpace BH3 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 molï1 was formed. GPC measurement of the corresponding 

material from catalysis with precatalyst 6 showed (H2BNnPr)n polymer with an Mn of 

61,100 g molī1
 and a dispersity of 1.4 (Table 4). This is comparable to the (H2BNHnPr)n 

polymer made by precatalyst 2 (see 2.1.7). 
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Figure 84. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 5 mol dmï3) by 5 (0.5 
mol%) in 0.5 cm3 of THF. Unreacted H3BĿNH2nPr is observed along with a small 
amount of polymer (H2BNHnPr)n. Inset shows free borohydride and two peaks 
tentatively assigned as cobalt borohydride complexes. 

 

Figure 85. 11B NMR spectrum recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2nPr (0.182 g, 5 mol dmï3) by 6 (0.5 
mol%) in 0.5 cm3 of THF. Unreacted H3BĿNH2nPr is observed along with polymer 
(H2BNHnPr)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 H3BĿNH2Me with 

Rh(Cy-PNHP)H2Cl (7)  

When comparing dehydropolymerisation of amine-boranes with precatalysts 5 and 6, 

catalysis is significantly more rapid with the cyclohexyl substituted PNHP ligand on 

precatalyst 6. To investigate how PNHP ligand phosphine substituents affect ligand ů-

donating ability, the phosphine selenides of each iPr-PNHP, Cy-PNHP and tBu-PNHP 

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 ů-

donating ability of a phosphine. 51-53 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 ů-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 İ- 77Se (8% 

abundance). 53 

ὐ
  θ 
  

 

Equation 1. The relationship between phosphorous-selenium NMR coupling 
constant and phosphine lone pair ů-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 31P NMR spectroscopy, where satellite signals appear around the 

corresponding phosphorous peak. The diselenides of iPr-PNHP, Cy-PNHP and tBu-

PNHP were synthesized and 31P{1H} NMR spectra recorded. The cyclohexyl derivative 

was found to have the smallest 1JPSe coupling constant (688 Hz) and therefore the 

most strongly ů-donating phosphines, the tertiary butyl and isopropyl derivatives had 

similar coupling constants suggesting similar ů-donating ability (1JPSe = 693 and 695 

Hz respectively, Figure 86). 
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Figure 86. 31P{1H} NMR spectra of iPr-PNHP, Cy-PNHP and tBu-PNHP 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 ů-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 BH3 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 ů-donating, the cyclohexyl 

derivative of precatalyst 2 was synthesized: Rh(Cy-PNHP)H2Cl (7). Precatalyst 7 was 

synthesized via the reported route for the synthesis of precatalyst 2 but using the ligand 

Cy-PNHP instead of iPr-PNHP.11 

Dehydropolymerisation of H3BĿNH2Me by precatalysts 2 and 7 was performed as a 

direct comparison of phosphine ligand substituent effects, with 1 mol dmï3
 of amine-

borane in 2.5 cm3 THF and 0.5 mol% of precatalyst (Figure 87). As previously 

reported, dehydropolymerisation of H3BĿNH2Me with precatalyst 2 led to the selective 

production of (H2BNHMe)n, as observed by in-situ 11B NMR spectroscopy (Figure 

88).11 The dehydropolymerisation of H3BĿNH2Me 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 11B NMR spectrum 
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where incomplete dehydropolymerisation is evident, with 20% of the H3BĿNH2Me 

unreacted (Figure 88). Also seen by 11B NMR is a broad signal at ï 35.5 ppm, 

analogous to that exhibited by borohydride complex 4 (Rh(iPr-PNHP)(ə1-BH4)H2). This 

is mirrored by in-situ 31P{1H} 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-PNHP)(ə1-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 11B 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 ï 2.1 ppm is 

observed in the 1H NMR spectrum (Figure 89), analogous to that for the BH4
- in 

complex 4 (both recorded in THF). Rh(Cy-PNHP)(ə1-BH4)H2 (complex Y) was not 

isolated or characterised. 

 

Figure 87. The attempted dehydropolymerisations of N-methylamine borane (0.112 g, 
1 mol dmï3 in THF) with precatalysts 2 or 7 (0.5 mol%). 
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Figure 88. 11B NMR spectra recorded from an in-situ aliquot after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3) by precatalyst 
7 (Cy, left) or precatalyst 2 (iPr, right) (0.5 mol%) in 2.5 cm3 of THF. In Cy, left with 7, 
significant amounts of unreacted H3BĿNH2Me are observed alongside polymer 
(H2BNHMe)n and cyclic trimer (H2BNHMe)3. A broad signal at ï 35.5 ppm 
corresponding to coordinated BH4

ï in a borohydride complex Is also seen. In (iPr, right) 
with precatalyst 2, primarily (H2BNHMe)n is observed. 
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Figure 89. 31P{1H} NMR spectra recorded from in-situ aliquots after one hour of the 
attempted dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3) 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(PNHPCy)(ə1-BH4)H2 (complex Y) 
at 69.7 ppm are observed after catalysis. The 1H NMR spectrum inset for when 
precatalyst 7 is used shows the presence of coordinated BH4

ï,  
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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 PNHP 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-PNHP)(ə1-BH4)H2 (complex Y). The stronger inductive effect for the Cy 

substituted ligand phosphines on precatalyst 7 when compared to iPr 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(iPr-PNHP)H3) more nucleophilic than on the active catalytic species 

formed from precatalyst 2 (3, Rh(iPr-PNHP)H3). This may increase the propensity to 

attack the electrophilic BH3 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 BH3 than iPr-substituted 

precatatalyst 5 and reaches a higher conversion of H3BĀNH2nPr 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 H2NCH2CH2PiPr2 catalysts 
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3. The dehydropolymerisation of methyl amine-borane with group 8 

H2NCH2CH2PiPr2 catalysts 

The aminophosphines iPr2PCH2CH2NH2 (R = iPr, tBu) were first reported as ligands for 

ruthenium-based ketone hydrogenation catalysts such as Ru(iPr2PCH2CH2NH2)2Cl2 

(8), where their very low catalyst loadings (as low as 0.0001 mol%) and operation 

under mild conditions (e.g. 40 ÁC) was noted.1 Complex 8 was later used as a 

precatalyst by Fagnou et al. for the rapid dehydrogenation of H3BĀNH3 and H3BĀNH2Me 

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 

 

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. 3, 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(iPr-PNHP)H2Cl), 5 (Co(iPr-PNHP)Cl2), or 6 (Co(Cy-PNHP)Cl2) for which 

dehydropolymerisations typically take ~1000 s to reach completion. 2, 5, 6 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 tBu derivative of 
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8 (Ru(tBu2PCH2CH2NH2)2Cl2) has been reported to unselectively dehydrocouple sec-

butylamine-borane, releasing up to 2 equivalents of H2, when heated above 60 ÁC. 7  

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).8 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 (ȹGÿ = 7.8 kcal molï1) 9 is much lower than the 

typical free energy barrier to amine-borane dehydrogenation (ȹGÿ = 15 ï 25 kcal molï

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. 

 

Equation 2. The relationship between the rates of chain termination and chain 
propagation with the degree of polymerisation for a chain polymerisation mechanism.8 

 Under the conditions used by Fagnou et al. where 8 (0.5 mol%) is activated by 30 

equivalents of tBuOK, polyaminoborane (H2BNHMe)n was formed with low selectivity 

from H3BĀNH2Me (mol dmï3 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 H2.2 Complex 8 was evaluated as an amine-borane 

dehydropolymerisation catalyst in a subsequent publication by Manners et al., where 

(H2BNHMe)n was formed from H3BĀNH2Me when catalysis was performed at ï20 ÁC. 

11 The polymer formed was analyzed by GPC where it was found to be of low molecular 

weight and relatively wide dispersity (Mn = 9000 g mol-1, dispersity = 2.5). 11 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 ï10 ÁC, likely forming trimethylborazine 

(HBNMe)3, however no further details were given. 11  

 

Figure 91. The reported dehydrocoupling of H3BĀNH2Me by precatalyst 8. 2, 11 
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3.1 The dehydropolymerisation of H3BĀNH2Me with 8 and tBuOK 

In an attempt to use complex 8 to synthesize polyaminoboranes selectively, the 

dehydropolymerisation of H3BĀNH2Me was performed under varying conditions: 30 

equivalents (the same as used by Fagnou et al. and Manners et aI), 2 equivalents or 

no tBuOK were used, with 0.33 mol% of precatalyst 8 and 1 mol dmī3
 of H3BĀNH2Me 

in THF solution (Figure 92).2, 11 For reaction of 8 with 30 equivalents of tBuOK 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 11B 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)n short chain oligomers, linear dimer 

H3BNHMeBH2NH2Me and (HBNMe)3 to borazines and HB(NHMe)2 (Figure 93).2  

Reaction of 8 with only 2 equivalents of tBuOK before addition to the H3BĀNH2Me, 

resulted in no induction period and the immediate extremely rapid release of ~1 

equivalent H2. This was rapid enough for some of the produced H2 to escape from the 

bottom of the eudiometric apparatus before the water could be displaced. The in-situ 

11B NMR spectrum recorded after H2 evolution had ceased showed the selective 

formation (>99 %) of polyaminoborane (H2BNHMe)n and compete conversion of the 

H3BĀNH2Me (Figure 94). This polymer was precipitated from the reaction mixture with 

pentane and analyzed by GPC, which found a Mn of 70,500 g mol-1 and ņ of 1.8.  

When only precatalyst 8 was used without added tBuOK, a long induction period of ~ 

4 hours was observed where no catalysis took place, after which 1 equivalent of H2 

was released in under 5 seconds. The induction period length made recording kinetic 

data via producing a hydrogen evolution plot difficult. The in-situ 11B NMR spectrum 

recorded after H2 evolution had ceased, showed the selective formation of 

polyaminoborane (H2BNHMe)n and complete conversion of the H3BĀNH2Me substrate 

(Figure 95). The polyaminoborane precipitated from this reaction mixture with pentane 

was analyzed by GPC and found to have an Mn of 50,000 g mol-1 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 H3BĀNH2Me (1 mol dm-3 in THF) 
by precatalyst 8 (0.33 mol%) with varying tBuOK added: 0, 2 or 30 equivalents. 

 

Figure 93. In-situ 11B NMR spectrum from the unselective dehydrocoupling of 
H3BĀNH2Me (1 mol dm-3 in THF) by 8 (0.33 mol%), with 30 equivalents of tBuOK added. 
A mixture of dehydrocoupled products is observed. 
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Figure 94. In-situ 11B NMR spectrum from the selective dehydropolymerisation of 
H3BĀNH2Me (1 mol dm-3 in THF) by 8 (0.33 mol%), with 2 equivalents of tBuOK added. 
Primarily polyaminoborane (H2BNHMe)n is observed, very small amounts of 
HB(NHMe)2 and borazine (HBNMe)3 are also formed. 

 

Figure 95. In-situ 11B NMR spectrum from the selective dehydropolymerisation of 
H3BĀNH2Me (1 mol dm-3 in THF) by 8 (0.33 mol%), with no tBuOK 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 H3BĀNH2Me. 

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 ï 0.5 mol% with 1 mol dmï3 H3BĀNH2Me in THF). 5 

Kinetic data from this catalyst system will be discussed in detail later in the section 3.3. 

When activated with tBuOK, 8 rapidly forms an active catalytic species, which when in 

the presence of excess tBuOK (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 tBuOK to a pre-prepared sample of polyaminoborane 

(H2BNHMe)n, upon which H2 was released rapidly and the in-situ 11B NMR spectrum 

recorded showed an array of products similar to that when 8 and 30 equivalents of 

tBuOK is added to H3BĀNH2Me (see supplementary Figure S1). (H2BNHMe)n is not 

rapidly dehydrogenated by tBuOK alone. In-situ 31P{1H} 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 tBuOK to 

form P,P-trans-Ru(iPr2PCH2CH2NH)2 (9) 

To understand the activation of 8 with tBuOK, an investigation into the speciation was 

performed. Upon the addition of 2 equivalents of tBuOK 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 31P{1H} NMR spectroscopy, where 

conversion of 8 (65 ppm) to a new phosphorous-containing species at 70.5 ppm was 

observed (Figure 97).1 The 1H NMR spectrum showed no hydride signals in the region 

of 0 to ï40 ppm. This newly formed species was extremely sensitive to air, with rapid 

decomposition resulting in dark green coloration of the solution and loss of 31P{1H} 

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 ï80 ÁC 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 R1 of 0.034 suggests excellent agreement 

between the observed and calculated structure factors, validating the model.  The Nï

H protons, located in the electron density map, were found to lie along the RuïNïC 

plane with the sum of all angles around N1 = 360Á. This suggests that the N atom is 

sp2-hybridised. The RuïN distance was also found to be significantly shorter than in 8 

(1.931(2) ¡ vs 2.174(3) ¡), suggesting a bond order higher than 1. 1 This allowed 

assignment of this species to be the bis-amido ruthenium complex P,P-trans-

Ru(iPr2PCH2CH2NH)2 (9). The isopropyl CH3 carbon atoms do not make a close 

approach to the ruthenium atom, with the minimum RuĀĀĀC distance being 3.7 ¡. This 

suggests no agostic or anagostic interactions are present with the ligand isopropyl 

groups, which typically show MĀĀĀC distances of significantly less than 3.5 ¡ for 4d 

metals. 12 No residual electron density was detected above and below the PïRuïN 

plane, ruling out the possibility of a hydride complex such as P,P-trans-

Ru(iPr2PCH2CH2NH)2(H)2.13-16 
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Figure 96. Molecular structure of P,P-trans-Ru(iPr2PCH2CH2NH)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/H1ô 
that was located in the final difference map. Selected bond lengths [¡] and angles [Á]: 
Ru(1) ï N(1) 1.931(2), Ru(1) ï P(1) 2.2943(6), C(1) ï N(1) 1.473(3); P(1) ï N(1) ï 
Ru(1) 82.45(7), P(11) ï Ru(1) ï N(1) 97.55(7), N(1) ï Ru(1) ï N(11) 180.0, P(1) ï Ru(1) 
ï P(11) 180.00(3), C(1) ï N(1) ï Ru(1) 127.67(18). 

31P{1H} and 1H NMR analysis of the bulk sample of complex 9 supported the structural 

assignment. Upon dissolution in cyclohexane-d12, a single peak is observed in the 

31P{1H} NMR spectrum at 74.4 ppm that corresponds to equivalent ligand phosphines. 

The 1H NMR spectrum shows a broad signal at 5.95 ppm corresponding to the NïH 

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 sp2-

hybridised.1 Only two isopropyl CH3 environments are present in the 1H NMR 

spectrum, suggesting high symmetry in solution as strongly roofed doublets of doublets 

at 1.37 and 1.22 ppm (both JHH = 7.0 Hz, JHP = 7.0 Hz). These signals collapse to 

doublets upon phosphorous decoupling. No hydride signals were detected in the 1H 

NMR spectrum (0 to ï 40 ppm) (see experimental 4.3.3 for further details). The reaction 

of 1 equivalent of tBuOK (instead of 2 equivalents) with complex 8 results in a mixture 

of 8 and 9 observed by 31P{1H} NMR spectroscopy (Figure 97). No mono-amido 

intermediate is observed suggesting that it is not isolable.  
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Figure 97. 31P{1H} NMR spectrum of the NMR scale reaction between 8 and 1 
equivalent of tBuOK, 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 d6 

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 d6 square-

planar complexes are based on mono-amido MACHO ligands such as 

Ru[N(CH=CHPtBu2)2]Cl and Ru{N[Si(CH3)2CH2PtBu2]2}Cl and are paramagnetic with 

S = 1 (Figure 98). 13-15 The first example of a low-spin, square-planar d6 ruthenium 

complex, reported by Schneider et al., is MACHO complex Ru[N(CH2CH2PtBu2)2]Cl. It 

is reported to be stabilised in the S = 0 spin state by the strong -́donation from the 

filled nitrogen pz orbital into the ruthenium non-bonding dxz orbital. 

The diamagnetic nature of complex 9 was determined by 1H NMR spectroscopy where 

no peak shifting or broadening was observed, which would be expected for a 

paramagnetic species (S > 0). 16-18 To the best of my knowledge complex 9 represents 

the newest example of a d6, square-planar, low spin complex, where only two are 

previously reported (Ru[N(CH2CH2PtBu2)2]Cl and [Ir{N(CH2CH2PtBu2)2}Cl][PF6]),and is 

the second ever featuring a ruthenium centre (Figure 98).15, 19-21  

 

Figure 98. Examples of reported square-planar d6 ruthenium complexes, showing 
two examples of S = 1 and the only example of S = 0: Ru[N(CH2CH2PtBu2)2]Cl. 14, 15, 
19 [Ir{N(CH2CH2PtBu2)2}Cl][PF6] was also included as the only other reported low spin 
square-planar d6 complex. 20 
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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 D4h symmetry for the strictly square planar complex, and by assuming 

the strong ů-donation from the ligand phosphines and amines to be approximately 

equal. 

In a ů-only model for a square-planar d6 complex the dxy, dyz and dxz orbitals are non-

bonding due to the lack of overlap with the ligand orbitals and are of similar relative 

energies (Figure 99). The dzĮ 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 ů-donation gives a 

paramagnetic (S = 1) 14 electron complex (Figure 99).23 This results in the dzĮ orbital 

being singly occupied, resulting in a triplet (S = 1) ground state.  

 

Figure 99. The ligand field splitting diagram of a square planar (D4h) 4d transition metal 
complex with a d6 metal centre, considering only ligand ů-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 -́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 -́bonding interactions 

with a d-orbital, which are the amido pz orbitals with eg symmetry (Figure 100). Strong 

-́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 -́donors, the energy gap 

between the dxz and the dzĮ becomes larger than the spin pairing energy and so a 

singlet (S = 0) ground state results (Figure 100).19 This is the apparent case for 9. 

Populating this diagram with the 6 4d electrons from the RuII centre, 6 electrons from 

the ligand ů-donation and 2 electrons from the ligand amido -́donation gives a total 

electron count of 16 (Figure 100). Although 4 electrons are available in total from the 

two amido pz 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.  

 

Figure 100. The ligand field splitting diagram of a square planar (D4h) 4d transition 
metal complex with a d6 metal centre, with ligand ů and ́-donation. The resulting 16 
electron complex is in a singlet state where S = 0. 
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In complex 9, the strong -́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 RuïN bond distance 

(1.931(2) ¡) is shorter than the single bond seen in complex 8 (2.174(3) ¡). The Ruï

N bond length in complex 9 is typical of Ru(II) amido complexes (~ 1.9 ¡). 19, 22 

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 RuïN ́-bonding interaction in 

the HOMO-5, analogous to that reported by Schneider et al. for 

Ru(N{CH2CH2PtBu2}2)Cl (Figure 101).19 The corresponding antibonding interaction 

between the dxz and amido pz orbitals is the LUMO.  
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Figure 101. Calculated electron density isosurface models for selected orbitals in 9, 
arranged decreasing orbital energy from top to bottom. The ́-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 dxĮ-yĮ (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 Ru2H(ɛ2,ə1-NHCH2CH2PiPr2)2(ɛ2,ə1-

NCH2CH2PiPr2)(ə2-iPr2PCH2CH2NH2) (10) 

Complex 9 undergoes facile dimerisation in solution in C6D12 over the timescale of a 

few hours, turning from pink to a brown colouration. Alkane C6D12 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 1H NMR spectrum.  The 31P{1H} 

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 1H NMR spectrum of this solution shows the 

presence of a metal-hydride signal at ï11.56 ppm that exhibits a complex splitting 

pattern; the 1H{31P} 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 JHP = 12, 

15, 36 & 61 Hz. The coupling to all 4 phosphorous environment was confirmed by 1H-

31P HMBC NMR spectra. These 1H and 31P{1H} NMR spectrum signals all belong to a 

single new species, complex 10. 

  

Figure 102. 31P{1H} NMR spectrum of a sample of 9 left in solution for 12 hours, 
showing 4 phosphorous environments corresponding to 10. Recorded in C6D12 at 298 
K. 
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Figure 103. Top: 1H{31P} NMR spectrum of the ruthenium hydride in 10, showing a 
sharp singlet. Bottom: 1H 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 ï80 ÁC 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(ɛ2,ə1-NHCH2CH2PiPr2)2(ɛ2,ə1-NCH2CH2PiPr2)(ə2-

iPr2PCH2CH2NH2) (10) which exhibits two ruthenium atoms bridged by 3 

aminophosphine ligand derived nitrogen atoms. The RuĀĀĀRu distance is 3.004 ¡, 

longer than would be expected for a rutheniumïruthenium bond (2.6 ï 2.8 ¡). 23-25 A 

hydride is present on one of the ruthenium atoms, transferred from the ɓ 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. 

 

Figure 104. Molecular structure of 10 as determined by single crystal X-ray diffraction. 
Displacement ellipsoids are shown at the 50% probability level. NïH, RuïH (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 [¡] and angles [Á]: 
N(1) ï C(32) 1.263(3), Ru(1) ï N(2) 2.059(2), Ru(2) ï N(2) 2.159(2), Ru(1) ï N(3) 
2.159(2), Ru(2) ï N(3) 2.178(2), Ru(2) ï N(4) 2.178(2), Ru(1) ï N(1) 2.059(2), Ru(1) 
ĀĀĀ Ru(2) 3.004, C(31) ï C(32) ï N(4)  120.0(2). 
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Schneider et al. reported the decomposition of Ru(N{CH2CH2PtBu2}2)Cl (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).19 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 

NïH and RuïH (N3ïH and Ru1ïH100), this may be due to significant steric hinderance 

to the approach of methyl amine-borane caused by the surrounding iPr groups and 

ligand backbones. 

   

Figure 105. A: the reported decomposition by beta-hydride elimination of the d6 
ruthenium square-planar of Ru(N{CH2CH2PtBu2}2)Cl. 19 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 H3BĀNH2Me 

with 8 and tBuOK 

As the dehydropolymerisation of H3BĀNH2Me with complex 8 at 0.33 mol% with 2 

equivalents of tBuOK 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 tBuOK, Fagnou et al. reported the activity of 

complex 8 with H3BĀNH3 at 0.03 mol%.2 

Dehydropolymerisations of H3BĀNH2Me (1 mol dm-3 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 tBuOK to form complex 9 before addition to catalysis (Figure 106). The instability of 

9 precludes the use of catalyst stock solutions. With 0.02 ï 0.05 mol% catalyst loading 

of complex 8, 1 equivalent of H2 was released as measured eudiometrically. This is 

concordant with in-situ 11B NMR spectra recorded after catalysis which showed 

complete conversion of H3BĀNH2Me to polymer (H2BNHMe)n. Hydrogen evolution 

plotted over time showed lengthy induction periods (800 ï 2000 s), that decreased with 

increasing catalyst loading, followed by a short period of rapid H2 release (Figure 107). 

This is in contrast to when 0.33 mol% of 8 with 2 equivalents of tBuOK was used, for 

which no induction period was observed. 

 

Figure 106. The dehydropolymerisation of H3BĀNH2Me (1 mol dm-3 in THF) by 
precatalyst 8 with varying catalyst loading (0.01 ï 0.05 mol%). 2 equivalents of tBuOK 
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 H3BĿNH2Me (0.112 g, 1 mol 
dmï3 in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of tBuOK 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 

H3BĀNH2Me substrate is observed by 11B NMR. The 11B 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 31P{1H} 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 1H NMR. In-situ 31P{1H} 

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 31P{1H} NMR spectrum recorded after catalytic 
dehydropolymerisation of H3BĀNH2Me (1 mol dm-3 in THF) by precatalyst 8 (0.05 mol%) 
and 2 equivalents to catalyst of tBuOK. 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 Mn 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 (Mn = 89,700 ï 141,600 g mol-1, 

Table 5). The Mw is approximately constant at ~ 200,000 g mol-1 except for the lowest 

catalyst loading 0.02 mol% for which the polymer is shorter (Mw = 136,900 g mol-1). 

The exact reason for this variation in Mw is unclear, however it is likely related to the 

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

 

Table 5. Polymer data obtained by GPC analysis of the (H2BNHMe)n formed by the 
catalytic dehydropolymerisation of H3BĀNH2Me (1 mol dmï3 in THF) by 8 (0.02 ï 0.05 
mol%) with 2 equivalents to catalyst of tBuOK. 
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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 

tBuOK to catalyst (generating 9 in-situ) for the dehydropolymerisation of H3BĀNH2Me 

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 H3BĀNH2Me substrate for catalysis with this system, where the rate 

decreases as H3BĀNH2Me concentration decreases, or that the catalyst speciation is 

changing over the course of the reaction. Previously discussed precatalysts 5 and 6 

(Co(iPr-PNHP)Cl2 and Co(Cy-PNHP)Cl2) show a first order dependance on amine-

borane concentration, whereas precatalysts 1 and 2 ([Rh(iPr-PNHP)(NBD)]Cl and 

Rh(iPr-PNHP)H2Cl) show pseudo zero-order in amine-borane. 5, 6 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 ï 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 

H3BĀNH2Me with 8 plus 2 equivalents of tBuOK (0.02 ï 0.05 mol%) and plotting the 

data as a function of the natural logarithm of H3BĀNH2Me concentration over time gives 

the decay profiles shown in Figure 109. H3BĀNH2Me concentration can be inferred, as 

H2 production is in theory a 1:1 process with H3BĀNH2Me dehydrogenation. The profiles 

start at a normalized time = 0, and as initial H3BĀNH2Me concentration is 1 mol dm-3, 

at ln[H3BĀNH2Me] = 0. These decay profiles do not show the linearity expected for a 

first order dependence of H3BĀNH2Me 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. [H3BĀNH2Me]2). 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 H3BĀNH2Me 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 H3BĀNH2Me substrate appears pseudo zero-order at high 

concentration relative to the catalyst concentration. As dehydropolymerisation 

progresses and H3BĀNH2Me 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 [H3BĀNH2Me]). Such a scenario has been 

previously reported by Weller et al. for the Rh MACHO catalyst system 3 (Rh(PNHP-

iPr)H3) where the formation of an outer-sphere dihydrogen bonded adduct Rh(PNHP-

iPr)H3ĀH3BĀNH2Me results in a pseudo zero-order rate dependence on H3BĀNH2Me 

concentration. 5 
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Equation 3. The first-order rate law for a reaction and its integrated form that can be 
plotted in the form y = mx + c to give a straight line. [A] is the concentration of substrate 
at any given time (t), [A]0 is the initial substrate concentration. 

 

Figure 109. Plots of ln[H3BĀNH2Me] 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 H3BĿNH2Me (0.112 g, 1 mol dmï3 in 
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THF) by 8 (0.02-0.05 mol%) with 2 equivalents of tBuOK 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 ï 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 

dmï3) of 9 but was rapid at 0.02 mol% (0.0002 mol dmï3) 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 dmï

3, a linear correlation with an intercept close to (0, 0) was found when [inhb] = 0.00016 

mol dmï3 (0.016 mol% equivalent) (Figure 110). 

To provide evidence of the proposed inhibitor concentration of 0.00016 mol dmï3 

present during catalysis, a dehydropolymerisation of H3BĿNH2Me was attempted with 

8 + 2 equivalents of tBuOK (generating 9) at 0.016 mol% (0.00016 mol dmï3). The 

hydrogen evolution plot generated by eudiometric measurement shows that with 0.016 

mol% (0.00016 mol dmï3) of precatalyst 9, catalysis immediately halts after initiation 

suggesting that this catalyst concentration is close to the inhibitor concentration 

(~0.00016 mol dmï3) and provides further evidence for the presence of an inhibitor 

(Figure 111). The dehydropolymerisation of H3BĿNH2Me with 8 + 2 equivalents of 

tBuOK (generating 9) at 0.015 mol% (0.00015 mol dmï3) 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. 

 

Figure 110. Left: a plot of initial rates of hydrogen evolution measured eudiometrically 
against catalyst concentration [cat] for the dehydropolymerisation of H3BĿNH2Me 
(0.112 g, 1 mol dmï3 in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of tBuOK to 
catalyst, generating 9 in-situ. Right: the same catalysis initial rate data plotted against 
an adjusted catalyst concentration [cat]ï[inhb], where [inhb] is the concentration of a 
proposed catalyst inhibitor/poison assumed to be 0.00016 mol dmï3. The initial rates 
of these catalyst runs were measured by mathematically modelling the hydrogen 
evolution plot curves and differentiating the approximated functions at time = 0 s 

 

Figure 111. Effective H2B=NMeH concentration over time from eudiometric H2 
evolution measurement for the dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol 
dmï3 in THF) by 8 (0.02 and 0.016 mol%) with 2 equivalents of tBuOK 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 

H3BĿNH2Me dehydropolymerisation with 9 utilising variable time normalisation analysis 

(VTNA) to provide a qualitative assessment. 27 The amount of H2
 released was plotted 

against t[cat]n 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 H3BĿNH2Me with 9 (made from 8 + 

2 equivalents of tBuOK) at catalyst loadings 0.02 ï 0.05 mol% showed initially a best 

overlap for [cat]2 (Figure 112).  

When considering the proposed catalyst inhibitor concentration discussed vide supra 

by subtracting its proposed concentration (0.00016 mol dmï3) from the catalyst 

concentration, [cat]1 exhibits the closest overlap of the plotted data (Figure 112). The 

overlap for [cat]1 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 H3BĿNH2Me: 

saturation kinetics where the catalyst forms an adduct with H3BĿNH2Me in a pre-

equilibrium prior to the rate limiting step. This would cause a shift in the concentration 

of the active catalyst resting state (H3BĿNH2Me bound adduct) as the reaction 

progresses and H3BĿNH2Me concentration decreases, meaning that VTNA may be 

unsuitable to assess order in catalyst for this system  

 

Figure 112. Left: VTNA plot showing mmol of H2 released against t[cat]2 for the 
dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) by 8 (0.02-0.05 
mol%) with 2 equivalents of tBuOK to catalyst, generating 9. Right: VTNA plot showing 
moles of H2 released against t[cat-inhb] for the dehydropolymerisation of H3BĿNH2Me 
(0.112 g, 1 mol dmï3 in THF) by 8 (0.02-0.05 mol%) with 2 equivalents of tBuOK to 
catalyst, generating 9. [inhb] is approximated to be 0.00016 mol dmï3 based on low 
catalyst loading experiments.  
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3.4 The dehydropolymerisation of H3BĀNH2Me with 8 and NH2Me 

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 1H NMR spectroscopy 

at low concentration almost immediately after the preparation of 9. This means that 

using tBuOK 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 tBuOK 

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. 5, 6, 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 H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) were attempted 

with 8 (0.033 mol% catalyst loading) and various amounts of added NH2Me (as a 2 mol 

dmï3 solution in THF,  3, 15, 30 & 75 equivalents to catalyst, corresponding to 0.001, 

0.005, 0.01 and 0.025 mol dm-3, Figure 113).  
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Figure 113. The dehydropolymerisation of H3BĀNH2Me (0.112 g, 1 mol dmï3 in 2.5 cm3 
THF) by precatalyst 8 with varying amounts NH2Me of added to activate the precatalyst 
(3 ï 75 equivalents). 

Eudiometric hydrogen evolution data was measured and plotted for the H3BĀNH2Me 

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 H2 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 tBuOK and 8 (0.033 mol%) + 15 equivalents of NH2Me, 0.03 and 

0.24 mol dmï3 sï1 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 tBuOK and 8 (0.03 mol%) is 121 sï1, whereas with 8 (0.033 mol%) 

+ 15 equivalents of NH2Me TOF = 660 sï1. This represents the highest TOF thus far 

reported for a dehydropolymerisation catalyst. 29, 30 It 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 dmï3). The turnover frequency measured for the 

dehydropolymerisation of H3BĀNH2Me with 8 (0.04 mol%, 0.0004 mol dmï3 in THF) + 2 

equivalents of tBuOK was measured at 119 sï1 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 H3BĀNH2Me (0.112 g, 1 mol 
dmï3 in 2.5 cm3 THF) by precatalyst 8 (0.033 mol%) with varying amounts NH2Me of 
added to activate the precatalyst (3 ï 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 H3BĀNH2Me 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 H2 activation by as much 

as 8 kcal molï1. 31-33 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 H3BĀNH2Me. 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 NH2Me 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 NïH and RuïH 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. 

 

Figure 115. A: The reported lower activation barrier for H2 across the rutheniumï
nitrogen bond of Ru(iPr-PNP)(PMe3)H when mediated by a water adduct, figure 
adapted from literature reference. 31 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 Mn was recorded to increase, 

from 108,000 g molï1 with 3 equivalents to 153,900 g molï1 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 BH3 from solution by NH2Me. 

Another possibility is that the increased rate of catalysis when NH2Me 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. 

 

Table 6. Polymer data obtained by GPC analysis of the (H2BNHMe)n formed by the 
catalytic dehydropolymerisation of H3BĀNH2Me (1 mol dmï3 in THF) by 8 (0.033 mol%) 
varying added NH2Me (3 ï 75 equivalents, 0.001 ï 0.025 mol dmï3). 
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3.4.1 Kinetic analysis of the dehydropolymerisation of H3BĀNH2Me 

with 8 and NH2Me 

From this point on, 0.01 mol dmï3 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 ÕL of 2 mol dmï3 in THF) 

was large enough to add repeatably, while keeping the rate of catalysis low enough so 

that H2 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 H2 

evolution data recorded at varying amine concentrations was plotted as moles of H2 

released against t[amine]n (VTNA), where t is time, [amine] is concentration of NH2Me 

in mol dmï3 and n is order in terms of the rate law. 27 The catalysis with 8 and 3 

equivalents (0.001 mol dmï3) 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 H2 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 t[amine] for the 
dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) by 8 (0.033 mol%, 
0.00033 mol dmï3) with 15, 30 and 75 equivalents to catalyst of NH2Me (0.005, 0.01 
and 0.025 mol dmï3 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 

H3BĿNH2Me was investigated using stock solutions of 8. Dehydropolymerisations of 

H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) with 8 (0.01 ï 0.033 mol%) in the presence 

of 0.01 mol dmï3 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 H3BĀNH2Me (0.112 g, 1 mol dmï3 in 2.5 cm3 
THF) by precatalyst 8 (0.01 ï 0.033 mol%) with 0.01 mol dmï3 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 tBuOK (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 tBuOK 

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 dmï3 of NH2Me 

is used as an initiator when compared to 2 equivalents of tBuOK, 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 tBuOK was used, this can be accounted for by 

assuming an inhibitor concentration [inhb] of 8.5x10ï5 mol dmï3. When plotting initial 

rate against [catïinhb], 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 8.5x10ï5 mol dmï3 

determined from initial rates. 

The polyaminoboranes obtained from the dehydropolymerisation of H3BĀNH2Me with 

8 and 0.01 mol dmï3 of NH2Me was analyzed by GPC and found to have Mn values of 

around 150,000 g molï1 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 H3BĀNH2Me to 

form a ruthenium hydride species via base-promoted hydride transfer. This also 

produces an equivalent of boronium [H2B(NHMe)2][Cl] 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. 5 

 

Figure 118. Effective H2B=NMeH concentration over time from eudiometric H2 
evolution measurement for the dehydropolymerisation of H3BĀNH2Me (0.112 g, 1 mol 
dmï3 in 2.5 cm3 THF) by precatalyst 8 (0.01-0.033 mol%), with 0.01 mol dmï3 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 H3BĿNH2Me 
(0.112 g, 1 mol dmï3 in THF) by 8 (0.01-0.0264 mol%) with 0.01 mol dmï3 of NH2Me. 
Right: the same catalysis initial rate data plotted against an adjusted catalyst 
concentration [cat]ï[inhb], where [inhb] is the concentration of a proposed catalyst 
inhibitor/poison assumed to be 8.5x10ï5 mol dmï3. 

 

Figure 120. Effective H2B=NMeH concentration over time from eudiometric H2 
evolution measurement for the dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol 
dmï3 in THF) by 8 (0.01, 0.009 and 0.008 mol%) with 0.01 mol dmï3 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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Figure 121. Polymer data obtained by GPC analysis of the (H2BNHMe)n formed by the 
catalytic dehydropolymerisation of H3BĀNH2Me (1 mol dmï3 in THF) by 8 (0.01 ï 0.033 
mol%, 0.0001 ï 0.00033 mol dmï3) with 0.01 mol dmï3 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 ï 0.0264 mol%) in 

the VTNA format, with normalized mmol of H2 released against normalized t[cat]n. 

Under these conditions the concentration of the catalyst was varied whilst the 

concentration of NH2Me was maintained at 0.01 mol dmï3. 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 8.5x10ï5 mol dm-3 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 tBuOK (see 3.3.1). 
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Figure 122. Left: VTNA plot showing mmol of H2 released against t[cat]3 for the 
dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 in THF) by 8 (0.01-0.0264 
mol%) with 0.01 mol dmï3 of NH2Me. Right: VTNA plot showing moles of H2 released 
against t[cat-inhb] for the dehydropolymerisation of H3BĿNH2Me (0.112 g, 1 mol dmï3 
in THF) by 8 (0.01-0.0264 mol%) with 0.01 mol dmï3  of NH2Me. [inhb] is approximated 
to be 8.5x10ï5 mol dmï3 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 H3BĿNH2Me, the speciation was investigated via NMR 

spectroscopy when using both tBuOK and NH2Me as activators. Post-catalysis this is 

done by in-situ 1H and 31P{1H} 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 ï 90 ÁC, 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 dmï3  (0.03 mol%) for 8 + 2 equivalents of tBuOK and at 0.00033 mol dmï

3 (0.033 mol%) for 8 with 0.01 mol dmï3 of NH2Me were found to be the ideal middle 

ground reaction conditions (Figure 123), where catalyst species NMR signals were 

weak but observable.  

  

Figure 123. The dehydropolymerisation of H3BĀNH2Me (0.112 g, 1 mol dmï3 in 2.5 cm3 
THF) by precatalyst 8 with either 2 equivalents of tBuOK (forming 9) or 0.01 mol dmï3 
of NH2Me to activate. NMR spectroscopy speciation study. 
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In-situ 31P{1H} NMR spectroscopy at ï90 ÁC of samples taken during the induction 

periods of catalysis with 8 activated with either 2 equivalents of tBuOK or 0.01 mol dmï

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 1H NMR spectra also recorded at ï90 ÁC (512 

scans), which show a signal in the hydride region at ï19.6 ppm (t, JHP = 27 Hz, Figure 

125). This signal collapses to a singlet upon phosphorous decoupling of the 1H NMR 

spectrum. This signal likely corresponds to a RuïH that is coupled to two equivalent 

phosphorous environments. The shift of this hydride is typical of that seen in octahedral 

Ru(II) complexes- with aminophosphine ligands where the hydride is trans to a weak 

field ligand: e.g. Clï not Hï such as in RuHCl(PPh3)2(N(Me)2CH2CH2N(Me)2) (ï18.5 

ppm) . 34, 35 This suggests the structure of this species, henceforth referred to as 11 is: 

Ru(iPrCH2CH2NH2)(H)(X) (Figure 125). 
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Figure 124. In-situ 31P{1H} NMR spectra taken during the induction period of the 
dehydropolymerisation of H3BĀNH2Me with 8. A: 8 activated with 0.01 mol dmï3 of 
NH2Me. B: 8 activated with 2 equivalents of tBuOK, 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 ï90 ÁC, 512 scans with a starting catalyst 
concentration of 3.0x10ï4 mol dmï3. 

 

Figure 125. In-situ 1H NMR spectra taken during the induction period of the 
dehydropolymerisation of H3BĀNH2Me with 8. A: 8 activated with 0.01 mol dmï3 of 
NH2Me. B: 8 activated with 2 equivalents of tBuOK, forming 9 in-situ. Both showing the 
same speciation, a triplet at ï 19.6 ppm with JHP = 27 Hz corresponding to a RuïH 
(11). Both recorded in THF at ï 90 ÁC, 512 scans with a starting catalyst concentration 
of 3x10ï4

 mol dmï3. 
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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 H3BĀNH2Me with 8, tentatively identified as structurally 

resembling Ru(iPr2PCH2CH2NH2)(H)(X) (11), stoichiometric hydrogenations of 9 with 

hydrogen sources was investigated. These include H2 gas (see section 3.5.4) which is 

produced during the dehydrogenatation of amine-boranes, H3BĀNH2Me and iPrOH 

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

The reaction of 9 (generated in-situ from 8 and 2 equivalents of tBuOK) in THF and 5 

equivalents of iPrOH resulted in the rapid color change from pink to yellow. The in-situ 

31P{1H} 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 1H NMR 

spectrum showed a broad signal at ï 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 ï90 ÁC to grow 

crystals, from which a single crystal x-ray diffraction crystal structure was obtained. 

 

Figure 126. In-situ 31P{1H} NMR spectrum of the reaction between 9 (generated in-situ 
from 8 and 2 equivalents of tBuOK) and 5 equivalents of iPrOH, showing a new signal 
at 89 ppm, corresponding to P,P-cis-Ru(iPr2PCH2CH2NH2)2(OH)H (11). Inset: In-situ 
1H NMR spectrum of the same reaction showing a hydride signal at ï 21.8 ppm, 
corresponding to P,P-cis-Ru(iPr2PCH2CH2NH2)2(OH)H (11). Both recorded in THF-H8 
at 298 K. 
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The crystal structure was found to be P,P-cis-Ru(iPr2PCH2CH2NH2)2(OH)H Ā (iPrOH)2 

where the OH ligand is trans to the hydride, and is hydrogen bonded by 2 equivalents 

of iPrOH (Figure 127). A single-crystal x-ray diffraction crystal structure was also 

obtained of the un-solvated form P,P-cis-Ru(iPr2PCH2CH2NH2)2(OH)H, crystals of 

which were isolated by fractional crystallisation of the isopropanol solvate in pentane 

at ï90 ÁC (see experimental 4.3.5 for details). In the isopropanol solvated structure 

P,P-cis-Ru(iPr2PCH2CH2NH2)2(OH)H Ā (iPrOH)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(iPr2PCH2CH2NH2)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(iPr2PCH2CH2NH2)2(OH)HĀ(iPrOH)2 
(11Ā(iPrOH)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 [¡] and angles [Á]: Ru(1) ïO(1) 2.2795(18), Ru(1) ï 
N(1) 2.186(2), Ru(1) ï N(2) 2.186(2), Ru(1) ï P(1) 2.2499(6), Ru(1) ï P(2) 2.2477(6), 
C(1) ï N(1)1.476(3), P(1) ï Ru(1) ï N(1) 83.52(6), C(1) ï N(1) ï Ru(1) 113.57(15), 
O(1) ï Ru(1) ï N(1) 81.13(8), O(1) ï Ru(1) ï P(1) 101.22(5). 






































































































































































































































































































