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Abstract

ChaptierThi s introductory chapter oooderstawgics
the research background upon which this thesis
amiberane and polyaminoborane chemical propert
to polyaminoborane formati on, the pottlkeet i al a |
mechani sms-bof aami dehydropol ymerisation and the

|l igand cooperative catalysis.

Chapt:erl the second chapter, the activation an
met al l i gand cobpeadéhydr opmilryemer i sati on cat
i nvestigated, primaril ¥y ifgaouws ciorog eam trihvoed iaumm nnoe

compl exes (BawdtR)HB$s ) Rhhat have recently been r e

group. The sl ow spontandomnasneas sismcsatubinomfi @am
and its poisoni nAbgoreafnfee cdte hyrdr @amioh e mer i sati on ¢
borohydride complexes. -fhts unsolrweddt pdoliloemn hte
substrate scope f or pbroervainoeu sdl gyrmederipeeprdilie@d n aecna nal vy
I's |'imited primari |-byortaon e INenef dintdsn td ea mman ii a e .

Chapterl 8 this chapter the structure, mechani s

for abmirnasene dehydropol ymerisation catalysts bas
but broadly overl ooked rut heni um ami noph
RUR P CECHNH)2C:.  The huisguhaly aunnd r emlcd nBame, dsdf wavr e

spin prec®r@HCHNtH) iRu( characterised and its ele
di scussed. Such precatal ysts -yaerte rsehpoown etdo rex e
amiberane dehydropol ymepiidatcaodoa) yaingd itdhi st irlai
synt hesis of hi ghN-mmadIlhegd ulpaorl ywenii gploto or ane . et hy
pol yami noboranes. Parts of this chapter are p

AngewChem. alrnt cl Ed.

ChaptierTMidi ScumaBapnhner covers the N-etrhsytl raenpdor t
N-propyl -bamane catalytic dehydr opetllyymidNrasédt i on,

propyl pol yaminoboranes utilising the rutheni
( RP¢PCECHNH)}:CE) . The possebl ef catalyst deactiva
these -laoni maemes as Ssubstrates i s also discussed.

Chapt &€&x p®:ment al data, figures, tables and meth
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11l ntroducti on

This thesi g hwei lclatdil yswssané dehnwdropol ymeri sat.
8 Chapt3egand gr cChpp®er(catal ysts. I n this first
I ntroducti olmorianmeo cahmeamiest ry and polyaminoboran
before t he me c hamidst icat ailnyssitg htdse sian for t |
dehydropol ymerisation of amine boranes are dis
perspective on polyaminoborane applications an

the polymers formed.

1. AAmi meor anes and aminoboranes

Ami h®r anes ar e-alcewips odormalrducts consisting of a
donors (WNRere R = H, alkyl, aryl), anhndwheb®r ane
R = H, alFkiyglul) earTyhli)s (don&hybni désedgaisp from t
amine nitrogen -onbbtaheoVvathaetba@pahnN shionrgolne f or n
bond, which brings t hhd \Waltehn @ad oanise dtor n acmaumte s
acceptor complex. The reswuddptngr LeBMAS| eaxd duRt d
i sosteric and isoelectroC@GCRB) wiitm hdteh r il tad ®&tdi @
of 8 valence el ect rtdhnres tawoe ac comtsr ifbowtnedngbyeach c
+ 41 CR in alkanes and 3bo# ame(sB 4 nN)eaicrh amisree b
across the cendthydlri dosddamemdsgach fFargmr3® addit
1) The comparable prototypicaboerampl aseoktthhh
and amromriaasBINK)H respectively.

I n contr aiCt btomdt hew @l kanes,INX me adnaoomtarnaels bosnd |
highly ©polari sed, owing to the differing Paul
atoms: 2.04 for borodhengr&abérfet ecitroogegmativ
than boron means that the dmoemdiens em@rce r oho e
associated with the N donor atom than the B a
weak bond whetareeontdygndodt €d ef Tloims Ni st oapBp.arent w
comparing the bond | engths ailNd i di |aswrinaartad on en
with iChenCthe isoelectroni ciMNnbdonids oisst egiignieftihca
| onger jatndl weaHsieds (30 'kJ tmmoalinC ictosun@ er part (1.5
aHiiAs 377 "WIF(ngouly2dhis | ow bond dissociiMtion ene
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bonds means they are signifiilNabiooihy moeav@c
CiC bonds.

Amine-boranes Alkanes

o-donation
sp® LP—= p;

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

Fi gurfehe comparati ve bonlkddrmanam dernd ial kaam encs
bond |l engths anBiNeseCitChbeonido:BINttie ethane

The electronegativity dN ficemrd nicheosraassn e epaadl
exaggerated polidr iagidlt iBom desf rtelsgpeNt i vel y.
el ectronegativity higher than that that of
H, 2.20, TN: b8d8n@dd4)arB pwwpart sat tarhea hhgyed roind e
NFH bonds are péalparitdied wihtalr gl onaidnbrapest
the increased electron density at the acc:e
of tilebBnds, ilUnpanrti algn ahar ge one stphoen dh yndgrl i
donor N atom compensates by withdrawing a
i mparting a riuedarttiivaell ycHargeron the priotor
The consequence of this is thatHWapdiHETr i n
moi eti es oor aanreisne cal |l ed di Pydydgegenbohbd
i nteractions have beemtals esr \bed aveidinB INo steh
neut-diofnf r arcay oar st al sBNH (¢ tgwd) ®T hoefseH r el at
strong dihydrogen bdéBdi Rdg!) mmbkanath albomafmé 7
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I's a solid at room temper atACr e,comiptalmed wmet hi

i sorsitee and isoelectronic ethan&ACWwhi*ch HKas a mel
H BH;
\Nf
H N 5+ o
H e H H
= P \N B/
H;N=-B—-H wN—B.,
3 N \\\ 6+Hl \H6_
H “H ESH Ig
Ay + j—
‘N'AH
H BH,
Figuleeft : an example of the dihydrogen bondin
crystal struc-bar eRe fgyha mma hiea p aa mna kbioa manrege s on

protons and hydri des.

The pol ariiNt yo onfd thhees BB prof ound i mpact on the r.
Adj ac é&'mptr o onsli'haynddr iHH e s e n aobvleel a@lshlse2fdfaoH her os s

t heiNBbond, amaikhenrganes highly effeé&Amvee r reduci
boranes have been shown to act as highly sel ec:
pol arised bonds such as C=0 and C=N via conc
complementary partilhée apprrgamcd)®eehipé at bert mal

el i minatcfommofacHdNsbom& IBs al so 2flaocsisl iftradmed,

HsBINHBbegi nn+ ngLmitn sdThit $ onn contrast to anal og:

which dehydrogenation is highly endothermic, r

Upon | ogsamioherHanes form anaN=nBafotolmamnésgllRy

unstable reactive intermediates that are isost
instability is due to the -paiekiemcwen DB R deortehd tshpe
and t hebalseiweji sNvhi ch wundergo facil e rleeaccutlieassn bet
t hat i s templ at ed by c o mpHiegnu&)et @m lyi npdaerrteida | Cc

ami nobor anes -orlapgiodideyr icsyec li@n | syo lbwtl ikoyn ,d ewiitvhat i v e s

PpN=B2e xi sting ast*méhomer s
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N-B
H  H i H
\ H,
6+ H\ !-I 5_ —.-" > x_ i'f,
Xx—=48 HB=NH;" ' gR
& RR  x=NRO
oW A HHy
‘N-B -2 H, H-B-N-
H'/ \'H N-B
H H Glyme H-! ~H
H H
| A
! H H !
: H/‘B N'“\H :
I L :
5 N--B.0&"
H 4 \'H
H

Fi gudreop: the hydrogenation eBiNHpoltermpd au f|
complementary dipBobaromnt Enact henmaiBiNde c on
n sol uteloinmibryatH on, f or mi ng an 2B=nNete rwileidd I
subsequent-olyi geamed ioses. Exampl e product
experimentally mul tiple c¢ompoBuNlddasr eo ff otr me
particul ar |2)Bt)haen dt rschhoaritn ( Bl 1%t g d me ¥°s .

From the ear | yb o2r0aOnOebss , wearnei na f par t-dermud iatry
source$oof ude as f uedtsh,eowietth cla94 yg posip EHa & e
dehydrogenat i 8BMH0'f%Als kdreoft her mal deBNH T og
requires a tempeAaforetbf 6V edxttol @auirwed leearst
176C for the second equivalent, tr ansriatpiiodn
rel eakeomM emirmemes at ambi éhtE&trd mp erxatmpr es.
catalysts are titanium sMePr2)c oammpd etxhees i(rsiudcit
l r ( POGOHvVhi ch are reported t ofrebkBdNaHs(i dureeg.u
4)23. Wébrk on catalysts such as these | aid
pol yami noboranes via the catal-porad®giifedr c
pur sui t -boofr aanneisneas fuels has sl owed due to
hydragemg) the dehydrogenation BNBRRoWack
to aMmiomeanes to close the | oop. To dadtreanth
fuels has only been achieved under harsh c

in liquid amten hi?dh pressure.
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tBUz

iPr’@ O—I}) _H
TLi f @7 r‘“H

< o—F
tBUZ

Chirik et al 2007 Goldberg et al 2006

Figu
dehyd
l r ( POGOB howh 24

rEexamples of early transition
rogeBMHi,i nrgelHeasi ng L. eH®{WdPrapnednt of

met al
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1.Rol yaminoboranes

Polyami noboraneas t racggenbobraosned pol ymer s t h
i soelectronic wi t h polyol efins, ¢snshstac
HB=NHMdhpnti vely bonded t oBiNdramk af@dn e x5).€ n d e
Hi storically the term poliy-thinf inmodéd-rgahsi eyl u bel
material of empifrarcnaedd fboyr npuylrao IByNsH s-b@fr atntee
HsBBLNHN the s®Dudi sgatbe pyH:BL KHEIts P@0 cmomeé i
equi val ging lodstH fr oimN abcanods sf arhnei nBy t he par
H2B = No, which rapidPyModEer gosdemrltiesile NMR st udi

materi al have shown it to be a highly bra
alongside | i-onleiagomedi cydeéloydr ocBiugplp)Ea: 3% de
HH
H‘/H H\ ‘NI /H
N. H-B”~ "B-H
H H A A H-N.__N-H
‘N-B Solid-state HHJ H B H
H\ \I/H —Hh H/\H
- H3
H H H H
H H H-L, .-H HHHH
‘o— ~B-N CN
via. B—N o N.__N_
H H H-N-B-y  H-E B H
| H HHHH
Fi gwrlehe ssalaitde pyHsBLMBEits X@0Oproduces a wi deé
dehydrocoupl ed pr odudefsi,nedaf Inati lcédr poley mer
(BBNBhi s depositéed &% a solid.

The first report of a fully <chaobhictgemeset
pol yami nobor &Nme tihy | afmi pr(bEBYO(HMelpy , Ma nente rasl

2008, wher e an i ridi(ulm ( pojJo@Rwa s c autsaeldy s 1
dehydropol ymer i-ser aneBLHNgNHea mi{ g e6) ¢ 2T h &% s ame
catal yst had previousl|l yethedndehpaine g mmdon
borane at | ow concentrat ipaehrsf,o rwheedr ecaast aMayns
mol "3dorh ammoni 4% hveahkegation into the exac
for this catal ynwstt hies Weh ¢ earnndgg rcau m-b gt aoce .
dehydropol ymerisation mechani $§m8Thwel Usbeo
catalyst for the sBLeNaWed rfoaccoiulpiltiantge doft hHe s el
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l' i nedBNHMiat her than the branched polymer and
pyrol yl®RBLlsNifa the controlled production of the
(BB=NHM&2Trhe ther mal deHsBL:nNaINbes,i tu Bl ko€Fi gur e

5) , results primarily in the 2BbHMags onhhef t he
thermodynamic product, and so the catalysed de
l inear, kinBNHMePr gdbu®EX®> (H

The I r catal yst eise @l b(yPOEHPNness al so capabl e
dehydropol HsBe NHEhieng!l i near f op oreydBnebn, l i ke t he
branched materi al f dciromveeds efsrool nu bplyer oilny sailsl, ciosmmo n

hindering chaSTac¢tserniss adltuieont.o the high degree o
bet weeBhNbnplol ymer chaismamewwhitcldiisswipséeidt btyi @ me
of daH By a met hyBNHMedIfMostn gtHudi es of polyamir
thdar repor tBeBNIHMeg )epaft (W for the reagydmemhat it

that i1 s readily ls®&#l.ubl e (see section
IBuz
- Tr’H
Me H O—lP\H
. N__. tBu H Me
H-B~ "B-H A 2 N
| | HsB'NH2ME - “B
H—IN\B,N\—MQ 100 - 130 °C 0.3 mol% s
A [10M] AB in THF HHJ

Figwrfehe t her mal deHyBdrNdeo d plrimmggoft he cyclic tr
(BBNHMegand t he catalysed dehydr opaBINHMenNi sati on |
pol ymer sefl&%tively.
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1.2.1 Polyaminoborane characterisat.

As previously medt,i2dee d u cchhuasradccttieorfi sad li wnl
polyami nobor a(ntBBl bnsauncdh hasghl y crosslinked r
solsitcat e. NVIRec hnidgusecsu bsed will apply pri.i
pol ymers sBUNcHMed®Po( Mami noboranes contai-n bo
chain backbone which B nastf® ti nofant vap pir ooti an
4:1 respectively. Bot h tofv®tl+ie3sy &BI=s o3t)o paensd a
be observed by nuclear magnetic r e5B nwintche
the higher abundance and |, 0wennfpuadtreudddl art
| AB NMR spectroscopy, polsyamibrobaadr gpreeask apep
ai 6ppm, which is an overl|l appbemyvisri gmmdn tcso
pol ymer chain, where each B atom has a sli
to its positiFomu¥?#l nt chievicchuwalBnl NMR2a&BrHv i r o n me
woul d appear as #®Hcouplilngritpleheftwm attac
BHend group has al so'Bb&MR d gtoeptytr efdocrh pusi mo r
pol yaminobor aneis] 8 apjptela NMRg spectra of pol
showHNprotons as ali2bhiS8ppmpeaiHt hB/tdr i des as
peaktlatbh2ppm (when recor;deadnyi npeGG@lnt lad Kyl
observed as br oFaidgeByédd signal s (

-6.09

H Me
N_ - il
\,B\ |I I|
H H .'
n
|
|
|
| |
|
% \
P \
40 ' 20 ' 0 ' -20 ' -40

ppm

FiguT.eThe!B NMBRpect r unBNHMe3$ howi ng a broac
correspondd ma@gr otho eBiW i r on meinnt s ¢ h |IReercaaft adrezd 8
Exampl e sfpreocmh rmuym own wunpublished wor k.
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2.82
222
1.70

H\ Me
o N
c”H \B\
' H H
| n
" THF
THF ||. \
\ [
|
T’_H I| | B-H Pentane
I /
A |INl | L /\
A N ) .|
8 2 ?
) — m ™~
5 ! 3 2 1 0

ppm

Fi gusrehéd NMR spedtB NHMes)hhowi ng signals corresp
NH, 3@Hd 2BlHenvironments at 2.82, 2.22 and 1.70

sol vent from synphecsci gi t(altHF9n a(npdent an e) i's v
chl ordfatm298 K. Example spectrum from my own

As with many polymers gel permeation chromat oc¢
techni quehdracttearei patinyeemor anes. GPC measur ement
the evaluation of polymer chain | ength and st a
di st r i®PPwtliyoanmi nobor anes, |l i ke most polymers, ar
of chain |l engths, d e s carnidb esdo anso | peccluyl dairs pweerisgeh t s
averages. Commonly used average metrics includ:¢
(Mn) either side of which there are an equal n

average mol ecMy) aei tweemghsctietbere are an equal
pol ymer “fThhaei nbsrreadt h of the polymer molecul ar
measured, descriimed wahsi cdhi sipsenreddifVeylrii(g b @ as

The GPC average molecular weight valwues report
obtained by refractive index (RIlI) detectors wh
standar ds. Thi potieritrioallucesntrai nsi c error t o m
hydrodynamic arrangement of pol yami noboranes I
polystyh®Bnef ew reports t hat use direct me a s

pol yami n oNkhor asnuec h anglmul tliit ghthg scafgige st t hat
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measurements overesté6hfatAstFsRl a dfed etcarn od i

measur ement of pol ymer | engt It abugdbiegmitfhiecra
affected by the instrument sef@ipmMMaamdlcali
val cas ghevwen for the same materi al on di ff

comparison of polyaminoborane mol ecul ar we
from different l iterature sourcesonwi ltlhe
classifications of Medd o0 M0 ®,cgd mod evred tgen t @
weighto (10>Ma805@, On®®) agmdmadlhi gh mol Bc>ul ar
100,000 g @MPLC is however very useful for m
of polyami nobor anes when measwmeer omnhet hs

condi.ti ons

100 1~
80
g
c 60
o
=%
o
=40
4
20
OI T T T T T
3.8 4.1 4.4 4.7 5 5.3
Log(M,,)
Figwren example GPBNHMzae mdasured by ian F
THF, showing a | ogarit hmic di sw)rimalatoinv
polystygtrandar ds. Labell ed Wiy talm dM§. hEex a mp Is e t
chromatogram from my own unpublished worKk

spectrometric analysis odr tpeod,y amoweb

(@]

ul ar weights observed are significart

elfletnth.as al so been shown that the ma:¢

c
—

-

s
e
s
spectromedBNHMegFr e not significantly affec
g
c

we i ht, suggesting that only the | ower m
speciemeaswerapl ¢ehis tebcHMasguspectrometry
particularly wuseful dvhwinduiant eamiomgoaltd rnagn et h
make up the polyaminoborane, such as evi de

substituted mMondmer units.
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1.2.2 Substituted polyamBNbMeagnadhes ot her
( BB N R

Pol yami nobor anetsi taugamredbeatsulthse boron or nitroge
groups. As ment ilo,Retdhd nvastct mapnority of resea
pol yami nobor a\aneest hiysINiBafnadt h@ nTthsi s i s due to the e
of t hmo npornee r -baonti anneeBAN HME a BN HIf o r2B K HMea)n d

(BBNBh respectively). There have however been
pol yami noboranes, Nrmalikyly o wlhcsutsisteudt eoch der i vati ve

A | arge nNitanibkeyrl ool yami noboranesyrtrheqits ecg sbya
stoichi ontertarniscf eBH mdt 0 @isndqlsiececi ng unbranched al
groupst mfCRAyrtanyl SiaN@iydg Ldd*d T'Bel synt hesis of a
Ssubstituted polyaminoborane is particularly not
pendant group that -csyput Wetiec umedi fiocapioem such

req

u
s
d

These polymers were obtaii08d howmoeer ahesei elad:
uired | ow temperatures for | ong periods of
g

ol i gome®s, (hno):. TRe polymer obtaianead yhy ct mies hwao
al so has characterival égn@ap!| yol 40ge€) daspdems iwt ye
pol ymer mol ecul ar weight s, My2a0 Oy,i O0fRg05wi0t, O 0ba agh s

mo't) 44

A small erNabkyetgub$tituted polyaminoboranes h
catal yti oimetrfedds3N-gF%ylyl substituted polymer h
reported, where thendrogfl am oalpkiPfls @ dHithyeof cC

syntheses ofSaMbuybstaandutCédd pol ymer%S Tdhree al so
maj ority o f t hese pol ymer s ar e produced by
|l r ( POEPDHand TiMeCQpri) Chhe paleg mebtsai ned in moder a
(~50%) and highly variable selectivity, but ha
of mol ecul ar weights than those produced by s
controlled dehydMw-p dloyim20e000s @ ® 0long~s m§.25 695 .

26, 3¥hé’se dehydropolymerisations howeivker requir
mol %) and suffer from | ow selectivity for poly:
borazines and NBHeBEHRBRE (pHBaNiRgc { BHNY espectively)

238



25, 26,

TBhe®dédhydropol ymer iboa tain®iN KpNHFE) hhyas

been reported, resulting in a hfghly cr

H R

v

N

~

[Cat] or promoter

T

n H3BNH2R B

H H

n

Figur0O8he reported pdsyumesrtiistautddeodnasa moisfinNg o
Ssubstituted pol yamonabesawesh pAmhdant
green have been synthesized catalytica
st oi chi omet r?c 2%4™H% h*¢si s.

The dehydrogenat Nenubest i 58 thed dha misHsR{INeH Mp
and bul kW-sphismait ywib e d aamisisBéNe+Ba)
ol i goBeMe2) ore.
mi n o4®dT hine si.s t hought
bul ky

subsequent

resul ts
ami nobor ane
poly

wher

0 gbor azH nes,
be

i mpede

to due to

a
e Ssubstrates may
i mpede ami nd®bo’fant®e Pol ymeri s

Cl as

dono

sically, it i s expected that

woul d | ead

substituent sb oorna naen

amin b o:BlAl htle , sBINHM=a n dsBINMest rengt hens w

gr
(!

BH/ NH

aali

0 S s

fo

0L
Yy,

onl
i

st
a

ati

stronger
taccapsor ohgam,ed e nbgarl knp Ir ¢
nai mi Picegcd8r aetxcampilNe botnhle o

it h

number of met hyl

g
al PWgt ap Nat ot

Iy

Crys

qui c overtake

t he

obséXKveéonda-s ay
substituentat hstwwewviec
NBIN d Mearn da b i

roups,

i ncreased
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HsBINHPts howed a signiilNi da st laypBlikdPipges uHBgesti ve of
significant st erjiamdclla Hir H3(peHOGH dI3yeiaNaar B
b onF.

I n the dehydr op osBljHp@HS isMevii tom @& iHron hydri de
( FEE(P NP) ( CO) H) , at catal yst | oadings | ower t ha
substrate conversion was repoappdngwot ht bébsarctv
hydride catalyst toaf owanrs ao HRbenrevheyddondbo( B8Ry dr i
species is &log@anaen daermiyde opol ymeri sation cataly
and selectivity*StAant hihe damdatliijdsat. wWlesacn ot obse
signi fi cxBlXHWBWe ,wiitth iH psBINHC HS iedetsh amtorH prone t o
rel easddnuge B aiNelmkred, Bpoi soning the active ca
is more difficult*®Thi semyayropNémydnsetrd settled ami ne
borane substrates and explain Ndhebssgpdmuwsgedva

pol yaminoboranes, thisCWwapt.ebe2expl ored furthe

Only one Bsesoabshitofted polyaminoboranes has beet
phenylpaaCateiphenyl S u bFd tgiulrieeTnhtess e( pol ymers have |
prepared unselectively, forming | arge amounts ¢
catalyst | oadi n§sSThesBsh bsmaltAt-edr ammisneand
pol yamamboranes are susceptible to both the ther
acrossiN hkeonBl a-dd hydreogenati on, l eading to po
pol ymer 53 iTdlicds .i nstabil ity iBsmemdygtl -bpomiamenent w
( Me2BINH) hwch decomposesC stl @wi gBNrbst MEIEGBN H,

HsBAHand (HBBMeg) thus far has not been successf

unl i keNsubésitut ed?6.-aréleogoleser ved product s of
dehydrocoupling ar ®anbdorMedb(hféeH ( HEBMa)ggest ed t he
i nducti ve electromBsdbeattogecfbbkyl ofhroups | €
el ectrophilic bordN &atdi we mommwme,aktehherBef ore ¢t he
facilitidltimgndB cl eavage and r eBesiudtsrtii b wttiean

pol yami noboranes 2mucrhe datsc i( g HEBtEHolriet ye.l ect roph
boron in 2pMehlHEBMNHc o mpBMdtb),)t oo s( Hal so suggested to
t hegHBhydricity, and therefore the proBensity t
met hyl p&mgemérylt dor azi*he ( HNBMe)
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[Cat] N
nHzRB'NHg > \B
H R
n
e o
- D Q
CF,

Figurl@dhe reported pdBlswmertii & auttieddnosa aopfe s a mon
Bsubstituted pod3° ami noboranes.

Notabl vy, the formation of subst iBiNWMeewi tplo |
atoeenf ficient (catalytic) methods, with hig

yet to be demonstrated. For the substrate
be expanded, the mechani sms of «cat aslcyospies,
such as steric |Iimitations and catalyst de
wi || be discChaptefulther in
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1.Bol yami nobor anme sly athiihce sciosnsi der ati ons

Since the byiMarmider rrismpaerrOtta8a s hleeen hconsi der abl e
direched under standi ng -ktdirea nper odceelsysd roofp od mimree i s
control properties of sehecponvaltega ualpadrdbdwidieglh t()i ..
Dehydropol ymerisation cons.IFisttshe fddahwod ri mgdeerpaetnidc

of t he-b@ama menommoener to form the true aminobor e

separately the aminoborane is skiegetriosdallct pol y
( BBNHR(Fi gulre rat her than the cycl bBENHBRY®r modynat
This overall process is refeffed to as a casca
Premonomer H Me
[Cat] or promoter N §
n H3B'NH2ME >~ \B/
-H Pt
2 H H
- -n

[Cat] | —H, T
>~ [H,B=NHMe]

Catalytic/stoichiometric

True icati
dehydrogenation polymerisation

monomer

Figulr2zeThe two samep®ranhe dehydropol yomerainseati on,
dehydrogenation and subsequent aminoborane pol

1.3.1 Polymerisation mechanism

The polymerisati-bor asnee pdehmy damiprod ymeri sati on i
understood procetscs parsoba iimdedpendenutlity from t he
The aminoborane monomer produced from dehydrog:t
species at very |l ow concentration, which i s tt
that the dehydrogenaticamrenépymwst ho@oliy menpi s ¢
avoid these practical di fficulties, computati o
mechani sm of chain initiation, propagation an.

attack of a nucleophnleaminbbot ape Bf at mmngfa L

(Fi gur¥°The identity of this nucleophile is d
pol ymeri sati on, amibliex uédiet lbaurc ha aso ITHEFERt an amir
hydride from the dehyd?% pFTyhfress ¢ Isedgidodnd ddcat al y s
thantacks from the nitrogen | one pair on the ir
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of aminobor awhechfthe chain contithtuaisl t mampm
(FigLﬂ.l’3é4' 56, 59, 6 2

The energy barrier fexrt emasliyome whemai milte rag te
from a catalyst is calcultateidgrniof ibceantolw a
energy barmeteal -bbyogloamer i sati on'l, atexd2 .ai nkc
selectivity for |i%eal aip ebloyuanedi alorh onrosbroer.a n e
from édmirmemne dehydrogenation provi t€eeer db
suggestions have been made for the ter min:
on end group anal ysi s NMR pspbgamrosbopane
spectrometryjBHvhmred eamioneh capped pol ymers

suggesting elsacntd*alflei |eetst aBkked by the gro

(Fi gufd*® %%hi s i s supported by t he pr ot
(H2B ( N M#2H reducing pol ymer mol ecul ar wei g
dehydropol ymerisations, |likeP% ®cting as &
Initiation Propagation Termination
= _ = H*, BH
Nu = NH,Me, M-H H, O\Me 3
. o W H’H/L
H Ow H H') “H H H ”B"N'
CBEND L e N — H BNl 4%
H” *H +B-N., — .B-N /0 H Me
) Hy \'H HY/ s\l HMe,
Nu: Nu Me Nu H Me

Figur3dlechani sm for -thethacéeopbi ymeri satic

sol vemitne aor-hyndertiale catal yst. Propagati on
nucl eophile adduct attacks into a second
where the nucleophilic chain end atotraeBH i
56
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1.3.2 Aminebher amieom mechani sms

The for mat iforrmumeomhomeire ami noboranes can be faci
temperature by <catalytic or stoichi olmegltric pr
aminoboranes can be stable toward oligomeri sat
Upon reaction with primary aminesPetNtBddse hinde
can actztasanBHer reagents, stoichiometrically

unhirnedde ami noborane and tFh ey ulsdéAosn dnaernyt i aomnmiende i n(

sectli.@Bn ami nes can act as nucleophilioninitiato
and so if the reaction is performed at | ow ten
the primary aminoboranes, péifThami mebboandédowane
has | imited selectivity duebaroarmsd dfeo rrmeatcitd m nasn d

also form polymer with=1a2le 2Jheperdictaysev adlf uen
equi vaPemddeof monomer unit polymerised in this
the polymerisatiec®namec@aborl y atom

Ami h®r anes can be spontaneously dehlMpndtedenated
aci dX (where X= OeFds), , Cloomi B¢ Ca [NBlldX)i uwh esrad

in the B@Bse, Xt Fe ancoor dsnabnng-z2faonrdmss oa tshoel vBeHn t
adductTHF,2@PEThi s boronium species can then be
amine basédPpNHchelasasi ng an ampridWwhen aRe=( RBIN=BH

the formed aminoborane pol ymeri sefsi,gurdekel y i ni
This process is however unsel edhd veQO @ rodmacli ng
land is also poorly atom economical
_ H, 7

H, — .\\'_Pr + RNH, — "B:N“‘R + 'Pr,NH

H” "iPr H” “H

R\ /H R\ /x Base H, R

A T o O T oY

d N -H, JWH [BaseHix]
Fi gurdgop:2tBrinsf @eN=fBeHoon a pri mary amine to form
aminoborane2 ( RBdtEBbB mM: Acid promoted exchange
borand Bond, followed by deprotonat4*orf®to form
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The most reported method of amhobbpbpaneesyge
I $ heatalytic dedhfydatmpere@aatei gmemgnomamsi ti o
catal ystpr oclTdhessees be separated into four n
mechani s m: nanoparticl e iMe cdhiyatrd dd;e iarbrsdrr a:
spheri¢d/TBl activatio# i qaaandd med dppe mahtei vieat t e
mechani sms i nvokehyndorliedceusl aars naecttailv’e cat al y

A)Nanoparticle catdlpsdaée!| suslke dad.yarMa e rns
by the reefdumdli®eanul ar transi fbynt metbalmanepe
subst3att&#heé® exact mechamirsameofdedqmidnedogenat
species is currently unknown, however it
Hodonor sulisthrPatg®eHs. sThis would involve tran
from acr édMsbdrme tBo the nanoparticle surfa
foll owed by subseqgeingurpél®i mi nati on of H

H H H_ _ R

J R H,B-—N\

H/ \h'll,,,,H H/’;-I R

H —PH’B‘I\Ilf,H H - > HH
[M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M] [M][M] [M] [M]

Figurbséehpropomsaendoparticle medi ated -dehgdesgt
form aminolbhoer aamsnobor ane i s first adsor
nanoparticle,iHFfFIBIIl abwed abyi &dn and amimabadry
the adsorbed H atoms®®are eliminated as H

B)l nner siplhearbestBacti on cat al y sttésa niptee raa ree
compl exes, where an ebgouriavnaed esnu b sotfr atthee iasmic
metal cewxtteneebel8r oAdAd bnTdigi.s®®can be foll o\
abstracti olmnfi beem atnlee c dkhpb g x a Nb asaen saimihn ea s
adjacenhydreitdé, releasi hdg Fm % mienclmrsrea md.
met al hydride acti ng-dashya rimagseen, ca nipaleikl e sr
i b h[efPreR NP) cHB) ] [FTBArecatal yst system r5é&pbdt’@
I'n the case of an amine baserotbeat esmede
met-laydride to also form a dit hg dBRPONOPE &lmj
precatalyst systen r@ippoum&®d by Well er e
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H
Hx;,‘ ’A\H + R
BN, > [M]LH'--H-N-H
T Y ) -HB=NHR
H H RH,N
H/,,‘ ’\\H
H3;B-NH,R B-N l - NH;R

(M] — [M]—H R

4 H
S~ M L

H
— [M]—!

HY CN.g -HB=NHR H
H =
H
|
Figulrée®Pr oposed inrndrabepheaethiBamnamidrehydr ogenat
mechanism. Top routiél: tamins ¢ eamifiv @imamde Bcompl ex
to the metal centre forming an aminoborane, f ol
H2 | o0s*8Bott om:al mehydri deiHmedaatediraBofi dh@emaae
complex to the metal centre foglniddy. &n "&mitnobo

| nnseprheil®/INB activation catalysts can also oper
addi tiofnr ooni aH tedr dbmmmaene to the met al and sim
doubl e bondFifgpunfat iTdhire (active catalyst species
oxi dati onl swoadtrediannadt e, al | owiomr g nfeo rc ofoa dii Ineat a minr
met al centre okildate€e'd> (¥ *&E&®armples include t
Il r(POGOAERB Ystem reported.floy Méanrcehr DFeEt call cul ati o
I'A'radnd'iYrcycles are energeticdlMiys amastssi bkel y)
however it should be noted that most catalyst

been proposed also have other suggesikd mechar
abstracti olni gaarndmectoadlp e foat 16wil tsyo. i s cmd sad iysltes t h:
thought to operate by a cefmrcemteidmwikid/Nime o wve Bd
Hacti vpartoicoene sithbeypedqueaxi dadti ve addi-ddroaBnef an an
Hbond at the metal Niéléemansf efolaihdweadni mpbor ane d
thenl oHss via redu(tigualéé A rhiyrbatiidommechani sm ¢ oml
aspects of Fhgtlreembiwnurleas been proposed by Wel
for abmirneene dehydropol ymer i s®tXiaomnt pwiotsh) Hp r avhatr &
conceritHedacB i vati on and di h ylebroinddee d ¢ odni vheyrdsrioogre n
mai ntains the Rh o’flihdiast iiosn fsotlaljpoewoeatp tbeyt | ahnyidnrei d e

transfer and ammonium protonation of a hydride
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H R
H\ T H
B—N\
HsB-NH,R H.H H
[MX] — [M¥] —» H-[M**]
- H,B=NHR
or
R R
H ‘N\\\H H ‘NFH
.« N
H"B" ~H HB %" H H
H3;B-NH;R | ) |
[MX] R [Mx+2]_H — [Mx+2]_H » H_[Mx+2]
- H,B=NHR

|

Figur7i@r oposed i nnkhiMHsphbeérmecBhiaom sms. Top:
amiberanke 8ndH Noxi dati ve a dnkimbieocredvimet al
transition state releasing an aminohbrame,
the met a3l BFémtom:. st epwi aik adBxindkatdidvi t iTon &
H activation releasing an aminobor axfer,onf o
the metal” c’&ntre.

C)Met-lalgand cooperative catalysts oper-ate
borane substrate, catabdystComptaht ceatft ega
have been studied for @r amnsf o mealtieievdaynst;o fe xa

wi | | be introldudced i n section

The first, and |l ess common;l igrampo xceod pree ah ¢

boarne dehydrogenati on appseide sr itnog acroonn aafiinci/i

Pincer | igands wi tséhd agwhmattiitcd elretag omah ény |l |,
as tranmisemrtd Brases, d eigHr ocotno naa t b cnuhnoda aannN naen
facil iifHattirnaghsBer to fhePhmest ails cemalregous

deprotonat ilamianeb obuonrdaneHc bmguluigdk nag¢ tB vati o
hydride transfer to the catalyst met al ce
ment i oindeed ivhf ¢2%a.Bx afiplles where the adceamtdo
adjatent he aryl rin% ®hiesataon reporvedar o
aryl system upon addi thetmwedn atnh e qme tvall eat

deraomat i zed aspsd g(uUlB°The presence of an ary
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does not however dugraandt eccoopematiave mechani st
examples have been reported, tHe (PO n e nt e X
system reported.fboyr Mahh ncehnidll &tctalvati on are prop
occur at the metwlarcerct paitivindgh Bd gaon

H
!,
B

n

H( Ay
P HyB'NHR p [ HoH
Mm-S o
P P -H,B=NHR P
T -H2 ‘

R
H,\
‘N= H

Figur8Proposed mechani samsi 6bedt met alryl i gand ¢
dehydrogenati on s.f Taonpi:n ep hbeonryal nigdr i tnrga nassd irs t wida
deprotonati onboafarn#@n Namirred ease an aminoborane,
|l i gand. Bottiéimtrassifered oBrelease an aminobor a
an anrbionreaiit NNy a met hine d¢agraman dmcal PNRtled by
aromati sation/ dearomatisation of the pyridine.
Lt ype ttoymen &Xonor upon reversibl& HBydrogenati on

The most stewodioper At gantdy slycit admeshyfdorogamanheon
i nvol ve @H Imogiaentdy Nmadj acent to a met al hydri de.
coordinated by bidentate or tridentate pincer |
support the geitimandy mef at hdé yoionidnés i 3T htéhe syn
proposed mechanisms for such | igand cooperatiyv
di fferent rel ated rowuempl atiendhec o spdreatei vaemi ddehy

and outer sphere dihydrogen bondi mq*b ethpP@Qted «
72,884
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The i nner sphere mechamiidan d mtviol ev Esspr ehraiimed a
pair the | igamadonmarbgewvaaadt met al cent
har ges acr easnsi dtoh eb onmedt atle mp | at e« htalreg ecso mml e
or ani¢tds aBRid, Nresul ting:2aar addiiNt libe mM o7 hH s

ccurs by deproto-batadHd by @Bmhe aammineéoiH f ol

o o O

~—+

ransfer to the metal forming an amime &
ami noboFRiagnukryet® THi s is related to the role
i nner sipHh ealestB acti on mechanism mentieoened
coor dilraantiende b oH ainee e p r o troannastfeedd sahrngdd Bti de t
met al cFe gtudré&e *8A1 so similarly toiHtRdstimnaet
mechani s m, fHeamai met &Nl i mpadedf d®@mekehm met a
bond and a sigma difthyfhiogemoacodiphaixed di

di ssociates or is di-spl aceds blys @nfra tydle)@d la end
87

N
H’"JH}_-B\‘\\H
H3B-NH,R H_) (H H--—H H
Riw__ S Y N— R.
N—([M] «N—[M] — poN—[M] — N—[M]
P RUNCP | -HB=NHR = NP \_P
T -H2
Figuid® The i nner sphere ami do medi at ed
dehydrogenation of amine:2bortamassf &nr ed uf n
ami-ber aind MBond to across the met al ami do b
The formed metalathgdrti e adkjpdepd rethi lmbaadd nl
rdg orming the me&%l amido bond.

I n the outer sphere dihydrogen coojgamaneéev
protomw maenal hydride templ altBHt & @ dNiaHp porno atchhe
ameborane via dihydrogen bondilnpl®>*i nhheer ac
ami neboiknes Nt hen deprotonated by the me
di hydrogen complbeoxunai tahmi t Foagon@8B% (I%hi s

ami dobd&NhBaineg mor e rmncehgaatgievde ItyiHaima ntdhes oB t he fr
switches bindindHnmoidredi nwilttho gtahhee aM d THhe
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di spl acsingima whred di hydrogen fr &ing tuzhpe.* mest al cen
variation whlkorandeNamemai ns biHu nd rtoau gthltoeu tl it chae

mechanism prior to aminoborane di‘Esechatmdn ha

ami dobor arnaen stfheekhstta Bhe metal centre, releasing
rd orming the eg@i)e*hy dhi€dé aourability of eith
outer sphere met al |l i gand cooperative mechanis
t he met al hydride relative to the dihydrogen c
the sigma dihydrogen compl ex, for whech disso
mechanism wil P°Cpmpdomi hanhal study is required
pat hway i s taken by a particular catalyst spec
HY TH

Para R L W31

(A HN Ty e

Ho B neNer W (H H HoH H\UC',"

RN Ll R 1 . e

P P -H; P

T - H,B=NHR

FiguZOeThe outer sphere dihydrogen bond mediat e
mechanism -boramaemi dehydrogenation. The met al hy
ami-ber aniél NoO form a di hydr ogen compl ex, whi c
rearrangement of the abmodaind riBoginde nits. tAMNe na nma cntei \
rd orming t hrei dreetardd heldi mi natdi*ng®ah* ami nobor ane.

40



1.4 Meitgagddnd cooperative catalysis

Many earl|l y exampoluess oorfg ahnoonmoegteanl | i ¢ catal ys
activated and transfor med, invol ve direct
I fnade ZN aetgtlaer ol ef i n pol ymerips atciec s ared f
carbonyPaBRienmechani sms of such cat areytstls
Ssubstrate interactions including oxidatiywv
el imi A&%tf¥on.

I n nature, the catalytic transformatiaom® o0
i mportanes’BOfomeasst i cul ar interest is the u
me t-lailgand cooperativity in enzrysmeosf tsomallo wer

Substratescasdcait taisvaNi on so that heterolys
condi P33 dWfdrogenase enzymes in certain bac
t he gl obal nitrogen cycl e, talcades eofstidme sc om
the barshemolfyosi N such that it can occur a
bi ol odflmalhlyydr ogenase enzymes, cysteine th
Ni met al centres facilibhabyng@acthegspbki tat i
(Fi guwr)@d3An analogous interaction i s respons
asymmetricdrogesfaei omycatal yst, rwehpearet ead |bi
atom facilitates the dehydrogenation of

carbonyl &Filgaar)@®tes (

Cys—S§ CN C
\ /~_CN ys—S
N /Fé/ H, \NI/ Ned /CN
/ v N <
cys—s V% S7'SH “co Cys—s’ \S"/fs‘ \‘CO
CysCys cyscys
Ph Ph
Ph _o, P~ '/o\
Ph\%rphﬂ Ph | Ph "
o)
RU—‘__H 0 OC\RU
oc ) ~
)k )k OC‘r H
Fi g®rl@dop: Metal | igand cooperative activat
at t he active site of a FeNi*Batydo myg e nt:
dehydrogenation of isopropanol with #ffet%I
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The early r epoaatl rmet &Slhvloi gand cooperativity in
set the stage for further eadiladreaesr eiprorthad fh
enantioselective asymmetric transfer hydr ogen
catalysts, finding that %@mith’% sl wganfilsrwéeee Bayp
on in subsequent pHI bcdanctaaiiminnsg waheireeeeNosalsewn | i ga
to vastly accelerate clatteal 6/t airdatan (eOF! ifaiotm r
|l igand cooperative mechanism -amisdosugmessedmal
di hydrogen compl &% gun¥eiomedcki aatdedsi t@ono o

me t-ami do bond from a donor Ssubstrate such e
I ntermol ecul ar hydrogen bonding had been prev

reactions with df%up 9 complexes.

Adhering to the principl ocofandi NyDcopitygpreemet s
cooperative catalysts catalyse both the hydr oc
dehydrogenation of alcoh®! £%°0omm ¢ghve khetroepestan
clear t hat the fields ofenhaytdiroongeammd i @mi e a nbsof
dehydrogenation are intrinsically linked due t
catalysts used; altdheholcsti amadi ami méd boranes by
catalysts is mechani(Bitg2rdd | Y hel ompekeyreekeateddv
amiberane dehydrogenation catalysts such as th
and adjacent met al hydri dleoranndf raomm n @i sntooi veetrii e
hydrogenation and transfer hydrogenation in ca
Shvo. Therefore, similar catalyst 8de&%’i g% Bre

R H
R0 H?HB,H
H H
N—I[M] ;[
0 H OH H,B=NHR R\P
R R, R, HiB-NH,R
H H RN—
| | _ _ [(M]
N—IM] AL N f,!‘”] \-F
owjﬁ./OH K /HZ
Ra)J\R‘t ITif l‘?l Ry™ Ry HTH
N—[M] RON—V]
P
Figwré ef t : a simpypdeiedamMofyer i hydrogenati on me
met al |l igand cooperative dehydrogenation of a
ket ol9®%3: RP53ht: TFshpeheirneneami do medi ated met al |

dehydr ogemsatnieorboafanes to f8fr m aminoboranes.
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1.5 Catalyst dlesgamdfooomet al i ve

dehydropol ymerisati on

Al t hough much work has been published on
homogeneous catalysts for substormngt € hlrey cerfd g
met al centre has been | ess thoroughly- exp
borane dehydropolymerisation catalysts du
area. As menti oned i nl.3Jdda hpr eneicchuasna rssafse ri

hydrogenation catalysts ardovang demydrarog

Parall el s can be drawn bet ween met al anc
mechani sms, with the catalyst mechani sms
al |l reaedwvanpebyam naoshnrtahreesi s Il nvol ve ami
cooperative catalysts, %% 5hi®% % 18* be t he

1.5.1 Ligand effects

For efficientomacoi vati sobefrdtes s-bhohamss
across -Rimeogén bond in a hydrogenation/ de
an inner or outer sphere metal cooperative
| i gaiHd aN e necesnstaraitl ys opmmee speoi nt ©2Octt laeh eda te
compl exes are ideal for t eiMpN aangnlge tihsi sc or
to & OMultidentate amine | igands mhakpi shaab
(eithefki mi nagsumsant roart e dehydr ogeilNath omd iarcr
correct conf or matiNMhH adidh ebdrianlg a t{Eel gHR3E. 0 s €

A ocmmonly wused | igand type for this purpo
l i gands 2CHPRR)ECHA strongl-pgolhydiHedla iits al sc
advantageous for met al |l igand cooperative

|l argden the hydride aids both t enbpdraaneng( oou
sphere mechanism) and pr ot ebnoartaiinéén fNo ¢ c 2ld e nk

l osFi gu2¥'°This is facilitated by strong
phosphi nMACK®. gi ncer |l igands or ot her ami
donor | igands trans to the metal hydri de

|l igand cooperative dehydropol ymerisation
trans h%drdf 85110
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I-{ R
4, ’\\H H
"eboN R\
7N - B
&-H  Ho HN"" ™H
\ r6__ |
5+H H H H-H
Outer sphere \ PR, \ ~|5PR
N—M—§ — = N——M—§ »
(_ A (_;M —_—
P'H P H -H,
PR, PR;
5+ -
--H
: PR, PR
inner sphere _M_g — N—M—§
A
(—P;‘ﬁ -Hz <'P7{H
PR, PR,
Fi gu23NH bearing MACHO | igand <cooperative del
showing reaction geometries and inductive eff:¢
donors that increase!ydt% de donating ability.

1.5 e2 aM centre effects

Mo st hydrogenation/ dehyttoogeeratdemydaongolaynmenrei
catalysts afmethals edastamasdoer ane dehydropol ymer.i
catalysts operating by a met al |l i gandc cooper at
species thmet hlaveerdtres!' WhuiRh* afe 8H ol 110

energetic barriers to the operation of amido m
catalysts are primarily t2aecrsouwbssNtrhbetfeMoanct i vat i
the approaching substrate, or the subsequent I
bond, and so the speciffmécalpreédrr eds et if®s Ber &dd

As mentioned previously, octahedr al grometry
ami do met al |l igand cooperative deteyldercotgreonnaitci on
configuration is the only commonly observed si

geometEyamples of hiddhsfapomabhagmesecul e bindir
activation at met al centthrest!élwawvwsepi heen ecepon
configurations can be f avbluy edt rfoomrg 3fdi eed all isg asr
as phosphMAEHO( @i gcefb |Tihdiasn disgem| s ®wature whe
Hractivating hydrogenase metal "aenz }Cre d i gamtdai r
to retain | ow spin in 3diRgeaerAad!™Ni metal centr
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dmetal centréd@rsuahsas!| Div spin however t
compl exes that are not as conducive to ami
geometry. This is due to the reqneitrad d hdafr
and | iigHandhtd the same pl ane, a n e ¢Feisgsuirtey
23198 Consequently, 8 allarhbughl)ssad squar e p
hydrogenation/ dehydrogenation compl exes wi
are not thought to opertaitvee tnhercohldgnhids$hmisg asnd
|l igands where the cooperative funct iMoH al

may all ow coopfme acd nvtirteysswaaninch adea r equli®® i n

i-{ R
H. r.H
BN
/ \
H H
H H
H PR, \ ~—|-PR;
N—M—H —> N—M
d® Outer sphere <7 7
PR, PR,
H--H
HN"' ; Pﬁz | —| PR, —
d® inner sphere a : —M —
e 7 -H;
PR, PR,
Fi gu2rdeThe conformati onal Chamgéexesquior adt
ami-aeni do | igand cooperative dehydrogenatic

The required migration of t heiHmeetfafl esch sudarti
energy penalty to thisomlegxhdahygdr o@enmatsioo
predomtofatlés

Wit hSimetdl complexes, periodic trends dict:
hydrogenation/ dehydrogentado i'' e Chat aky $tre.e
change for met al |l i gand cooperative dehyd
met al centre oxidation state and el ectron

becomes mofeSisnmuabtlaenneous!l y, t hy dfactkhel omeatt

MAto 'EFe® 'Qoentre decreases, seonflye imareri e
dehydrogenation increases, further favour |
(Fi gwryeél”

The row effect also plays a role in deh
significant di fferences bet ween 3d, 4d a
complicated by the tendencprboesndsr gbasti i
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with the intended two electron process s or ev
Down the grfowps'tCe.'&ho''het al centre back donat.i
i ncreases as radial extension increases due to
Hz) antibonding orbitals. Thi s resul ts i n mo r
cleavage dowhi d Br§él§ rTéhfips (more favourable hydrog
facilitates the dehydrogenation step 4 n dehyd:]
borane dehydropolymeressastdehydsogenaedeptweher e

be subsequently displaced from the catalyst. T
met al cent r'édsi ssfuacvhd rsss Ils t he activat®d hydrid
119 Thi s i s seen when aclolnyp ariidnégn'a msdtarl (Rdtl ur

dehydropol ymerisation catalysts with cooperati i
species operad egawnida c anoeprentaantditsvnme, t he i ri di um doe
due to a highleor$shBPieitethet o ndreased stability o
states in | ower transition metal rows, this ir

I' Naxi dative addition/reductive eli®ifrhasi on cy
i s i kel y al so the calse@er afnober daenh yds mige ma taimo m e
operati ng'/'! Obtay cdlhé&2®©Os

Metal backbonding ability

30
¥

Mn' > Fe!' > co'l

5d > 4d > 3d
Fi gwrs5dransition metal d ordbonhkilt dlaxc kafonkay doind &
substr atkesdonBa i on ability increases with decr e
same electroni & chwmd itgaur kit gloer (el ectron densi-t
and increases 5d > 4d > 3d due to increased d c

overitgpits
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The bal
di ssoci

catal ys

ance between favourabl e s
ation i n an ami ne/ ami do
t is best found in Beg®mpdl

the preferenc@éf dousesow hsepiindedal

ubstrate

met al I 1 ¢
8y DR  4dwyi
met dandent

RA!" 3d metal'amentfmaes blee si mi |l arly fagamudsab
are used that disfavour high spin, and fav
orbitals of -dppomaschbh saitgr dt es. For a full a
the ionic radius and |ligand Lewis tdheoe
from 3d to 4d and 5d metal s, al so playing
|l i gand cooper atitihel?2bechani sms.
A R H
\
H”',N:B\"\H
\ . ~N—I[M]
—(M] *UNCP
R P P
3d ',r—\‘ 5d ‘;—‘
f' ‘\‘ 4d" \1 via
4d "",‘ \‘ \‘ ':' ; \“}l R H—|H
] Vi H K
5d ';::';—\‘ W 3d :": — ‘\:i‘ N—[M]
AG i W i W P
! / W It ‘\““
';’ ‘\““ l'l:' “‘\l
Ef’ \‘\:‘ #’ \\\‘
\\‘ \\
i " 1
N "k
P ~N—[M] R
+
NP N—IM]
H;B-NH,R P
- H,B=NHR
.H2
FigkmA simplified free energy diagram d4sin
bor adneehydr ogenati on mechanism as an exampl
effects on thebbaaneedehydramenat i on( r(ilgehftt
for 3d, 4d & 4d metal centré&%® 38 dark bl L
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1. ol yaminoborane materials applications

norganic polymers, including polyaminoboranes,
ol ymers such as polyolefins and often fulfil
rganic polymers owetliend edlondienrognl yl iffiel If otrhestruct u
ue to their resilience and chemtbalughnetti hese
i gnificantl yhavees swifdree qgrueemgtilnygg physi cal proper:t
umerous roles. Theommémncieahmpl euoéeasf ul i nor |
ilicones (poiOysiwhixameasre (Bs&®d as high temper :
bricant s, and specialised adhesi ves. Many |

nw S »w o O T

u
ol ymer s such as PR ypallyaphansesha@zZpkRsand ( PR

ol ythiazyhayyd SBNéen investigated for their phy
uch as ther mal resistivity and electrical cor
tside special t’deHorappkamptiilocoo.n based polynm

| yborazyl enes (pol ymer sNss) t hr bonademnedenvoalome

Y T O O»wW T T

spect?®vé&pplications for whircehngadaithe amidgh htee ma

-

u
0
s preceramics for -dtemesi syntshddiconofcarbwde anc
e
e

resistant structur al mat 4% als in aerospace te

The initial focus of work on polyaminoborane s
hydrogen storage material, hel ping the transit
energy source. Hydrogen itself is too | ow densi
hi gh pressures to be viable which add unavoi dat
chemical expl Piovyg amamabior anes andbdoamesprecurs
were among the materials suggested(dde wt 8 t he
forBNHY)'3°The hydrogen can be released ther mal
di scussed previloaletdy2 iamds dgt Hgdieody§fisculty co
with the regeneration of the subsequent BN mat
ami-berane or pol yami nobor ane, which is ther moc
the direct sreeéctibe prohgrdss has been ,made to ¢
with the most viable process thus far invol vin

| iquid ammonia under CHigh pressures at 60

The more recent focus for polyaminoborane appl
for the i mproved-ns$ymwiBadesoins noift rdaodrecsn are refrac:
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with high chemical resistance. Similarly t
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rrm multiple polymodphke: cudbmel yb-@diy & momidit
ap-hi ke hexagona(liBMo.r oQumrnenmti deynt heti c t
ati ngs eonfd BMH high temperatures to form
|l l owed by annealing and hot prléBginmngi at
|l yami noboranes as a pr é&lcemaamird.,al siorsaic b
ructures and fibres may be attainabl e,

ich can then be thermolyzed into BN.

e homopol ymer poidBWN&nma mdB(bHH Beaprse (bH i tt | e

th a glass transition temperatures cl os
are far from amenable to classical pol
trusi®Bfmiet d)s. due to the bargegnudinbhegdr ofg e
teractions betweern2)pollyfmetr hichadinBy drsege
uld be disrupted, for example by the ini
e processability of the forndd opvaInya nhion
orough i nvestigations of material s pr o
' yami ndNsabsnetuents has been reported ¢
kyl groups are intrompalcerd ¢ dlev esndfl suMfiel d rt

| ated polyolefins show similar effects,

enonomer (< 5%) introduced to polyethyl en

melting temperature of the polymers.

n

-~

order to fmaltley i @aX @l prreo ptelrd i es of pol ya
ansition temperature, solubility and ce
er their synthesis needs to be demonstr
ngt h, mo n o merro srsatiinksi ngndare critical t o
| yami noborane material s properties, as
operative catalysts have been shown to b
rmati on. Cat allysn meaonhamilstaincdd Umudear st an
hydropol ymerisation is needed to be abl
neable properties, which would be a ste
only academic intecacteisandlo mptpénicalts .ons
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2. The dehydropolyméoraaesomwi 6 h"Pgmone 9
catal ysts

The tridentate MAGHHPR)iage&anderSSHtCHe component s
reported met al |l i gand cooperative cat a
hydrogenation/ dehgid@Fogenjat ( 9@e dapMdiigen f i r st

reported MACHOMAGHG@GDuy(sPPNPH RCO) Ca s devel oped for
the catalytic reduction?*Tohfesestceaartsal lyystesy djremgea me
active spetdneest aMi tchen er s and metal hydrides ad

They operate via inner or outer sphere metal
s ec tli.po3d
'MACHO' ligand 'Ru-MACHO'
H
R,P PR H‘NC‘REEZIBZ
2\/\|}|/\/ 2 P/I
H Phy
R = Ph, Cy, iPr, Bu Saito et al
2012
Fi gWwlrrfeef t: The tsrtirduecnttuartee oafmi nophosphine MACHO
the first reportetMABANOHO catalyst: Ru

Catal yst s wi t h MACHO l i gands haweor aheo bee
dehydropol ymerisation with group 8'Tarde9 met a
MACHO <cat aclaynstoften be used at | ow | oadings (<
fast, for example t HaPNRt(Ptiham aatrabpbpst eBu{ OF
up tolf2dr st he dehydBaANdHMeatlifonomd dHf the most
devel opmentest,. aWeloltdhreed MACHOt ai ni ng piPecat al yst
PNP) (NBD)1l) [ @dé¢maydropol ymeri sation piocatnel yst f
(HsBAN BMe) .

Compllex rabust precatal yst ot hbaet chaapsa bd eee no fs hcoawt na
ami-berane dehydropolymerisation at very | ow ca
which remarkably works in air, despite the ac
sensiRiigver3éfThe activation roudt es mdcitfhiec glrley ah av
NBD placeholder ligand is |l ost anddo tR'Rei snet al
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currently not kmewm@an Il midwuical loynw tplei ®d t o
ofsBMHMewi Ldfter whicRhREPNP)EBxDEn d AR P ) 3H

3)ar e obsedPkt}d MMR spediThesdaopy.dr i2danthkebf
be usegrasapnategmoving the induction peri oc
of the <catalytically adR®PNRPeH3trihkdtiydeia
promoted hydride t-bana(egu2f@Flolnhi amirned eas e
equi val ent o f[H2B(OMMMH[uGh jsaH tcan bheyB® bMMR.vec
Upon compl et i-monr ammfe amihryedr opol ymeri sad i on
converts baeckycilnet os ptehcei2eosf fbomhl seypeci es, ar e
whiichh observ-edt AlyspodRiH} n dthdNMRpect roslicopi e

Compl3es reported t o esppehreatee |viigaa nadn coowtpeerr a
wher#8MNHMef orms a di hydrogen bonded outHr s
and adjidc emt oM to dehydrogenati on, (Risglrue
29 This Rh MACHO system is reported to ex!
on the catalyst concentration and an init
concentr aBAllHMe. oThiHs i s -@qwi Itiobra upgsBAiHMeo | v i
binding to the acitihae d¢ats|l yowaspecitdéde dih
SAAB and sHBMAWHMenoncentration decreases as
concent r3aAMBod obherefore rate of dehydroge
al most a&kBANHMEI ¢ heon3dumed.

cl . trace NH,Me

I'Prz Cl . H .
H P H3B-NH;Me ? H | PPr, H3;B:NHMe H | PPr,
N—Rh ' » N-Rh-H N—Rh-H
(o ™ o' | o
P -NBD Py - [H2B(NMeH,),][Cl] P 4
Pr, Pr, 'Pr,

1 Slow 2 Fast 3
Figwr8@he activati obt axfepcpartéadiaydasal gsé¢ of t he
and the potential 2dxiodatairhbermadei t The @&DnHM
to catalytical3lvyl aa cptaisveeo t e chiyedsr i de t r-ansf
borane to form a metal hydride amMd an equi
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H
H,B=NHMe H —|-PPr,
| H;B-NH,Me

H
1 Me
H H -
H Y H “B” H
Me-;N..f——B\' H H
'N-Rh—H N-Rh-H
o/l (p/ |
P ipr.H
fPrz Pr2
H H 3-AB
\B'!H
H.SY
H Me” H-H
2 H ; ‘ _PFP
Iy
N—Rh—H
Cpy®
'Pr,

Figu2z2®The proposed mechanism for s3BANkMBMe dehydr o
catalyzed by RhRMANPHO }(Banialhy ataepbetr er mechani sm.

11

The aim of this chapter is to develop further
borane dehydrogendtain@®mrger eacdti avlaytsetds and deact.i
understanding will be theAbedsed tuomndaerdtaatdalnygs
t hesa&t al ysts operate wil/l al so be useM to atte
al kyl substbaruaneds aotimeer t han Ntnheg higglilrr ebdyg repo
previously been reported that dehydropol ymeri s
HaBANHMe( such as BupRiP@A@®P often unable to- dehydr oj

boranes wN-ahkylargeoups, which has been suggest
resul t of increased substrate st e®%3iBoy bul k h
understandisgn ther re&ich substrate scope i S
dehydropol ymeri sation catalysts, the d-ehydropol

boranes and may be possi bl e.
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2.1 The dehydr opol y nbeorriasnaetsi owi tohf parnei
[ RIPEPNP) ( NBD) ][ ClI JPHPNP)Bhd (Rh¢ backagl
and met hods

The catalytic dehydr obpoorlaynmeesr i csaarnt i ben rmd niatnc
techniques that provide a wealth of i nf o
ol ume of hydvwed edurgiarsg evantlal ysi s can be m
|l otted over time to provide reaction pr o¢

xtracted. The meatemsmernits af pHoxy for m

® o T <

mi noborane pr-bdaot dehgotrongenation, sewmhi ct
I mmedi ately after formation. This medrmade r
ehydrogenati on, which is the proposed r
ehydropol ymeri sati oqibar T lhoer rt engeon rdthegad dagt nneomg

nergy span f orboaatnal yteihey dgGbigtes 2 &icard ")(mo |

d
d
of ami nolg@r=anfes8 K¥al smelignificantl|l pyveowet
e
and theredbeaocthhesi attehsatt oof t he dehlydrhrdgkd

An i mportant consideration to be taken i nt
obtained 2 fgrassm eH ol uti on measur ement s i s
dehydropol ymeri sakteoni vies fIo0d0O%pode ami nobor
dehydropol ymer i-bscarta mens o(ft canda mienoboranes) r
Hgas per aminoborane monomaerhyrdooyweead,t eldo:
such as borazines resul t(Fi gudtPb.e Trheilse asseel eo
monitoft®BdNMR spectroscopy and needs to be

kinetic data to aidoinn mechanistic el uci de

Over Me
Oligomerisation/ dehvdrogenation [
Cat polymerisation n ydrog H“B/N“\‘\B’H
H;B-NH,Me —— > H,B=NHMe — = H e H H = |

'Hz FaSt H—\B/N‘B/—H 'nHz ME/ \B//N‘Me

H-N___N-Me H

Me” B H

H H

Fi gwBrodhe catalytic dehydBMANoHMel ytme rciyscd toitan b
polyaminoborane wv:BaNldvhe noblbeasniend 21 REuygui ve
dehydrogenation (over dehyfdurotgheemradtH the) f os r
of products such as borazine.
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NMR spectroscopy is important in tracking dehy
monitoring of both <catalystH annrd® BN MMRduct s
spectroscopi es arteanparftarcumamiltyoriimpgprt he <cat al
precatal yst acsttiavtaet i othe ntrietsyt i agdP tiat aNMRs t poi
spectroscopy allows for convenient identificat
species when a phiosghbrgasdcosestutaeh as a MACHO | i
'H NMR spectroscopy can al so be usebdortaonet rack
dehydropol ymerisation catal ysts ex hifbiet d met al
(negative ppm val ues)wlhoifc ht hies ad b spchuartea e brye gs wlny
borane and pol yamiin 88 oNMR es sd ggtnrad scopy i s used
conversion-bomrfanami nient o pol yaminoboranes, al on

products, and calculating selectivities.

Mass sperct roanetal so be used to track catalyst
usef ul if no spin active nuclei such as phosph
met al hydrides are presenActicavteahgstaspkeygstesr ds
ami-berane dehydropol ymerisation are however of:
are prone to decomposition during analysis, S
spectrometer carrier solvent, and so this tech
decompoesdtrong mass spectrometric analysis can
coupling of the mass spectrometer to a glove bc

oxygen and!’"moi stur e.
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2.1.1 The ef[fRIREGP N®Y ( MBD) oncCéta(a)yst

activation

Precatlailsysteportetdolteor athgc hai r hat dehydropc
HsBANHMe can be performedN-mathAyramindold @m ann g
sel ect'ComphMes air stable, howevient ¢ hm2 cdiad
and activ®arsegpeaiirssensitive. D El:BAN M @wpiotl hy m
precatltlak@wsebit an i rFdgaBrleochu mpiemg owhi(chithe
converted into the a8t(iase meatsaiBdd} coNMBRe
spectr oldictopwas. noted that this indudtiwdhrenp
catalysis is performed initially wunder an
the reason why wasimsot ndetl #remi h ® ddtBMIgMet h e
i ntbe reaction vessel with an initial atm

catalysis was &pspdaced. by the H

1.2 -
iy O
e 11
o
© 0.8 -
£
T 0.6 -
=
Z 04 -
a,
L. 0.2 -

OC ) ) L] 1

0 1000 2000 3000 4000

Timels

Fi gu3®A typical hydr ogen evolution pl ot
HaBANHMe (1 nnfaln dMHF) by 1g0e&atnmolly®t i nitial
argon, shdwiO®g samnduction period.

The effect of air uponltdbeiagtttatdehydf ofj
ofHsBANHMe was investigatnmeed sy eenechéd smleotft iHs n
varying amounts of air present in the rea
Reactions were performed under other w? se
HsBANHMe in dry THF sol yG&nt wWilhtbh| @xne| at i He
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HsBANHMe F{ gu3rde. The THF solvent was added to the
HsBANHMe to initiate the reactions. Dehydropol yn
initial atmosphere of amrgdgm®, &rd55vcama roeu si nvjod cutneeds
into the solvent of tkher srtdfrer egé a 2iak.t 5 ogmens e t
~ 2 equivaltentpsr eclaA @t gattion i|inatrawlayg @éto0ur
perfor med. The volumeonmnft hgdcadagahy ivol vens fwas
which was used as a proxy for the effective a
during catalysis &BnhduBBkeotAtse dNwee 8lnyittameadn é bor ane
concentration3wasalhmonlg am effective aminobor a
mol dmpresents the r el eaper odmdilnandcausi voaclceunrts oifn

the selective formation of polyaminoborane.

o,
r
H\ L 2
N—Rh ">
o
‘_P
Pra H Me
1 N
H3B'NMEH2 y o \B
-H, H H
THF, 293 K, [1M] AB, n
0.5 mol% 1

varied argon/air

Fi gwBr28he dehydropolymerisation of met3hyl amine
i n THF) with( .recmala%)y,stvarying the reaction vVve
(@rhair), arglanr+ 2argxfamm+ B&icm

Al l ki netic pr olfsihloens awi tihnidcadmd!| eixnducti on per.i
order region of constant r at'éA apnrdo fddidneeditl y a d
seen withiwvapyiesgnta during catalysis, with e

nduction period decreasing as the amount of

during the pseudo zeroth oN@eOWBYmodiddsith i ncr eas ¢
under ar ghoon OtFHmoO L *&@dwhen initially set up with
at mosphere of air. The induction period (ti me
decreases from ~ 2000 s urrdgr@3rdagbe tTohnese200

—+

ogether suggest t hat the presence of air (i
precatladtwasntd act3, ve edpedings the time until catal
i naseng the co¥decuernitrgattihoen aocft i ve catalysi s phac
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This hypothesis -dgistREHI}pM&r s@pé&cbyai necorded
catalysis, whiclisshbiw presanal gstthe end
Jrie 125 Hplerwmemed solely under argon, whi
air introduddd@rdecrCasesr 3 Pe NtMRy stilgemal fr o
2(75. 7 pPemw, 1d5 Hz) increases as the amount
i ncreases, as measuredigtBrieheTlren dmed s (crad rad
amount of2pcroemspednretx after catalysis can be wu
the added ptrleatatiad yecankher aetdi ve I atTaliydsti ss
is reported to be flylcy ec cdmwecrittdeed ebnadc kb ft oc
Only when catalysis is performed with an i
the converts omompolfet e at t he Tamwda so fal csat avliy
apparent as tlit&hprecpeéehbhl HeRWhies easl or |l es s ;
reaction mixtures were still yellow after

t hat whi chp wasi tsieal ly with an atmosphere

12 Scmdair 2.5cmdair Argon
Ny / / - / O/
? 0O O
5
o 0.8 -
= A
= e OArgon
s Y07 OArgon + 2.5 ml air
=z
m A +5ml ai
2 04 4 rgon + 5 ml air
= Air
0.2 A
0 —I‘“;' L] L] L) L) 1
0 1000 2000 3000 4000 5000

Timels

Fi g B3Ef f etldB-FWNMaek ncentrat ifornono veeurd itawmeet ut c o
measurement for the deiBlddiep q 0y, md @rogjaitdino n
THFDyprecatld Oy $t mol %) v ar yliHFFg widadcti on ves
argon, argdoan r+ 2ar5gPemm+ Bicm I nducti omse@er
and rate of reaction increase as the amour
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Kobs 2 Amine bgrane F’olyrngr 1 conversion Polymer M, ¢ . .
Atmosphere (mol dm-3 s-1) conv(e;/LS)mn b sele(iz\;nyﬂ t029 (%) (g mol-1) Dispersity
4.4x10-
Ar (£3x10-5) 95 99 44 25,600 1.7
Ar +2.5¢cm3 9.2x10-4
i (£7x10°5) 97 99 64 42,200 1.6
. 1.1x10-9
Ar + 5 ecm? air (£9%10-6) 97 99 74 53,000 1.5
) 1.8x10-3
Air (7x105) =09 94 100 81,000 1.7
TabllL.d&he dehydropolymerisation of met'hiyd amine b
THF) with pifecateml %t varying theereacgioon Ve:
argon +32i b6, cargomi +, Rbaatidrdet er mi ned by eudi om

measur eAmeintt®r ane cdavdr piodbymerrdeetbemit nnedt py in
sitBu NMR specatr otshceopeynd,pofecadtadlyypeir ioomp | tex

2ddet er mi neiditRf'WINMR spectroscopy, both measured
hydrogen Pwloyrmdrand. di Spetresi miyned by GPC.
H T!P‘PrZ P .
N—/th—H N-RR D
/Y,
P 2 <',-,':,2 51
Argon Argon + 2.5 cm? air Argon + 5 cm? air Air

2 2

~ — [ ~ 0 N 8
. S S N S e 8 | <
80 70 60 50 40 80 70 60 50 40 | 80 70 60 50 40| 80 70 60 50 40
ppm ppm ppm ppm
r4éP 'H} NMR spectra sesalorgdedt $ram i he

mo | %)

vianr yTithFg wietahct i on

vessel

w3
ydropol ymeBL NWet i(dOn, Idfdolfi amThHF ) ecatlal ys
5 at mMosphere:

nd of
t

argdamr+ Bicm Decr easedlainndt e nnscirteya soefd pirnetcean
codpseghown as the amount of air present i n
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As the conversibinntod @@gmpglagxal ysteversible
catalysi s, t he NMR aanaaliyrsepl asyusgg@ stcon &t r
conversion, possibly aiding |l oss of t he
alkenes by oxygémetwatlt hcgh& diprshda(s@hbeen rep.
exampl e t he -cryecll ehapsted n@f f 2CeHn) ([CROR{u@lon expos

O oxygen, however a mechanism for this

~—+

compl exes has ndt Abfeeastr aimo dteend .i f i ed anal
occur dur-asgi sthedaacti vaiduwrg dfhepri enadautcali yo:
a

mi-berane dehydropol ymerisation.

I n the absentéeof ossygén NBDlmay mopeceer av iaa
assisted hydrogenati AT hteo dNBE c(tn chrybda rogeemea’
1(to co2mpi exhowever reported to be a sl ow
Hoin -DER solution to reach completion;yeahi c
uni dentified mechani smrifrog tNBeD il mbdsuc toi-cocnu r
borane dehydrogenat i olfAtitne mphtes atbos eonbcsee rovfe
products ( suchorasn onrobyobrpmanrieen® dH aN MR issp ebcyt r o

were unsuccessful

As measured by GPE@, gthhh e ormeniefteuyplaanyiyn o bor an
affected by the presence i mdrre asueas nwi tchat
air present during dehydropdluyderi aagoont c
g mbiln Aabl)d ConversBNHMe wmfind selectivity f
approaching 100%) are und8f NMRt s ea& $Srt meoansyp
l i near correlations are mopean bé¢t2waamnelrwhdad
the end of <catalysi M,(WR=t hO.b9oot5h3H{ Rren dp 09 ¥ Gne
(Fi g WBrje.

The increas@®é&hcdannpootl yomeerat tri buted directly
of the pfleocatnalys® caast atlhyisst process i s pr
equi val ent of bo2BONMaH[ CGlpecpes mMmegade c etnhtir
Sspecies acts as a chain transfer agent th
been reported.vihyerWwelilreareasing | dgdivegsd aof
kepy al beis t he same pol yméA mobketchl ar ewpl gh

i ncrease iMhwpobhyimercreasing air present d
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removing a chain terminati ng -laigmeintti,n ga nado ntthaunsi na

from caheael pessiblte identity of whict.@ai.ll be d
The air introduced to thedsrei ecdataanidy ssios wautnesr waas
play a part in the variations seen.

2 1 - 100000

Okobs OMn

. R? = 0.9965
& 1.5 1 - 75000
X 5
- . -
i <
£ S
© J L
50.5 25000
5

0 L] L] L] L] L] 0

0 0.2 0.4 0.6 0.8 1

Complex 2 fraction of [Rhy]

Fi gBr54 pl ot of tkiv@anme aoU iy@adMyaaogbad rnasnte t he fract.i
amount of2actomphleexend of catalysis (which varies
to the reactionjyP{Hhs NMRaspeedrbgcopy integrals
correlations are MiawdooWwetweeéhebdrhct2i onal am
observed.
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2. 1Th2effect of[ RURE@P&P) (oMBD) ][ CI] (1) |

activation

Water i s al so suggepsotneadrutt iond et lme tdalcydrcomc
HsBAN HMe wi t h pttelcatt athayystaf fect catalyst act
noted byetWeahhher when THF dried withlG pmpmhyv
H20) , a |l onger induction period was obseryv
(~35 p@)MTHE f urt hgeart ei ntvheisst,i dehydr aBMNoHMeme r i
with prdcatal mekt %, CFwekd® melr fdmmed i n3THF
1 molfiod M HMe) of varying water content (1
These water contentaer raess pcoonndc etnd r@.t0 ®@hs6 ,c |
mol "Sdrmespecti velloy), papnnd osfo water in the THF
equival®nt ooprHcaTlaéykydrogen evolved over
an identical met ho2. (pilgWBrgee deéschiobméd be
amount of water added t o catalysis cann
concentravoaohsn@apphat of the catalyst, t h
ami-beranes to for mclaor ibe adbisrNME Byectr o:
When ~ 400 equivalent d(af wabeimat BRAMNpHMeg all o
0.005 rmfdln 2mB6f c THF) was added to dehydro
release was obs-gir ¥Be dANMRa nsdp eacnt riutm s howed a
ppm which corres?onds to B(OH)

Ccl .
'Pr,
H\ f’/:i/P
N—Rh"'S
>
o’
Pr; H Me
1 \Nr
H3B'NMEH2 H \B\
G HH
293 K, [1M] AB, 0.5 n

mol% 1, argon
THF with 10,50,100

ppm H,O
Fi gwBré6ghe dehydr opolnyemehryil saamiinoen boofr ane® (0. 1
in THF) with( @.r&keémt abvasvtateg tclhatent of t hi

& 100 ppm.
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Al l catalytic runs show comparable profiles an

the inductiontepeafi odydrTdhgen aevol ution i s obser
doubl e when THF water content iB8O0OifB9mmdsed fr ol
dms’’t o (1. 1NGmoI0 &¢mEDQg Brjee The | ack of change i
period suggests that the effect of water on <cze
conversion oftoprecdulady «ely to besé¢éhef pthmary
increasedsirfdf}. NMR spectra recorded i mmedi at
however show decreasing amoulmtist hofi nucnraecatsii vnagt ewda
concentration, from 442a% cloOn ¥PeprniHGEM % @ tc dmol X
of 2OHF(i gudre. A |l inear?=co0.r%97a)t i ment WeRen water con
catalysis and the2pmoueant odt ctohmpl exd of cataly
however water appearls tre duavwel a fsfiegenti foinc @ rhti st
of (&1 g u3rJe. The reason for this is currently u
conver scioommp lloefxo mpd @X and t hereforeld) adturvegspoeei e
i nduction period, shorter induction periods wi
be observed however this is not the case.
1.2 A 50 ppm 100 ppm 10 ppm

—
1

©
(o)
1

[H,BNMeH] mol dm-3
o o
N o

o
N
1

0 1000 2000 3000 4000 5000
Time/s

Fi g Br7fEf f ecdB=WdMebncentrati on over tevroel dtrioom eud
measurement for the deiBldNMMep Oy mdR2i gFitnlo nmod f dH
THF) pbgcatléDy §t,mo0.% 053 moiln difMBr wiahtber cont ent
of the solvent: I10diucst0 peuh@® apgmtiheat e of
react i onsaisn ctrheca sasmatumite soefnt i s i ncreased.
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cl Py

H\ |~P‘F‘r2 H‘ . P N
N—Rh—H N-Rh "
(=g g ‘&
in_H i
'Prz 2 Pr, 1
10 ppm 50 ppm 100 ppm
2
2

B
|

80 70 60 50 40| 80 70 60 50 40| 8 70 60 50 40
ppm ppm ppm
Fi gu8PH}INMR spectra recotdedl i gomt $§n at
dehydropol ymeBl Met i (oOn. 101f2 HjSi nl Thdly ebmtlal y ¢
(0.5 mol %) v ar yiviHaftgewi tchont ent of the s.ol ve
Decreased ipmtemdlathg sofhcr eas eacdo mmBPieesn ssihtoyw no |
the amomanfmresSent i ncreases.

1 -

R?*=0.9974

Complex 2 fraction of [Rhy]
o
)

0 T T T L] 1
0 20 40 60 80 100

Water concentration (ppm)

Fi gu3r9%vat er concentration in the THF wused
H:BBLNWe (0. 112 ©) vVptmwmdatdadDySt mol %) agai nst
fractional am@anttaof eampbéxcat aliPid} sNMRs
spectroscdéopy integra
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't I s @giovsesmbile rel ationshi p breattwieeern trhaatne dainrde c
reacting with pwag ccat athyy t-a&t alaysst a-bfooroanami ne
dehydrogenationd) (ahdhtbobempfexe increase the r&
caltwast s i n ami ne/ ami do met al l i gand coope
dehydrogenati on have been r egpsosritsetde d i mectl eurdad Inyg
cl eavagecrods H-amimeo 2 oAl .anal ogous process may
where water may abiyti cndehoygdricaoebgoernaantei so nwiotfh aantitnie
specd esSchneideporett talbes ivwadteadr het er otayctriocs scl eav a
a meamildo bond iann aa ocgo@mupsiRet@PIN) (P ME*A si mil ar
effect may occl3uwhewiet hwactaetralcyosutl d form a hydrog
with cawhailcyhstl ower s t h-bobanei dehydramenati on, a
cocat aRiygsusd @ ( As t he reported turnover i mit
dehydrogenat i o i wiBLhNMe AitHa | aycstti vati on, this is
mechanistic step that is ffakEiidw@&ted by the pr

H
-~
o
W
H —|-FPr,
(EI—th—H
S
P H
Prz
H i
H,»N\\B‘H MG‘N/B\ H.r\ H H3B'NH?ME
H_ i _ WP
Q H H H, _...-—?P’Pr, H‘N.—.R|h5:r) Y
H —i-PiPr, b =] ol H,T
N-Rh-H _;P H ’PrzH H*’B\N‘Me
(_ /| Prz . [
P H 3.AB H " H
Pr; 3 —H Ho / H
-H, H_@N/B ~o
I'w‘le'|1_I H-H H\ —|-PPr,
L "P’Pl'u <l:l—R|h—H
N—Rh—H /
P
H,0 (1P/|!I® ‘\7/ ’PrZH
’Frz H.O
2
Fi guWrOEhe oretped mechanism for déohbhydmegebgt canadi
3(highlighted in blue) and the proposed mechan
cocatalyst (outer, unhighlttghted). Adapted fr ol
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The mol ecul ar wepghyaminotbher &nemesd al so af
of varying amounts of water during catalys
water concentration of tmargahatyesbasedof v
amount of 2pmoenpéreex and tdf catal ysimBiHas NMR a

I ntegral s, meaning an incre&psedneéhecatiive
dehydropolymerisation2pTédeeamoanttioé ewodpod
a strong |l inear cog rredladgd wlink rwg Wepe g htcM{mba a n r
25,600 tgvi mbl 44 % 2c(bOppplnme xwat er) to'lBi9t 064 ¢%
compRPekx00 ppm water)d, byIHLREaguThi s trend i
that reportetd.lddy tWel Iseermi nal reporwhewiet hu nj
conditions of air and water exclusion wi
at mosphere, increasing the catalyst Ma.dlncer
As with air, this trend could also be exp

chain terminating (therefore molecul ar we
catalysis by in 2.16lTshe atsreenwhtceaul(d eael so be
the increased rate of catal ycatsalwygsth ndul

i ncreased rate of polymer <chain propiamgaai

shorter time period), which outpaces chairr
T|(-:|ann‘tﬂ:earlllte I’ (mol P:;r‘ﬁ_z s) ﬂ;;FSani:)s?g?]rLe s;gg{mﬁ;ﬂ 1 E)og\.;e(rgs;;)n Po(lznr"lnegl_ﬂﬁ,, ? Dispersity
(ppm) (%) (%)
10 (1‘,?::3__;} 95 99 44 25,600 1.7
50 (i_?:: (?—?) 96 99 52 32,000 1.6
100 (lg::(‘]’j) 95 99 64 39,500 1.6

b.d&he dehydropolymerisation of met'hiyd am
F) with XP(C.ctkatmll9gastrtywantgehr content of the
O pRpamb.es determined by e@amiomedtraine mMo®aY @
nd polymercdeekbemt hr-idtBp YWMRn specdtr otsic® pgn
t alpyrseiccatilabynyg er scioanp Rteaxe t e r mi n-® id¥ RE'K INIMIR
¢coscopy, both measured afteRoltyhMeaemadl o
speddsti ¢ ymi ned by GPC

Owmwo Tk -
s fPorTw
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1.5 1 - 50000

Okobs OMn

. Rz =10.9952

lU'.! 1 b :_-x

£ . S

© R? =0.8897 L 25000 £

E =
o

20.5 1 =

~ O

0 L] L] n L] L] 0
0 0.2 04 06 0.8 1

Complex 2 fraction of [Rhy]

Figurld pl ot of tkihv@anme pou iy@adMyaabad rnasne t he fract.i
amount of2atomphexend of <catalysis (which varie
added to the reactihlh}, NMR mpastredcbpy integr
l inear correlations Meaekswoivh bbewkalh &dmobnt o
compkRelxser ved.
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2.1.3 A summary of the effects of wsa
dehydr opol y meN-mestahyi lo fAaowifawdet] IR P
PNP) (NBD)][CI] (1)

To summari se, the addition of air (likely
more | imited extent water increaseNmetehyla:
ami-ber aneprwd d ahtfarl os. t4:NO. @mp k I'®sth (10 ppm wa'
unedr argon) to "3(mol8 Bagtowi7tylk1@n initial r

at mosphere of air &nmbl tiédsthWwh.einN 01 0000 6pOxm Go f
pres(@ab2dn the casei mdre@aagse itimsclathélyyi due
precatal yst being conveptredaftla mwysntpi2ed ainma c
eventually th8) Aaat iale os plecireesases the indu
it promotes the ¢ onlveorosmpobne x@free perf ef ceactt asl yasrte
due to the oxygen in air aiding iln bhbowede
this needs further investigation to ident
oprecatlnoymplRAatxt empt s t oHNMRt Rixp ewiitment s h
unsuccessful due t o t he | ar ge nurmmmaranef
dehydrocoupl.i nTghepraocdtuicotns of ai r1r(eogxuyigreens) fol

i nvest.igati on

Increased addition of watdert oacnrde aasiemad ldnéecs 0l &
wei ght of fbemedl y6hdeOpo Nyt 28000 ppm water, und
81000 dl'wmalh an initial reaction ve®e®ed! mdlr
when 100 g©OpmsopTHeenhcreadasgr ea ofsetpiodry mef i
f or med N-npeotl yy(l ami nobor ane) wi t h i ncreasin
dehydr opol y nenreitshaytliaom noef b or anle owil tdh ber ed a
to the reduction in concentr agriese notf ian cch
(seed..

Il ncreasing water concentr atNiment hpF amihnee sb
dehydropolymerisatiloerswlité® ipmecatakbwnsed r
moderately increased cldmv erosdipierasalfr eglr ead a tt;
of catalPpP®i}s NMRy spectroscopy), but no si
period | ength. This suggests that the acti

but during the acti ve scatcaalbyasliysstp h alshe ,s pos
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comparing the data from Nmedatyldylopmil yenebiosanion
precatlalwhlkdere 100 ppmZob HMr are added. Both s
conversi on olft op rt eheeaatpaal byyssti sp eodiPax ymé @s sred by

SP{H} NMR integrals at the end of catalysis, an.
of activeéwaspegliesent during Scoaft aaliyrsipsr.e sWinth d2u.
catalysi s, I n t he pseudo zer byldr cogamreat i megiios
(9N@. D TYPmo | "3ck'rth However when 100 ppm of water

reaction mixture sol WOntxUBDmohi'gslhé s obserokd (1.
This strongly suggests -ddadl evrad teir g &cho caactt a layes ta

specd es
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2. 1The attempted dehydr opal i wr h 8 a
boranes with[ RPERNP) aNBO) ][ CI] (1)

Foll owing on fromttwidt lwop rkelmadtddMafndetetsh y | a mi |
borane dehydropol ymerisati on, attemptNs we
al ky!l -boomiamesss. t he catalytic deiNpdoeydlaynimn
bor dhmes not beénhheepoit WN@geoppobbwm( sokeponane)
sai chiometric synthesis methods only), the
lwas inve%’tigated.

Dehydropol ymesaBN&®tri oves eofatidl e mpt eldatwiatnh apni e
borane concentr &t(i0amn 8&2f gl®omolZH®&M caand wi t h
| oading of 0.5 nmdFbg@ReOO0Tsh eantiitineimkpntalper f or n
argon (with rigorous excl auesvolnv eodf aafitre)r rl
measured eudiometricall ysitBhiNMR s percpgpam e
after 1 hour that shoBMREPriTé8 pHIMEi(gwrde act
Notably, smal | a ma immtdsHsBafr e a mibesres vBBH NiMR t
spectrum at <1 % 1037 .t7h,e Jkgon t8elt ,H®t9% god aHlz ,( n c
Jsr= 33 Hz ryeFsipgeuwtrgéi®vied se are not obserdiesd w
exposedBNHMeHAhe wi £RIH} NMR spectrum shows
unactivatedl(dOex dtoadlaysti nt elgaermal )2 & sHzA) datu b4
and a newcobhpldedmspecies (90% t agra=l 1ilr0t eHgzr
at 79.3 dpSnllibie®e suggersg sofpotiteedondat al yst t
species seen &akP NMR 3s peot myscopy.

cl

H Bre
S F
N—-Rh"'D

7o

Pr
%4 H

HaB-NHPr —— & » N
-HZ H/ \H
THF, 293 K, [1M] AB,

0.5 mol% 1
(argon/air)

Figur2Zéhe attempted dehydN-pmpop wimemiisatb oman
1 mol®idm THF) with (®r &c amoalrf)s,hg t he reac
at mospher e: argon, air.
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BsHg ™
H3B-NH,"Pr
Coordinated
' BHs™ /BH“_
oo
I L S, L
28 -30 -32 -34 -36 -38 -40
ppm ‘
- e
5o 40 3 20 10 0 -0  -20 -3  -40  -50
ppm
Fi guwr3édB NMR spectrum resotdeacaligomtamafiter one
attemperydr opol y meBLHBE(i08 &y, 1o f mdHlI'®i cim THE )
(0.5 mMOoH%)Pi nmar i |HyB LR re aicst esdeen as a quartet ¢
to theid®H. 9 ppm. I nset showsantdeHdBa@i amesunts of I
cf,P
H P
New species N—Rh"'>
/ <-P/ \&
iPrz
’ 1
Ww
77907 o éO o '77‘0 o - 607 507 - - 40
ppm
Fi gurdéP{HINMR smexcecorded $HKiom ahigmot after on
t he at tdeenhpytderdopol y meB liHg"a t( i08 Py, 10 f moH'3) bdyin( 0 . 5
mol %) I n9U0#¥WFconversi anood mpewcapadiysd at 79. 3 p
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I n an attempt t o yfmeaii IsiatHeBtha@R"Pdd hwyi dtrho ppirl e ¢ a
catalysis was also attempted where the ree¢

was shown that this significantly increas
per i odHB lwiMeh (2 e® HBLHPr (0.182 g, 2.5 mmol
1(6.7 mg, 0.005 mmol , 0.5 mol %) were adde
under argon, the ar gowacwaoss anrhdenairre mwae dal

(Fi gwurdee. The THF solvent was added | ast to

After a ~500 s induction:pa&s  obsemvedhrhy ad
measurement, wiwvhlentyg Of HB:BbhHp®Pet appiemag s t
been dehydrogenated. A brief pseudo Z €
(A. 806.NDVBYMo | "dsth and then a decel eFiag itga of
This partial dehydrogensai iBonNMR saplescot rsuere nr
after 2000 seconds that ::3BANBWRs TABiL @ampiplmy (u
and a smal | oameoru nath,dMftoNa Ipirggpy | borazane ar e
signad. mtgFpmg WUrBE.’/Al so preseBhtNMRY atrhee a doubl
ppmorrespondi APg Yt MHBda&NH singlet at 21. 8
B(OH)rom the reaction with water (in the
(Fi gurgesd. 29

The solid obtained from this reaction mi
analysed by GPC and showed no evidencsdg of
is also obdsdBrNBKBR spetheum at <1 T1®7af7,t lpe nt
Jr= 82 Hz)s.i tRukbHg} iNMR spectrum shows one or |
doublJerth= (110 Hz) at 79. 3 ppm, the same
dehydropol ymE:-BLHYWtri omasofattempt eldi guudrdeer Aa
singlet atalb57. Isgepebh}ibsf MR, I|-Rahc kcionugp IPi ng. Thii

hat this cor reoopadnddsattead g hnoosnp hi ne, or mor

—+

phosphine oxPgPd =Op@HRNHs Fr ee ph@e Cph)Ne (
has a r®&mpoahendi caill plpimf twhefreaba®P(aOmde e s
reported shift %%f Als39+tRhisppmpecies i s n
dehydropol ymeésBiLEdMe i whs hoplitelcatt adystperforr
i nitial reacti on ivre,s sietl maymocsorhreersep confd at o
of the newly formed organometallic speci e:

t hesiitulH} NMR spect r um.
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0 500 1000 1500 2000
Timels

Fi guWihEf f edldBFWNMaetncentrat ifornemdieo med vnoelcu tHi o n
measur eme natt tfeoompdtrelydel r opo |l y meB LR 0 8@ 10 fmoH
dm)byrecatt@dystmol %) ainn iThHR iwailt mt mosphere of a
period is seen, foll owed dey a ag md2ryt8i6Eksleged o ode 1
3x Bmol ) and then a deceleration of rate.

oo ®

N~ N~ @ — M~ N~

~—< < 0 A e

P @ & W W O O

NN — v bR

N | | - =
BH4

h HgB‘NHz”Pr
o LJqM

"35 36 37 <38 39
HB(NH"Pr), ppm (H,BNH"Pr),

\ B(OH); /
. g
AT AN AL

|
o~ — ] Vo)
- — e -

]
e

50 40 3 20 1 0 -0 20 -30  -40  -50

ppm
Fi guwur6éB NMR spectrum resotdecaligomtamafiter one
at emqbereyddropolymeaBlLHﬁ”Bt(loeﬂg o f maHI3 i chm THHE )
(0. mol %) PrnmaHFI| y (HABLLMWY'P ru nir £ ac it idaBr. vVOe dp pant.
S ma II amount N, N Nolpirogemé b/or az airbe 5a rpg mpsreets ent a
shows trace amoeumt P aadfiredH ptp m.
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~79.42
-78.97
—57.06

New species

v

(Pr,P(=0O)CH,CH,),NH ?

rd

LU

™~
o
0]

16.3=

90 ' 80 ' 70 ' 60 ' 50 ' 40
ppm
Fi guwWr7éP{HINMR spmuexcecorded $fiom ahiignot aftl
t he at tdeenhpytderdo p ol y meB LiH¢ R t( ido8nd, 1o f moH'3) bd yin( 0 .
mol %) inimHEially wunder aiittoCanmwewsspacid
ppm i s shown, alongside a singlet at 57.1
oxi de after catalyst decomposition.

To summarize, the attempthksBLHPhydr 0poply eme a
using conditions thé&dBLHVe a&fdicanefbast iwd
measur emehB sNMRdspectra show partial dehyd
of pol ymeri c3Pith}t eNNMRIs penadt ra showat gld e ras i
new rhodiumi eI ijemmaltl10 Hz) which appears
i nactFii gaudr . The presence of air during c
i mprove t he cat al ysHsBLBE¢Pgagamensth d®n tNiblR

spectroscopy, however thlei gpprfeduct s ar e uns
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2.1.5 I dentification of the catalyst spe

dehydropol ymeH:BLsi'Pi owi bli precatal yst 1

During the attempted HeBhytRrop@1 yiftnemh i 8&5i om of
THRWiI t h tparley¢at 5 mol %, 00 O0Botmoli Mdmt he presence
argon, conversiormotupladnewerch edi titllHJo bNMRved i n
spectridth. 8t ppm. Catalysis is impeded suggestin
of caded ympgosi tion. Small amounts (although I 1iKk
concentrat{ pahitde’rf. 7BHhpm) ar e oshistBur NBMB spetheain
after attempted dehydropol ymerisation, and a b
thignasli3at7 pplwu=widtOh Hz, possibly correspondi ng¢
borohyHr gdde (

The-si fHu NMR spectrumrr eddrednpd edf tdeehydr opol yme
HsBLH"Pr wi t h plrseugpegtoaltysstt he formation of a bor ol
a broad B2g3halpmm that i1 s indicati vRki goufr ea coor
49, and al most identicalett.oaltdh@thiosemydbiydechrt
compl ewx e d theMAPANHO 12 gadd HirpurBé?T he-si tHu

NMR spectrum al so shows t Wwb6.od&didbraddpi pgmmuhtatp
i n total integrate to 2H reliadtB8Bvepipogulh@ede 4H of
These signals correspond to rhodium hydrides ¢t
2. Toget her this NMR data suggesbtosr othlyelr f de mat
di hydride compl ex.

H

/

H\w‘B\

H H
H\ /—|;P’Pr2

Njfe—CO
P

’Prz

"H NMR BHy: — 2.58 ppm, broad

Schneider et al. 2013

Figu4@Thest borohydride coOPRp ) d )CQ)FHeBW&Nported by
Schneétdéal
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16.27
--16.40

1H 1lB
B3H8—
Coordinated _
i MJ \
'-*Jrvn\“\’"/ \ ww-'%» e g . ~ \«JJ\.LW-—V
"459 160 -161 -162 28 -30 -32 -34 -36 -38 -40
i ppm

|4.00
2

0 5 ' -10 ' 15 ' -20
ppm

guwr9éeH NMR spectrum resorndiedlfirgamtamfit®r
temperydr opol y meBliHR t(i08 8y, Io f maHI'3i chm THHyE )

.5 mol %) 1t &a: THEOqUW&A&Tr ppm abvrr esp.onTdhse thor o
gne2l. 3at ppm correspond¢4tH) eodr diheda e 7B
d416. 40 ppm correspond to rhodium hydri de
e overlapping hydride $SBgNBMRssi Rmnglht i ns

To €onm the tentative as®bogamedith ydder itdhee cror

the species was synt hesi zed independent |
procedure fremwhelRwaisderacted with a slig
[[BuN] [4BHTHFFi(gure see experi ment alPP?Cfoonp 4B ur t
[Rh ( PP ra'-B H)H2] wa s i solated as a crystalline

evaporation of the reactionolsiodsw ewitt T HFe N

subsequent i2c0iCo loivreg ntiag ht .

H
/
H\u-‘B\
H H
H ,fl PPrz ["BusN][BH] H f| P/Pr,
N—Rh-H » N-Rh-H
\ % | - ["BugN]CI QP/ [
’PrZ ’Pr2
2 4

ntrhe(sFPBrHpB HH2(4) f 2aomiBuN] [BHIi n
d from 3%2iterature procedure.
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The NMR spectr h¢ PPPtrfeB H)Ho @)memat ch wel | with t he
observed af tacehyadrtoepropltyenddsB LHE®t i avn t Of pr ecat al ys
Bot h sKB}a NMR signal Jrat 1209 PBppNMRd ,si gnal at
i35 ppm (HrNMRnlkhydride signals correamanding t
two rhodi umi gwWdEI dobee(The broad peald NMRer ved i
spectrum od(i2c Bmp lpgexnili.n3 6T HOFfp m i-ds) bcemrzreenseponds t @
a collapsed 1:1:1:1 qguHusignabt whereobvohdi hat &
terminal hydrides are iFmgtba)lsiT he sc lpemke saptl i 2 %8
bri ddg9.n&®9 (ppm, 1H)iOanMdB tpeprmahgBaH) i BeHs wupon cool i |
185 FK g(br2e

Due to initial di f fdidauel ttioe si tiss ohliagthi nsgo | cuobmpl i et xy
variable temperature NMR stsdites gweare apedf Gmame
Compldernst ¢ma i sol atteelmmerrdatr wroen NMR spectra of th
were obtaimglde xAaystdaffraction structuwre was r
confirming theoPHaesdndtcevoohydrides, both <cis a
borohyHBirgdede ( The crystdafFsrwet &ngfe Wbt W3 nf or th
space grougpmédfand. 079 that suggests good agr eem¢
and observed dif fiH acnt dHORMhyddartoag.e nT haet oNns wer e al |
the electron density map, allowed to ride on t|
BFH hydrogen atdmxawerde ial sdhe el ectron density

di stances were equpally restrained to 1.1
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H —|-PPr, bttt St esbovptod
NﬁRh _H T -20 -30 -40 50
(_ g ppm
P’ s
:Prz i 31P{1H} Rgee
4
1
1
N " e
_A e J\-—
o
0 ‘ 5 -10 -15 -20
ppm
spectrumMshfowc ompltéde hy

Fi gusrléH NMR :
correspondhndgritdbe BHH* hy d nAthch&b yJop

dride r
a89 g@tn:a | E

at34. 4 ppmBi NMRhepectr um2PBigt tNoVhiR ismpseectt:r um
a signal at 79.@abpmgdiode campi age
(75.5 ppm). All wWec@O@@ed&K.i n benzene
- 2 o=
S % w %
Uncoordinated BH,~
* H*
H""‘B’\
* H )
H —|-PPr,
N—Rh—Ht
P
fPrzHii
4
Bridging B-H I Rh-H
Terminal B-H ¥
I/ i
= — — - ——
ppm

Figusr2d i t ut d mpve r a-¢ u tHe NiIMR

complhehkowi ng

R hH
9.89

t he

hydrA daeensd @eparati on

pprmydmBiHd e s

hydri de

i s

spectrum

Record

region swiydhi gdeak:s
0if 0 .t 1h3® pbprm)d ga miy
observed.

of Xtar
from t

t( et
ed in T
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Fi gwr3dol ecul ar RBh (¢ BPPtrg-Bél)Ho(A)as determined by si
cryst+aly Hi fOirsapcltaicoenrment el |l i psoids are shown at
Hydrogen atoms are pl aceiti, iTRhaaildc Bleatee d ormd ietdi ¢
i n EFEberier difference mapramiththodedreel yi def it h
Sel edisd anjddesnd | engths [Rh(dndLamBgllesi2[ X]09( 8) ,

N(122).818(2),i RhRRG (7], RN (PY)2).50@), Pi(RH(LN(1L)
843 27), Pi(Rh(1P( 2) 31%8 Pi(RNH(IN(1) 85.25(7).

Met al borohydride compl ebheass eamalecng ouse vti @ usd mp Ir
as deactivated catal yst speci es observed dur
HsB LH¢Me F{ g bbrje: Mannet sraeelport the rapid and compl e
ami-berane dehydropol ymer i 8atbupm nc aetxgpldNswutr el rt (oP O
aryl - apes s HBHMNHa,s f or mishgacBhHvated speci
l r ( POEPPBHI (Fi gub g3 No polyami nobor anes ar e fo
Il r ( POEOPBHII s reported tobbeame pdoelhyndemoipseat i on

catal yst-bfoomnami nHsBilbcNMed i n{P°

h
H\n-B\
H trace ! H rBu2 trace H tBUQ
Ho | PP [BH] H | PPr O PH" [BH] O—|P
N—Fe-CO — > N-Fe-CO %’Ir\H — QS—P,"\"'.' H
/ y; - -
(-'P |'|| <"P I-|I ‘Buy ‘Bu, H’BwH
‘PrZ 'Prz ,
During H3B-NH,Me During H3B-NH,Ph
dehydropolymeristaion dehydrogenation
Schneider et al. 2015 Manners et al. 2012

Fi gwrdBHdeac e

tivat catalyst species previously
ami-berane dehydeo

d
g%enations.
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When synthesised independentibyorameé, adhade
activity is sédhiwi wascempl eatedompledheS a
mo | %p:BWHMe (1 mMoh dKF) under argon, 2glasre
had been evolved and 3B HMe nwes so loandBroNeMR hle
spectr olshceoopynat i on dodfurconngp laestxt e mpt ed dehydr
HsBLH"Pr i s | i kseclayp pfirmgm oBH t he active sPeci
(R hiR P N'P)H3) |, which fits wel/l with the obser
reaching completi ohB aMMRevdrdeneadi dmetri c
(Fi gurbei g Arge.

The i mportaoappioig BtHo fdr mppameghé xy f-avol
adjacent rhodium hydride, is smhygtbtbeksutuhe
|l i gand coopeornatoifv et hoep ecraatia b pigHt N eTnpd aRhle d arg
of admiomeane Ssubstrates coul d t hen be h |
dehydrogenation to form aminobfoomamati odfhad
to the THi gandepPortedatmo cla¢ [tyheromad d yoad-Blg d i
compl ePPRRY(CO) HBH caused byporddihryglr bge e ¢
adj aciHhtanBH NMr o*dlphsi.s i s |l i kely al 4o the cac

8 5



2.1.6 The aqcagsnnogfc®&8Hal yst pbooi smoeni ng i n
dehydropol ymeri sati on.

The origimtbahtthe BHserved to deacti date the
forming borohvwdurdegcdmplydxopol ymeiN sbaotnidon i s
cl eavage ofbotrraeemeamiubbestr at e.siThes orlealltd asne bof aBrH
boranes has been investigated computationally
proposed route is thatiNobbhomdrelc¢éawnwmde aevea i beé
rel easing an amine ansf8snoltvaidss spraanit més | d rsee da tBtHa
by nucleophilic solvertdgramchtasnTHdEBaiea ael Ba
and an Ringubde.( The stalbiddius ¢RIFaHEwWives t he ot her wi
highly renotpeesBsit in solution. The free enei
reported to b'éwi2t7iBSHkoalkomati on, and so dissooc¢
This reaction atg®lo halsd . &' kasild imoe t he equilibr
heavily again¥Thei sasbseguampmi BH o0f3t oo mmlr enx
compldex however | i kel yndt os ob ed rii rvreesvbefrusa tblel eer aa mi
di ssoci ati on.

As | ow catalyst | oadings are used in dehydropo
a small a mo ubnar aonfe admismseoci ati on is required toc
catalytic activntyea3bede negpdeenmd ¢beaBage and
rel eas &sBLHETPmM r el #iBiLbWdet 0s potentially due to
favourable solvation of t he2Psyulcoepuaeaskltel. v or eNlHe a ¢
This increased ifNawmuhrdaalmialgiet yb ofroarmeBr e wN-t h | ar ge
al kyl substituents has beenphaspeo rctaelbeautlaaytpiua mst i
amines NuAPr absi nd mor e sshaan(ditdbyr ntion gBHINst ronger
bond)as expected withpabkyplti hgdmnpérovgeanhbenes,

however calculations modellin¥ THF solvation r
| T R
via --B--
COS"B\N':‘H
HH H
H;B-NH,R + THF — H;B-THF + NH,R

Figus® he proposed steaes$iebl & rbBobh aanre ami nfeHF vi a
SN2 type traftbition state.
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The second proposed rotibembbroasapoetaheoanbi
heterolysis of t he aminoborane i-nd rea me c
dehydrogenat i cers. aAnme nkonboownant o spontaneous.|
forming products such 2MHa 3CAc| ontiebonedz an
process i s t hBiNHR BhHaNWMialeri HH repst bed HFoO I
solutiom2vtaransi Samnowvemrmalel i @x epGY=0irBi. 5 krcac
mo't) 38T his occurs in a process with a'lLfree
rel eas iMHa nTdH FH B{(MNiHg bré8Tent ati ve evi dence f
of this process during the aH:BeHPreddiidséhy
the presenckRrjori tHBEIRHINMR spect pmmJIsth2 7185 p
Hz Fi QuwWrgé The free energy barr sBENHitso rtehp osr tpe
be significantbypyrdighéeingnsobuments suh a
due to the | axakssokedapabhwaewnwt however st
temper @8 ures.

5

E

T

£

£

o0

<

Reaction coordinate

Fi gwr6A free energy profile of t h=t rparnospfoesre c
THF of ami nBo=bhNeHt mneoffut i on.

The ami nadboranegeati onshas ral esagei BiHcantl y
barrier tha-bodiihNechB rmdnianleeavage (1%. Bowsve
free aminoboranes only exist at | ow concen
transientté@&nt¥®rmsdipa@assi ble that both of ¢t}
presenceaiof s8Hution and therefore the ob:

dehydropol ymeri sati on. As both processes
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5

©
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(¢}
©c 9 O S5

Th
p o
de
nu
c h
i n
de

ecatal ysltwi shctma d4ong induction pelrdaroadneand | o
hydrogenati o) (iTOFunder. Dtlamsdably susceptible
i soning over the course of dehydropol ymeri ssea
esented inoffhehifsrehaptedet (ahd)btgr2awe |tlheer

ducti on period observed for -bdebwpds opwiltyhmer

ecatlalsydti ket ye duel dtoi vely sl ow | oss of NBD f
duction period basebewheshoanatpyssh is perfor
air. A precatalyst without such a | engthy i
talyst deactivation by | imitibgrahe, trmpidhy
nverting it to polymer.

e pnrcees eodfi nBHt he catal ysis mi xtur e may al so

l yami nobor ane mol ecul ar wei ghbor amreoduced
hydropol ymeriisaat Lewi s Aac B, it may be <capab
cleophilic nitrogen pobbpodved growooagumpobtyamha

ain durtitngi lheami noborané®Thaolsyneaudlsdat eopl ai n
creasing pol yaminoborane mol ecul ar wei gh

hydropol ymerisati o-horafne mevti i yhl 1lpg miPge al yst

PNP) NBID) CI'] when increasing amounts »flalr or \

an

an

A.2.2This could be due to water apnrde soexnytgen i

d therefore removitreg mi miag i p@t emgteindl. chain
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2. MNMT.he attempted dehydrMgplokaytmaerei sat i
boranes withRpREPNR)BIyYy L)

Precat2lsysteported to catalyze the dehydr
borane with no induction period anXdduarti nsgl
the active phas2. ofdIciéadtaMi wshi spr e@atda 11y39tx 1 (
mol "S&'fMwi t h prdechoahyat 0.5 "Jod =B HMe moml 2d B
of THF, ''283dK3$cussedl. ltmbesdotriman i on of the

poi son sBH sl ow process, and so the wuse of
i nduction period may to some extent 4o0uftopa
evaluate this, dehydropboéiNmeftihydt i(crontwer €
reporttatyhy IN-parnodpy | -bamane with2(pr gubajéldiny st
order to further increase the rate of deh
increased to 1 mol % and the amoun%t oof0 3s50 Icy
of THF, i ncreasing the absolute cat alsyisst ¢

with prddatdanlOyosst t o 0% 05Tmobk diso i roorreaanse
concentration during® chowéyeisthios 5catoadl
pseudo -zredert hr el at i ebnosrhainpe tcoo nacmeinntea ati on &
shoul d not affect the rate of <catalysis.
engagement oflwpNpcapal ppatmane rel ative to
reactwiotnts pr e2cvaedradl ysgog r f or med with an init

at mdhhep e of air.

Under these condi t2itdres dwihtyld r prpeod aytmeelry sstat i ¢
borane substrates show rapid gas evolutio
~1 equi vapeerntabofmafhieg br§e Not ably, the dehy:
ofHsBLH'Pr sl ows significantly toward the en
equivalenel ®dsedd Phor aBemgusxee 0. 95 eq. ) . Th
dehydrogenati on measured over the pseudo
i ncr eas elloraaNaal &« y | subst i tNDe Y022 @ro & @3:s'1f( r. 6 C
met hy |l NO .(QAL®Bd | 3khf or et hy NOa® #9nfo3l. Sd&hf or

n-p r o plyalb B)e. This could be explained by inc
i nacti vedwiotmp |l iexanw elzes reaNad ky | Ssubstituent

the pasal yssit®&{H}n NMR specdfroar (Me  14%lcbr. 9B4& a
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66. 2P0 IFi gwbrYe Thi s suggests significantly incr
BHf or abmirnaenes wN-a hlkylbsget uents.

Cl
H\ //_'lj’PIPrz
N—-Rh—H
/
o)
;Prz
2 N
_H2 H; Ay
THF, 293 K, [5M] AB n
1 mol% 2, air
R = Me, Et, nPr

Figwr7dhe attempted dehydKppopymélei e itN-ans of
met hyl -boomiame (0.182, 0.147 and ©Cial123@f censpect
THF) with p(écanodl!%;,st0. 35 wmbthdan initial rea
atmosphere of air.

1.4 - H3B'NH2nPr
H4B-NH,Et
© H,B-NH,Me

Equivalents of H, released

0 200 400 600 800 1000 1200 1400 1600
Timels

Fi g ,br8&ef f edldBi=WRHconcentratifonomveudite mel uit ¢ oH
measurementdefhgdr ¢ he@l g meiNfg rsapgNidd,rh y | N-rmentdh y |
amiberane (0.182, 0.147 and O.inBDEgnfr asdfFecti ve
with pre¢cat mbV %t 0305 wnmotlh damm i nitial reacti on
of air. Rates of reaction wHsBUH¢MeatRhBLED St r at e
>HsB LH"P r .
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Amine_borane Kops 2 Amine-borane Polymer 2 conversion to 49 | Polymer M, Dispersit
(mol dm3 s=") | conversion ® (%) | selectivity © (%) (%) (g mol=") persity
H3B-NH;Me ;34620;__00; 95.1 97.7 2.1 33,500 1.7
H1B-NH,Et (1;5145__00; 95.0 889 159 62,400 15
3.55E-03
H3B-NH,"Pr (+ 4E-05) 92 4 78.3 66.2 51,200 15

TabB®ata recombdeddehydr opodfy:Bl NRERt F 0 Me ,
"Pr5 mol®idm 03%f c AHR S2i(nly moilinbi al | i rundrRat e
determined by eudi omeitabdoc a me a £ wireen®le @ golny m
sel ecdietietr yni neidtBb \WMRn specpresatabgser si on
compldé€det mi ned-sbfRHPNMR spect PolsgmMafand

di spddesi éymined by GPC.
H
Hl-rB;\
{ cl
P1....--|-||-|=”'Pr, H | FPr,
N—Rh-H (N—/th—H
/|
";r,H 4 f|=P=r2H 2
H.B-NH;Me H,B-NH,Et H;B-NH;"Pr
2
2
\ ” 4
\ .
| ‘\‘ 'H :
||| | ‘.| I ||||||
s oV A, UL SV JU UL
80 . ’ % e 80 ' 7 e 5% B
ppm ppm ppm
Fi gusrogg P H} NMR spectra rsectour deeldi gfurootns iant
dehydropol gonfd-pi spyl E-et hg [N-mendcdyl -baomiame (0.
0.147 and 0.112 g rieispexidfvemyF) 5wintod ( pdrme
mo | %) , wi t haatni oommivesadelr eat mosphere of ai
precat2atlt gy stcomlpil ®x observed wi t h-b o rnacrael aksyel d
Ssubstituent size.
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Assuming that conversion 3(fRht(tfeNHa ct toi Vi en acca ti avlayt sef
specd(eRsh ("PIN(8BH is rapid at shendeset hefecababit
the amount 20fRhqPhEll 6 x det édefHdd NBWM\R spectroscopy

he end of catalysis can be 3itslkeadt twas ngreas drhte (:

~—+

oi soned) during the active catalysis 3dpphase. Pl

[ o)

scancentamgat inen t he meassuirse d urratneg otfb ecdaptsaeluyd o z

-

egion shbweear noaFliagtBripen sThips (suggests that t he

rate observed witéaNalhkylasubgt istubbesntr ats not on

poi soning, but al so the eeaohydresgeniatthi olnarogfe rt hp
groups is intrinsicalolryansl owmaesr .d elhfy deraocghe naamiende a
rate, a | inear cdrerceliatei aratafl yrsatt ec oanncde netfr at i on

(0,0) would be expected.

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

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

Fi guerOeA pl kdbd b | 3si'hm as measusrevolfutoinonH duri ng

pseudo -aredert hr egi on of catalysis against t he |
specddeusri ng catalysis (calculated fromdthe frac
vi si bIP€HIbyNMR spectroscopy atbathependt ®f f camal
dehydropol ymE:Bi: N&HRonsMef5 Emo 3i amO0 3&f cIHF

usih(gl mol®@ 05 manlt i damlayi runder

lsi t® NMR spectra of the reaction mixtures sh
dehydropoymeibs@éZ.i brigdnd7iatppm corre8péeiMég)ng to (
( BBNHERtaNn d 2B(NHH'PrmYy espectively. All three dehydr oy
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>90% conversriocboonéane heudBt NBMRei bYalg8)al sT h(e
selectivity for the respective polNalmkwnlotl
Ssubstituent size from 9"Pr7%cwirrlkespentdongs8
in Bf{OMBYKHNdId ot her uvoodeaitmnifmngdsiBde pmr od:!
by!B NMRa lf Be. The observati®wm @fol WMami rEdb oa
supported by GPC measurement that show str

precipitated with pentane fr ofn qqibrfe t hr ee ¢

This represents the first reporHsBldigEtatand d
HsBLH'"Pr t o form pol yBaBNFPmabhdpBéNeEe)s (THe succe
catalytsicssgmtthiei s pol yZmeard wivti d emrceec & toa |l y d
BHpoi soned cat4dygde stpectifeat the | imitati
rang&dsobstituted pol yami nodroelaenaesse,i sr artehlear
repul sive steric inter achdroarse shednwe e aa thaul
dehydrogenation as previou¥lAPPsagmgetsdlelde iir
(BBNPPmBPC polymer peak exhit bidmsglebi Mopamd s
explanati on for t his i 4s a ptpheaatr s alttoholhigh i ©
dehydrogenabhomagnaeasni nehe hydtheespprcesesenmagy
of initi-ta®a ang pebhyYymerisation of ami nobor a
bi modal di stribution is not S e 3B LHRE to mw it thh
precat2al weére signi f i cdanst |fyo Tlade®Rls (gaéniel e A
met hod of testing this hypot hesli so wiolué
dehydropol y mdBLNI2Me i wint ofpRPandnhal yge the p
( BBNHMeb)y GPC to see if the expected bi mods

The dispersityBNdRhtjd:BNFPFP mher iedd wi 2hboaha
1.5) are significantly narrower thamanboese
met hods r etphoe tleidt ernature (2.6 and 2.1 res
controll ed p?8Tlhydnef i sheéipal ymer obtained va
forBNHMe) 62, 401G ogoBMidHIa nd 51, 26100 B Kk Irn )

(Ta b B)e. Dividing these values by atrheweri ghpges
these polymers gives comparable degrees ¢
repeat upBiNNHMef)eaBNHEB h d 2B(NHPm)j especti vely.
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met hyl ami npmpbNegahgl) ami nobpotNpired pylnami noborane) f
the dehydropol 3med,\tMéssat:|l\tIEIm DB NP 5 ( mo i am
0. 5%xfm JHHyYprecaralymbl® 05 3manlt i damlay runder
Initiation Propagation
H., QﬁMe
H", “H
H, B(?\J Me H ) H'NM.
L4 - — = —N .
H ) H H“}B Nl.,,H — - B\
H H Me HH
= | PP, R|hp;-|:;l' n
N—-Rh—H
ol (_P-f‘l
"F'rzH ‘Prz Weller et. al. 2021
3 3
H
HeB. H
4 H . A
Hﬂﬂ?% Hfh
4 N-Rh-H H —|-PPr,
el 4 N-Rh-H
Pr; " Cor Me
H,,)_ Me Pr, H I H o |0 Me
HB LS"H —= H B—I}[ - N.g
H j \
H, B_NﬁM¢ H H
Proposed - n
H uH
Figuer2e TopThe-tibeaad chain propagation

compBex

ami nobor a

an initiator eprdbatsteaniihye Welolptwess ed head

tail polymerisation of amédnoboranes

niti ated

94



2. 1T.h8 v ariation of neactidamrecamradiat iy
poi soni mgydirnypdsdr i sati ons with 2

To further 1 mprove de\Nkeydrydimpamydgmeimbesradn e st
effect of various rection condition2to@n

poi soned catdwayssti nsvpeesctiiegsat ed. Thepai monsgn
of the active 3cat dlhyast |oweci esatlalmod t% Icaad
used to depol ymelrarseHs8sdh Bfdee @am nlee dehydr op
at Onod1% of pR)eléTehteasley sttri al dehydropol ymer i
o NH:B L NMe blaBL NEIt at 1'3anod c ednnmtwiatthi oh. 5 mol %

oading of2 prTehceastealcyosntdi ti ons were chosen

catalyst to pdwasso nseidg nsipfeicciaenst enoUurgfH} t EMR e

ntegral s, but i ncompl ete soompatr edel( dteisy
100% c o4meptl etxhe end of catalysis).

1.8.1 The effect of sol vent choi ce

atalyst poisoning for dNmgtdhyyliNed! yadne

2

C

ethyl -lmoni aemes with2precatal yst

The dehydr opnolbigBrieNMes a(tli ordowli tchm pr & (Da t5a Inyosl t%
0.005 Mwlasdmpmerformed in the f-d0i fowongbsesnkbke
toluene. This was done to determine whet he
deactivat d@FigpaIel eFTol ue ndei fal nudo rlo,b2eFzBe)n ew e(r 1
chosen for this compa&miosannasti hndpegpnadr bawne
ami-berane catalytic dehydropokymeéebt’r sfaftei on
maxi mum s oH:BbNMe tiyRD&FIB, 22nd t ol uene i'§ lamw,

so catalysis was performed as a slurry wi!H
5. For this reason, rates of caaméysots ¢ omm
Catalysis was complete in all 3 séBVvVENMRS

spectroscopy and eudi ome ftR{IHGN MR asspue cetnrean t rse
at the end of catalysis show varyisdg d@&or

withDAB2 12% in THF arFd g&G¥Pe in toluene (

The decrease in f oddrimattiodn emfe ovdhmeml ecxo mp ar ¢
explained by the dbiosrfaann¢o tBoinnig cd e aamigee due

a coordsmlavemtg medi at ed mechani sm t hFatg ulroew
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56. This is consistent fboorr abnogt éBHe & se hmephapbDs ms
di scus?2ed . bwhich operate via t-BBatiduvmati(engof
THRBRH) 3% T°§e increaseéoinntoodtwenpEBxwhen compared
to THF is more difficult to expdraihB( boNieeH)p o s s i
formed from -met Ankl oBsksi nies most favouDFaBb.l e sol v
l rrespective o-DFBeappeaa spaar, Bechoi ce o0of sol vent
borane catalytic dehydropolymerisations due to

becomes poi ssoap@di byg. BH

Cl
H\ K‘l‘/P'Prz
N—/Rh—H
)
'Pr,
H\ Me
2 N
H3B'NH2Me \B
_H2 H’ \H
THF/toluene/1,2-DFB, n

293 K, [1M] AB, 0.5
mol% 2, argon

Figwr3dgdhe dehydropol Mmet hghamonse bbdbmeode (0. 112
dm®) with p2(ek.a% arhoyls%) , varying the reaction so
or -DFB.

50 H 47%

5 - 12%
5 | <5%
. 1IN

Toluene THF 1,2-DFB

Figuwrd@he percentage convatrcimpani 0odn &éd escmd il s t
the dehydr opolHsBnleMMes ait h wamtosf THF, t ®FBene and
Val ues obt as$ nEtRdHINMEmsipectra integrals.
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As toluene showed promise for redRtoi T@ mpa te
4(0 i kely via 3ctdebdyspepioté¢lsBhke REHtsvhti chnappf a
be more prsbass tHB8NiMlewer e attempted 2witt 0. o
mol % in toluEngwdad | MHF-B(FtB hNeMR nspectrum
after 1 hour shows veHPLNHt (| i cobnvetegbnpa
5% conversion t®MBNEydHiigurper i Bo@mor dHnat edd (i
and wuncoordinated bosthyanm i dé s al bdeg ssiedeen
signifepgramdudtHi on. I nterestinglyreltahted de ast pae
i's very <c¢close to ztahasto @pfreskeeat HBONBBE®®) and
respecftigelpg. (This i s evidenceprhioma tyhd roen
rearrangement of aminoboranes,2BENEt HiIi $§ oc a
one equi vahadt ont BHui valzést®e df. 6HBEh(eN HEte)s e
BsHs' whi ch f or msagfgrreengaBiHon and t heHsBploNdEtlt ¢ o
indicate complete*'Thital yst ops éesioteRifrlp y NMR

spectrum recorded after 44shohe o6hhy spewse

I n toluene completel g@hbwe rpii s nedw assp eaxla £
observedi ¥yYH} NnNMR spectr ed 4BupNMRThpedcthhr um |
showed significantly HBLgNEHT sadrsuvarasbieamr( 6@f%
mi xturBNHER{PH 8 ppm, sBINHEBHo 8l BEHt §BH8. 4 ppm
g; 2BE8. 8 ppimg B6tJe The f orBnMHEBEOINgpdst(dH that t
persisted in solution | onger in tolduembet
i mpr oved coHiBleNEti obny opfrZicna ttaollyusethne when con
is similar to the r eBINOHCHSd Memipy ofPé&me N ¢ Oy H
in toluenél tvsi sTHFi. kely that this iscappedt
compl ex, which is a known species, and t
poi soning of this irogerectataablty sltow sc arteapl oyrstt
HsBL NW¥Me f or mi AIRPrHg @MHYH which is anakldgous
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H Et Selectivity for polymer

H;B-NH,Et = ~B THF: 0%
Toluene: 54%

THF toluene, 293 K, n
[1M] AB, 0.5 mol% 2,
argon

Figwrbeghe attempted dehydN-etphy lyaneirn es alhi d rommrse o(f 0. 1
mol S{mwith p2@a%amgb®w), varying the reaction
toluene.

o o NN ™ «— o~ o n
A < © ™ 0o Wwo 0 © ©
PR - ON W o oo o 0~
NN QYPrs S b N R0

\ ~|r = g (I

H3B'NH2Et
HB(NHEY), B
BaHg™ 4 BH,
/ /
\
/ Vi \ \
‘I
e _,/'/ " /JW\. J
e g gt
' 30 ' 25 -30 -35 -40
ppm ppm
(H,BNHEY), ]
i A ) _

~ m (@] - NN

™ o < = N Qo

o n (o)} o O o

40 30 20 10 0 -10 -20 -30 -40 -50
ppm

Fi guwréeéB NMR spectrum rescsotdeal i gomtamfieBr one
attempaleydr opol y meBLiHgEa(tOidoinl orho I bdy2( 0. 5 mo |l %)

i n THIFri mar i |HgB lLulfErtiesa csteeedn as a quartets correspo
atl8. 9 ppm. The |l eft i nset shows txheThe urbilgeht cc

i nset sHipws oBimlnedx4sBH gnal s.
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w0 T 0 @ =N
Ne % SRSST
Et
N NHE
H,B-NH,Et HgB B e
HZ
H Et
.N"“\
!B\.
H H
n |

i
[
/\

| | l

J""._/ L)’I L
CJ
¢ +
T - T m = T T
50 40 30 20 10 0 -10 20 -30 -40 -50
ppm

Fi gwr7éB NMR spectrum r esiotrudeal ifqgwat aanf tienr
at en‘cpetke)ddropolymeBLll-HEa(tOM(ngl ofio I bdypmr ecaal y:
(0. ma lo%)u einre. HKsBEHRRAtctiesl observed alsBing w
NHEBHlNI-tEt and poB NyHmetr) (H
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2.1.8.2 The effect of added amines on tF
catalyst poisoning for dNehhddo-@moli ynraer i s &
borane with 2precatal yst

Gkter eal ad reporteditthueENMe®s sodc aBvide ngi ng agent |
prevent pomdtsalnysitgb saenqduent | y -foold sderiwvnecd e;as3® i n max
turnover number o fPRrh)e( @@PeEaH yydsrto p(cFley(PeNr i sat i ons
perfor rieBde NdEM at 1'3crmoonlc ednmii rna tTiHOFn wi t h 0. 5 mol % c

|l oadi Rgandf 5 equivalentssdro 2Mthtaawalsuatef tMEt r
ef fecti vesnsecsasyv eansg iBhHji g et s (

Insi tBi NMR i ntegr asiss awittehr tchag agdryesenc#£&Ztof 5 eq!

showed most promi se, wi t HuB L8NMEPts ucbosnt vr eart sei, o nf oorfmi
pri ma(reEBN#HERtal ongsi de smal |sBidNHBBIH NBEtof ankh

HB( NREth)i s i s a significant 1 mp2ioy eunzend wivtelr o wth
ami ne, where 6% converBi N‘MRi spebseosedpybyand
(BBNHBt 3 f oFimgprfd Thi s s Eg Ndetl pst patol ong t he ca
i fetime, | ikebWilpyryschavsen gi s phtdir¥Pe NMRy t he i
spectra that show 2atmatimd negn ¢ reefc actaatl aylsytsi s, wi t

to comphehkher than the NHEt%I(gedaeer wWint htohuits case
l i kely that 2tolbes eprvedadataal ytshte end of catalysi s
active 3macitdhen upon tchaet acloynspilse tiisonc oonfv er t ed ba

cycle complae¢ker than beinglunreacted throughou

With 5 equi waloavetrs cofnvNEth::Bh MEY( 6B838) obé®rved by
NMR spectroscopy, howeverHsBsNHEBH NHEatnt araemount s
present which hasssagnaiBiviNEPnEiamg nBHt hi s conver
value is an Fndatr@Est Ptnage & moHsBltNEtofare | eft

unreacted. The obsHBLMEd nprtédseeNiMRe sopfect rum coul
suggessc®dB8Henging, however t hesfdidfs®lc BEtd iy | ac e m
NEsi s al so | iFKied wrlé%os oiPefdjr NMR spectra show that
the highest amo2Zmdmaifnipmgeg cafttadrysdatal ysi s with
present (54 %), significant conversion to two
(77.0 ppm, d, 109 Hz & 7Ri.@2urpep m, dt , 106 Hz, 1
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The simultaneous presancoeboéripefldc aNMR yah
unr eaksBe tdEHtby!B NMR is difficult toomdiptliaodr
catalysis would promptly conmttionud ewiatch i tviee
specB RORANPPY) K (Fi gu7rleFi g u7r2e. It i's possible
activation proc2wlserod @mpeboaminael ysotor di nates
deprotonated transferring3é&:Blywiiti de auntdcodo
byHsBLENti n coordinati g MBAdBwires antba pPy 8t ons it
undergo thepsamet bdasbydride trans Béri gtua ef
73 Over adamnd MNtEtbot h show i nmprabeco eanpat sonwme
when present during the Hé&MhEHDr owp © hy rpa, reicsac
all owing the for(reBNHBIN) MES paollyemses sui t abl
NRHEt , as it appears to promote the for mat
cat al yitniaccatlilvye rhodium <containi3PdH} spMeMR e
Spect r oFsicgouprye. (

Cl
H‘ K_“/Plprz
N—Rh—-H
/
),
’Prz
2 \N/
H3BNH2Et \B
-H, A
THF, 293 K, [1M] AB, n
0.5 mol% 2, argon
5 Eq. of NEt; or NH,Et

Fi gwr8&8he attempted dehydN-etphy lyaneirn es ali a roanrse
mol 3dm THF) with( Q@.rcmdala%)y,stwi t hsopr EMH aosf
BHscavenger s.
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100

9 87%
= 80 -
el
L
Z 62%
m 60 -
T
S
c 40 A
o)
&
S 20 -
c
S 6%

0

No amine 9 Eq. NH,Et 5 Eq. NEt;

Fi gur9d h e

percentageHsBlogBEtieo sdehyodfocoupl ed spec
measured -shb
Y
s C

y uB i nNMR spectroscofpryom i nattetgernapl tse d
dehydropo me4 M,sla tmodHh bdymr ecat?d Dy &t mml BHF. A
compari s affemBdgli ng additives shdBs: NEHt ghest c
when2ENH i s present.

D
o
]

94%

£ (&)
o o
1 1

2 remaining after catalysis (%)
w
=)

20 -
13%
10 -
0%
0
No amine S Eq. NH,Et 5 Eq. NEt,
Fi gwrOdhe percent age2roefmap rne cnagt aalsy sge dRiiH ed by i n
NMR integrals after attée mphs®ldEie G4yd, 1o moll y mer i
dm)byrecatdaDyst mol B HF. A compariveanmi ofy BRAdi t i v
shows highest remaini RegvhgeumaiNEit py esfenprecatal ys:
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H;B-NH,Et Et

: s g NH,Et
H, Et il
N\
/B\
H H .
H3B-NEt,
(HBNEt)3 HB(NHEY),
— k,, L
8 I K’ o s
™ O o ~
— = - — M LD,W R _
50 40 30 20 10 0 -1 0 -20 30 40 -50

ppm

Fi guwrleB NMR spectrum resibrdedl fgomt aafiaear
attempareyldr opol y meBLiHsEa(t 04oan 1 omo H)bdynr ecat al vy
2(0.5 mMdH%) wimh 53 EgnreBBEcINMEDE i s observed

ol i gosMBeNHEB HINRBEtN, N-f Ni et hy !l bor akB InEta
pol y meBmMNH®GH)

ow N N~KN < O
oo N © O W ™o
@ ~ [ N N ~ I~
H
{ Cl
H;-*-,B\H 2 H —|-PPr,
H —|-PPr, N—/Rh—H
N-Rh-H (ip '
.P/|-|| Pr,
'Pr, 2
4
Unidentified

1
*«mwwmm

2
}20,5
‘13 7]

fEBNET )

ysStmol ¢
obser\
al ongsi

90 ' 85 ) 80 s 70 ) 65 ) 60
ppm
Figuwme@ | i t3dPH} N MR spectrum recorded a
dehydr opol y reBrLi NgEH(t0i4 anl onfio 3)bdypr eca @0
in THF, withir®l Bqi vef t HMgCroenp2 teaxlkyss ¢
(76.1 ppm & 79.8 ppm respectively)
ppm.
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cl NH,Me H
PP BN, Me L per, ~HaBINHMel[Cl] H —| PP,
N-Rh-H — - NC?; N—Rh-H
<-P/ ’ (.p/ |
ip H P H io. H
r Pr, Pr,
2 3
MeH,N
Ocl Et
H{__N-Et
H' ‘Et
H (|:IPP NH,Me H H H .
- I . H | PPr | —|-P'Pr,
~Rh-H  MsB'NE NS |h_H ? /5 N-Rh-H
(_P/| (_P/| s <'P/I-[I
'Pr2 fPrzH Pry

2

Figur3e Tdpe
hydride transfer
Wel ee¢ritBlott dme possi
presencBNmDIf H

bl

e

3

activati o2t oo fc oppei caaxt-paal syesatt e d
-bforr cam ea csingprhee xa minter medi ate pr
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2.1.8.3 The effect of r euabcsttiroant & e mp e
conversion and catalyst poisoniNg foc

ethyl -laoni aee with 2precatal yst

Resenldairza .etepatlt the attempted Neshiyodrtodgawalt
amiber asBANHI CHPh with Br(lROCQR460,d showing
selectivity fBNH{ OB hps!| ympr oied f ACorm o2 8 5%
ati4d0C*%Al t hough it is not expl i c:BAMMyCHPthat e
this catalyst systepoiissgnsiusdehiag Kaomb B8
HsBMHP h3*The reported increased selectivity
temperature for dehydropol ymeri sat groenl eteasye
at | ower temperatures.tfTédmpt wag dekhpgdtopgat
HsB L NEt1l (mo [})wlimt h pr €¢0atbaldycsliit® THF at tempe
and A4 6(G guwrle

At all three temperatur eswasc onpsleetvee dc a&twa It
as the only speci-ceast albysseifsfreidn NoBYR tpsopsetct r a a i
At 20 4and i40 |l e cohrBeNEt orubstt ke wassi tobs
!B NMR spectroscopy (6 and 5% Feégpeéhe tainvde Ityh
only product for medl BB Et hienciyacdtiicvd rafmerra
the catalytical by AAD akit g wief icoanptl eksB b MEr s i
substwaast eobser-g e thi bNMR nspectroscopy (82% b
Figwre, with a b&.o7adpmpmadckorartespomrBNHEt Xwi tph
a small amount obif g osBeNHEBHPNHEgG(Fi g u7rge. Thi ¢
suggests that <cat al ydsama sp arios cen igniG dauned e aehfp Ok
a significant HpBrLoNdEd T r tsiubrstaofattehevas dehydr o
(HLBNHEbefore the catalyst was fully taken
decrease the fsecrapapteidomncdHalpd iBkdg cat aldwsi st oi
di sf av oilNr ibobghdB cl eavage at | DIwoda, taecmipievraatti
precaRdi gshot occur, -sasthufHlgs eNftMRe s pheyc tirm s c o
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Cl |
H\ K_l‘/P’Prz
N—Rh—-H
/
<l
"Pr2
2 \NI
H;B-NH,Et : ~B
-H, N
THF, [1M] AB, n
0.5 mol% 2, argon
0,20&40°C

Figwrdghe attempted dehydN-etptoy lyameirn e alt d roanrse o(f 0. 1
mol 3dm THF) with( @.recmala%)y,stperforined at 0, 20

100
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Conversion of H;B-NEtH, (%)

0°C 20 °C 40 °C

ercent ageHsBloBiteo sdehyodfocoupl ed spec
by uB i nNMR spectr oscofpryom i nattetgernap tse d
yme4 @d,4 amo BPybdypr eca@0y5s5t mal WHF at O,

Figuir5d&he p
measur ed -s
dehydrop
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20 anA. 40
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8 o 5 >3
¥ & 5 @ 2e
Et
B
h Hyp-N g NHaEE
H Et | HsB-NH,Et L
N\
o |
HHn’l'
A
‘\
|
2 \ ‘
|
HB(NHEY), / \
(HBNE), y 'H
N \ r
.f'f\ =, T e L /"k '/ o '»j \/\\
m = s 2
50 0 30 20 10 0o -0 20  -30 40 50
ppm
Fi gurr6éB NMR s peactorrdmdr f-siotmu aal iiqquot after
attempealeyddr opol y meRLiHEa(t0iddtnl orho Mbdpr ecaval y:
(0.5 mMoH®) &aa.nO0Unr &éldBEHEEH i s observed abBdbng \
NHEBHINHBEt ,N, N4t Ni et hy!|l bor asz i H3RBLENt( BEBNEt pol ym
( BBNHER?)
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2.1.8.4 A summary of the effects of amin
and reaction temperature on the substrat
poi soning for dehydmMNedgdhlyy m&@oni sveietilton of
precatz2l yst

I n this section several reaction condition var.i
the &efficacy 20Whepr ecsaegcl wgt 0.5 mod) % fod. 005
dehydr opolNarekylsi sagbs thoruath®dHBEmj nby hel ping de
the poisoning of3btyhd raaot iRtet aslpyetciiceasl 4.y Tihreact i ve
no-noordinating solvent tolsieomenalti bael yashaeltpsdore
participate in eitheel edsé¢e hme(qauahnes aafik dB BH

bond cleavage and amindbesanathl od omernimpatrii smor

THF is thought to facilitate these processes b
Lewis addukt® THRFs i s apparent wheenr sé @mp aorfi ng
HsB LHYet wi th THF vs toluene, where in toluene r

pol ymer selectivity and THF reaches only 6% co
(as measiBr edMRoyi nFieguwidé. s At the end of catalysi:
show complete conversion of #hg*bPdllt aNMRt to i
s pect r oFsicgoupr§e. (

Lowering the reacti&n (twhrame rcad nmpal)etda u i nyo

dehydropol ymerisations signif HBaHEl yovearcrelases
course of cataltllhs0% poOrpymeb6Y%saiectivity to 82%
Figwrje The | ower temperature |ikely slows the
4(100% convedrwsaisonr etacched at b&t lgu7te,mpreo ag iub leys
because there is a significanidl oesnserfgrye nb aamii ea
boranes in solution, which is |l ess |ikely to be
in the 38y®Fhemadditi on2kof tamitrhee NMHhydropol ymer
HsB L HYE t wi t h p2 @acaobalhedtps prevent catal yst poi

convemsof 87% t o id4mdc ttihvee esnpde coifescat al ysi s in

100% when perfor medEwWHi(dwu/rfeo BlttHd mmdy N&c 4 as a Bl
scavengi ngf argrHsBtlgiREr e Understanding all of the
i mportant, as the main challenge to the dehydr
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borane substrate scope appears to minimise
B H.

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

THF 20°C Toluene 20°C THF 0°C THF 20°C 5 eq.

NH,Et

Fi gufnr7e Gr:eehhe percent agkésBIlcNEty er diediry dobc o
species as meastBedMRY speactroscPpryp MTiaret eg
percentage sel ec(iBWNHtE&Ey)YTf odre hydalryvmeomupl ed s
Both as measwxirtetBl NDMWR isnpect r os cfopoym ianttteegni
dehydropoly¢n@4r7bs1atmmdi%)bdymrecaQeDy§tmoOI W05 n
dmd). Catalysis attemgtedolwieMe THF2 @Gan @ OT HF
at 2owith 5 eq. ") 0a#E2%H mol dm

100 - 100% 100% 100%

9 87%

=<

° 75 1

o™

N

o

e 90 -

o

[

@ 25 -

c

o

Q

0
THF 20°C Toluene 20°C THF 0°C THF 20°C 5 eq.

NH,Et

Figur8erhe percentageprceonatddloynsatct ofvat dds spe
measured -sbhyiuP i nNMR spectr oscofpryomi nattetgernaf
dehydropol yme4ad,datmodNymr ecat& Dy s5t,mod.® 05 n
dm?) . Catalysis attefpt dol wieASle: aHIFR @anh @2 T HF
at 2owith 5 eq. ") 0a#E2MH mol dm
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I n an atsempttitwel y:BNpHBtl)uoen ¢bBmpl et e conver si
HsBLH¢Et by <catalytic dehydr op@,l yarelr i sfatti loen pwri dVhi
di scussed advantageous reaction conditions we

toluene as a salhwente;adl@domdrasnd dgng 5 £qui val ent

relative Fbgu/dTahley-sit @B NMR spectrum recorded
cessation of hydrogen evolution (as measured ¢
conversi b:BLHMEt thebstrate,,BNldwiey epr emoerftH. The me
products that are observed aemrvidroaurtNheNttsd ,corr es
triethyl boraZidie 8 @EHBINE( PHB.(NHEDP M) and an wunid
species (BBg®BOppmM, possi blhe is¢gerctiietsy aftor33t. 3 pp
further dehydrogenated berBisEiH) e dlhiegamermnubsudh u
derivative (NH) of which is reported to exhit6t
doublets at ~ 32 ppm and a Véry broad B single

The preseNcNt Noket hyl borazine aBdgaogreesitast e d v eprr o ¢
dehydrogenation, whernee2 | egtHsB aHIEM ttshelos t rHat e .

This |likely occur s:BBEGRE@PRIB(NHIEIt W,atwheree f(oHM med f i
continue to interact with the ecesatitBufHy}stNMRnd ar e
spectrum shows the pr2Xsdemneg) e amnfd4bcBotdp)lceaxmphgsi de
an uni dénriciouipéed species at 7Tecppmof (22dDWp)| ek he
demonstrates that even under zpptisminsead ¢enditti
entirely FoivgelBrkeo m&€h é c o mbiemeat iacn aofs otl wlemt and e

additi ot obr Npber f or mi W@ schactualldy sb es faur tOher i nve
establish whether these conditions hell] p prevel
whil st maintaining sel ecBNHRtt)y for polyaminobo
0 5o
"PPrE
N—Rh-H ’ Et ’
7 ~ o
(':,':.'Pll ‘B B
2 NN H Et
2 Et™ “p~ 'Et N
H3B-NH,Et > | Not “B
-H, H .
HH
Toluene, 273 K, [1M] + n
AB, 0.5 mol% 2, argon HB(NHEt]z
5 Eq. NH,Et

Figur9ghe attempted dehypdredhgyll yame mies adtoireame (0. 1
mol dm toluene) W(Oh5pmek®wt alPysodope modbAmend at O
and with 5 eqdttvalkéatsvef tNHcatalyst present.
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@ ool = 0~ - o
OROHNN - 1
{HBNEt),
ﬂ HB(NHELt),
iN e
} | (H;BNHEY),
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oS © 0
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50 40 30 20 10 0 -10 -20 -30 -40 -50
ppm

Fi guwroéB NMR spectrum resotdeacalfigomtamfier
attempealeydr opol y meBLigEa(tOi4dtnl orho IMbdpnr ecaral y:
(0.5 motldA)ueintdC awti tth 5 Eq. 2208, MNtdMNlieedt hNNH b o r
( HBN&EHts) obsémowngd wat hoatsB(tNHHeEt naj or product
unidentified do%bl*gt at 33.3 ppm.
 © <~ o
e EpP
+ ‘ H c|:lP‘P
; -P'Pr,
H“f\H N—Rh-H
H —|-PPr, (.;:/,_'l
(tl-—th—H PPr,
/
P
pe , 2
4
4 ’l
| ’ “ Unidentified
|

h‘\'m'/‘ ﬁ\rﬂ‘fn‘-v‘,m W.,,"\A‘\‘(‘MW’N n""‘)\.\ﬁv'l-\k"\\'. |M“?‘N .'\‘v”f N‘\«" lm"'w‘ﬁ\)‘\lf.v\"“ﬁm ,’*‘«M”"«“ﬂf/\‘/‘v";‘” ’\"\/\‘A'r'w"“"‘# MJ.V" /\YW‘)}N
. . A 8¢ . . .
90 80 70 60
ppm
Fi gwriléPH} NMR spectrum r esciotrud eadl ifgruoomt aanf ti
t he at tdeenhpytderdop ol y meB LiHéEat¢ 0407y, 10 fmoM®) bdyth( 0. 5
mol %Y ol men€ witt ®@ 5 Eq2Eto.f Gaodndaldeddldde obser v
with an unidentified rhodium compl ex prese
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2.2 The dehydr opol y nbeorriasnaetsi owi tohf parneicnaet a
CoPPNP) €15), -eoPCgI6) andPER)CElY (7)

Due t o apparent ' i mitations for dehydropol ym
precathayg@t swhere the acti VBeappataalsy ttioc bsep erca peis
poi soned byi ntrsaccleutBédONnthe Bommogous cobalt conm
screened for thbpropyeltdmaibeRlP WPt D) and
Co(®WNP) £1(6) ar e reported byt o B obyed ceotmp eatle nt
dehydropol ymer i s atHsBLlH¢Merceacpaatba | ey sot HeBNiHogremi ng (
selectWukl ke t he"Pr pacicuatbaalady sttlse active species
frambplecatmdnbatpspear to be intolerant of air,

proceed when initiated in the presence of air

Due to the paramagnetic nature of these <catal

performing NMR speciation studi es, t he me c h a
under stood. It has been Nméthyl ahtoewdeC\o® @ mpt | heaxt t
PNeP) £l s catalytically i namdt-lavilegpandndcoo per af iov

mechani sm i'€Thienvakear.ent appdexi matt e fdiepetndenc
amiberane slubsttrhése catalysts compraderd ft@r t he
precatlalndsttggests a different!meldkaeanpsemcaf abpysl
2, prec®ballgsést hought to form cobalt hydride &

basper omot ed deydr ansf-bor &nem, amaoael!? 't kit ed by ami
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2.2.1 The attempted deHyBddProlwinehr i s
CoPrPNP) €5) & -ENR)CH( 6)

Dehydropol ymdsBiL#aPtri o(n5s 'duofh @ AMBHE)M wer e att
with prexaantdaDy 5t mol %, ). 02baanoladtm vated w

of 2M&lF{ gu8e. These conditions are analogo
dehydr opol y neBLiH$Veet iboyn pafeXaancldlyy dMesdt|. 'elrl

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

FigwBr2Z€8he at teenpyrcerdopol ymBprepyl amsnef bor an
5 mol3i oamTHF) withopm(d®c bt anloy «)s perfor med
of 2Mél rel ative to catalyst present.

By eudiometric measur ement bcoatthal pyrse csa tadaf It yes
100 s acceleratory period, followed by a :
fi-oster regi me. Bot he vcoaltuatliyosnt sa fcteears eapHy r o
amount of time (~ 2000 s6)s,i gin@nitelvye r mavi ¢ hh
releadvadprfeocabahyshis time: O0.75 IdBdR®r 35
respecFi ge8i3g (Thi s itsedalism trhed lierci t i al rat e
( 3NA. PYmo | 3&'hf or pr exand | B XRLIYmo | "Ba'tmf or
precatealTaylsh)e This suggests that pmakphitme
dehydropol ynteBLlHg"Rt i onmt oif nsi c alPry gfraosépesra sotnt
al so s etsBilLHMet!h

The origin of this rate acceleration with
bet ween the phosphineukkebdsbotndnte tahd met

if the rate I imiting step involvesg dtilsiscm
be favoured by higher steric congestion | c
t hat | seompd opwdlsaubhesdgltpihosphi nes have a ver
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profile, the cyclohexyl group can be
group, where the added bul k 1is
el ectronic effect hoifnev asruybisntg tluiegnatnsd wpihlols pb e
2. 2.2
1_
2 0.8 >
[ . 7 O
5 6
©°
€ 06
=
o
S
= 04
o,
=
0.2
OCJ 1 1 T 1
0 1000 2000 3000 4000
Time/s

Fi g B3Ef f edldBiNH®rconcentrat ifornono veeurd itewmeet ut c oH
measur emendeHydr apioel g mélsBiLB¢aPtri o(n0. 182g'3i b
witlhbam@eoabamghk Wk,

0. 53%3cxfm THF)
to catabyBowpraskkinghePriemiattiadly st a

perfor med

NHBMe rel ative
over al conversimDn than precatal yst
Amine borane Polymer
a d
Precatalyst k°b5_3 » conversion P selectivity Polymeri'\:in Dispersity ©
(mol dm— s71) o (g mol-1)
(%) (%)
3.1x10*
5 (£9x10°9) 24 99 - -
1.2x10-3
6 (£1x10°5) 48 95 61,100 1.4
Tab#.®da a recroatdlead dehydr opod fy:BikfPirs amao [0 na m

0.53%0ofMm THR sprneggcat abnesét@. Mo l)%
measurement ;

eudi ometric

conversion

and

pol ymer

pol ymer

Rat es

vi ewed
49Tis¢ ame | &dtriove t

det er mi
p-bopanti es
se fRIcNMR i ¢ ye dtet @3 eno mye d



|l i ¥Bu NMR spectra recorded after hydr osgheonw
i ncompl ete coOHsBEHR®ProsubflstBRMPrR) 6O Kélt h prec
5and with 24 and 48% conversion respectiyv
(Fi gug84Fi gu8%. !Bn NMR spectra -—caetary®ids pwis
precattéaalnyd r ees’ iBBH al so observed, alongsi de
corresponding to-bomaaorhdyidmd tdeedi 4cBarBpd Bebx.®@3s p(p m
Fi gu8&4eFi gu8% CoR P NPY-BH) which woul d <coraresp
capping offhpdciobalits a knowhABcNMRoOusidnothur
The anal og@Uasn dcoobbéaljibtor ohy dr i des "@he pmlksew
of borohydride complexes ugpest dtaalBpusted i
suscepti bd poitsmniBig i n soluti on before t
HsBLH'"Pr i s compl et e.

The fact that DSaont@appreacat @&l et $ully poi sor
the same time frame (~ 260f0a0cisl)i,t ada snmi tmeu cy
dehydropol ymeri sati dns utghgeenst p stEhcasttmaB I e h ma
i ndependent of cataliNsbhonduclhe awshgeaat g a®(@E

2.6 . Cat al ysi s 6wnagdrphe aprrse ctaa afl vy rssttf hoerrmad u toma cv
compar edc attaa3,pyrsteher ef or e al | owibnogr afnoer cao nhvie
before complete catalyst poisoning. GPC m¢

the precipitation ofb5sthhoewerde anca i panl ymnexrt usrieg
that ol i goOerdlemhcsil<f 6r med. GPC measurement
materi al from cat af syhsavee BvNP Hhp opl ryenteart & oyfsht ¢
61, 100 'ggndnod di spdradi)tey Tohi sl .ids (c o nBbNRP & D | e
pol ymer made Bfse@edcatal yst
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BH H;B-NH,"Pr
\lﬁv! /\ ‘
W/\/\ / »
35 40 45 HH| |
ppm {
A .
50 40 30 20 10 T % -30 -40 -50
ppm
Fi gwBrdéB NMR spectrum resibrdedl fgomt aafie@r one h
attempareydr opol ymeRLHR 02y, o | HYIMS5( 0. 5
mol %0 .5/8cfMHF. UnrHeBakd"Rrd i s obser vesdnadllong with
amount of 2BBPPyrmed nclet shows free borohydride a
tentatively assigned as cobalt borohydride com
i ;I;B‘NHz"Pr
BHs~
/\
/ A |
S S ;'
N %} |
35 40 45 Hoal
ppm »
A
f'\\ H
"l» |
[ I'
£ i #II
I “___// \\J \_
% - 90 0 20 10 R . R B R
ppM
Fi gwBr5eB NMR spectrum resiordedl fqoot aafier one h
attempareydr opol ymeRLHR 02y, ofb | HYImMG( 0. 5
mol %P .B58cfm THF. UhBldRIt eids observed along with
(BBNPPMm) I nset sdroovsy drriecce band two peaks tentatdi
cobalt borohydride compl exes.
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2.2.2 The effect of pho®phiganduldsheE
ability and the attempt e dHz:BRIlefiMedvi ¢ o |
Rh ( ®WP HCI( 7)

When comparing dehydr opgboolryanmeersi swaittihé apnréefc aat
catalysis is significantly more "Papidawdt
precatal Yyosti nvesthiPgai gahdwpRNsphine sidbsti
doniantg ability, the phoBfPWNPpeRNRI| ®BdPINPs of
were synthesized4( ed. e xphmalmegpda@as to t he

par ameiSer NMR <coupling constant can bl us
donatingfali Ipihttg3hii se.i s demonstrat &akd IFUME
proportional to the inverse ofEqtuhaetl)jdoonnMdMR ¢
coupling arises-spbBnainuetaatri eapi nhhat 1 s mi
a chemical bond,sosrppbectiaflisc aMhliyc ho fh atvhee t he h
pr omal to the nucleus (Fer nli-donarti anggt arbd d
phosphine relates to the | onporpbaiitralt,haatn dp r:
el ectron withdrawn, poorer donating | ene
orbitals exhibits a | arger coupl-i"6¢g ¢ 8 fos
abunda¥ce) .

U 0
EquatliTome rel ationshi p bseelweeneinunnp hNboMR hcoo uopul s
constant and phdaddphaabohd%bg. pair
The donating ability of a phosphine is af
groups increasing |l one paits dodathiyprericy ni i
donating alkyl substituents | ead to a smal
be obser:wedNMRy spectroscopy, where satell|

corresponding phosphor ousPrp HR,CyP NIPh ea iBlli s e |
PNP were synthkeisl} zBEMRaspdectra recorded. Th
was found to halecdhel istTmpl ¢esdst ant (688 H
most stidoma@lpyhmgphi nes, the tertiary butyl
similar coupling considamis i sddrabs E6DByagdm
Hz r espdadadtgiBufel vy,
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PPr, iPr, Cy, Cy, Bu, Bu,

P P

Se= \/\H/\/ “Se sEGP\/\H/\/P%Se Seﬁp\/\ﬁ/\/%s.e

o L] w0

& ~ °

a 2 b

?JPSE =695 Hz TJPS .= 688 Hz TJPS =693 Hz
— — —
|
— dha N I A | i I
62 ' 60 - ' T 52 s0 48 76 ’ 74 ) 72
ppm ppm ppm

Fi gwBreéP{H} NMR s pRNP,a -ONP aBdPNP di sel eni des,
hi ghli ghfSengoupki Rg const adtat ReOABorKkded i n DCM

Frotehydropol ymerisati omandviwhker eor e bat-alyycsltosh e x
Ssubstituted|grde d @t dlaysstter rates of dehydrogenat
t hat a GGdaoamatgierg | i gand may |l ead to a more elec
i n turlni tfadzces the higher rate, ofhicathi gbhes. r &t
catal ysi s appear exd cattaa |l yosutt r pro i sBoHh i ng and f a
dehydropol ymer i sathaomamd®biud Breer Aamt he- cycl ohe:
substituted phosphine was 0domuatdh atgoc ybte othlea y st
derivative ?dWagpreyxnthhd yBREYEBI RO ( Py edwbal yst
synthesized via the reported 2bowtt eu sfionrg tthhee slying
CyPNP i nstr®tPOf

Dehydropol ymidsBLHiEa | oy pfezan®Bdwaystper for med as
direct comparison of phosphine | iSpdndmwmestitu
borane i ATHFE 5andn 0.5 mol %Fiod u&ffr e cAst ap ryeswti o(us |
reported, dehydrldpbHiManewii tstat p e dotftad ytshe sel ect
product i2BNHMg) 484 obsesvél® NMR isipectFigscepy (
88'The dehydropol VsBélMe atwii ol @f7Tesd atrdleydstmor e
rapidly than t h2Zbtutwistlho werde ctactwaalryds tcompl et i on, r
1 equi vapent amémaeéne. This cawsiblBy NMRNnspecttrhemi n
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where incomplete dehydropol ymer i ssBtiéMa i s
unreadtigdsd . Al so 'Bed&NiIMRby s a briod3ad. Sigpm
anal ogous to that exhi bi4{Rend® rPON|P )HB Id)obh y d T h d ¢
is mirrosetiRiHy NMRtspeawhich show praifnmaerri
atal ysi s wi2tbhutp rwictaht aplsyescsta t am ysppr oxi mat e
ompl7fard a new species atFi6@uwre. pagmi cd,newl

i kely corresspapgpedt Rphe sBeNPBIYB H) H( c o mpy) e x a
ypothesis supportedPbgotupki hgctohbdaant hies

s cioomp B.e xAl so supporting this idea is tha
een i'B NNB spectrum after c7at ahwps$i $ swisti m
een for 4.coMiptleerx cat al ys7ii sawbtbadmrdpgmal g s
bservedHi NMRheoep¢Fcitgruarig anal ogous tositrhat

omplddxot h recor Rehd WP )olBHE H( c o mpY) exwas no
Il sol atledr acterised

O o u u 9 =

ci
H\ ffl';PRz
(_N_th_H 2:R=Pr
7:R=C
R,H Y |H me
H,B-NH,Me -~ N5
H, ad
H H
THF, 293 K, [1M] AB, "

0.5 mol% 2/7, argon

FigwBrfehe attempted dehydN-mnetoH ywimemiimseth awman
1 molfiidmTHF) withRow(©ca&t amoy 8 s
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g oy jow Ltee 3 8 Pr 3 ente
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N + (H,BNHMe); fI\l
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NMR spectra r eecsortduedalfirqgounotanafitrer one

Fi guBr8eB
attempaeteydr opol ymeBLiHévee( Ob2ly, ofio | H)tmpr ecat al yst
7(Cyl ebt) prec@dRra,l yisibght mel. B>:acfmhF. I n Cy, | eft wi
significant amo u HsB g H¢Mef auner ealts edv ed al ongsi de

( lBNMen and cycli ccBNMgsmeA DbHoad is33my.nml p@mm
correspondi ng td4oi nc oao rbdoirnoahtyeddr i BdHe c oifrp,l érxi d st al s

with pr&capgrail pB8itiiMleyi s( Hobser ved.
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Fi guwr9éP{H} NMR spectra weédar chdd qfurodam iarft er
attempaleyldr opol y meBLiHEVief{ 0102, 1 o mo ) bdpnr ecat al vy
2and( 0.5 mM&lIF%) Wi t h P, r epcraitnaal ryieyn dc oamps neax!| | é
of compl exokrsderdafter catal ygdi @a.ppWiotxh npart eed ayt

for co/mamldex he probabl eRh(hFPNCiyal-BhH)cki( mplmgpd¥ e x
at 69.7 ppm are obser Ve dNMR t €p e cctartuanh yism s

precaftfatyssed shows the presence of coordi
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2A 3summary of metal centre and | igand
fects on the dehydNad ko/lly-meri snseatsi wnt of
o®p MACHO <catalysts

elr la, it appears that rather than i mprove sutl
balt prbamdt atystehexyl substitu'tPi dn gfacmmrd iofopr

e rhodium system does not of f er2 vtsii)e. same a

ecat/alppetars to be mor £p osiussocneipntg btl hed atsop rBeHc at a |

own by the increasagparcaovteresipomdiong ther ohy
mpRB KECWP)ofBH) Hl compr).exThe stronger inductive e
bstituted | igand ph7owlpéen nees mp@r epds etcat iatl ytse d

osphines omR |lprkedagt alaykset t he corresponding hy
talytic species fadnmeda W) r eanatl algpsuts t o
mp IB&RNR P NP)simor e nucl eophilic than on the acH
rmedprfeoant243 BRERIFPNP)3d. This may increase the
tack the et antdr ampxlcielliedr aBeél catalyst7 poisoni

mpared to2precatal yst

y the opposite trend is s®aemé, wiwthrertehda heo ICal t
bstitut edb6apprpeccaartsaltyostbe moeeh aRessu bssttainttutteod Bt
ecas thtamldy reaches a high@NMHBRromdersitcre ofa md

ndi tsomere difflltiupadisg ioblex pid ali atsaudb sttada thtuewmtl i ¢
eirntcer aacftfieocnts t he mechanismuoh aeachfcaheal yat «
epa idsi ssoci ative process which may. bfn favor e
vestigation into this woul d(il.iek.elBy rrienqguiarnea |ky
om each 705 t&®pa ecatalysts alongside a thoro
mpariceuovel uat e howi gVBAICHOphosphi ne Ssubstituen
chani sm-boofr aammei ndee hydr ogenati on wi.th Rh and Co
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Chapter 3: The dehydr opol ynbeorriasnaet iwint ho f
gr oup:NEHIHPPpecat al yst s
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3. The dehydropol ymer i sbaotriaonne owi tnhe tgr
HANCHCHPPec at al yst s

The aminoplPeBPGEEHNEE R PFBu) were first repor
rut hemasiend ketone hydrogenat iPePCLEC BN H)ICE st s
B8),where their very I(aw datwalayss t0Oa h0doa0dlp engosl t!
under mild(eogdd)Mi@snsnbCemdpl8ewas | ater use
precatal yset dglrFadgireou api d d eBAlyHdarnodgBdinHiMtei o n
whee up to 2 expuweirv aalb®mtes eofwelde rel eased,
conditions reported dehydrocoupling was |
pol yami no%Tloreanseusg.gest ed mechanism of oper a
wheBacts paecatal yst 2itg atnlsé g aormeo:a Hut heni u
active catalyst, facilitated by an adjacenrn
(see slk.l3&F( gmrpé 3

H H i

H-N—E<H - 9ES

H Hh, HH, | H HH H
Vo2 2. 2 2
NS Hp [N | | N H N
HN-RG-P~ ———> N=RU —P" ! HN-Ru-P~ ——— N-Ru-P
(_P |1| Pr, -H,B=NH, (_P/I Pr, E <'-P/Ill Pr, -iProH <'-P/I-|| 'Pr,
Pr, 'Prz v Pr, 'Pr,

FigWwr0e Lehe: propobkegametaboperative de
borane across a ruthenium nitrogen b
hydride compl ex, forming an ami n%RiogrhHatme a
proposed i gpatnall cooperative hydrogenation of
ruthenium aminophosphine amine and hydri d:¢
ami do diedy d¥ i

hydr
ond

I ntereishichghydr od e mabiom@amse co mp Bthlxe f i r st eq
of hydrogen was released extremely rapidlI
polyaminoboranes which are then further d
was released significaitbtalsyedf agg toesp st9hsobcthaye
(RhRP NP)2B) ,5 (CoRP NP) gI, @r( COYPNP) gIf or whi c
dehydropol ymerisations typicall? STht%ke mdd:
compB8Baxgood candidate for the dNaHhkdrdopalbym
amiberanes, where out paics nige plo(),&aeafi ndg ebys el
of the catalyst <coul dd ebhey dtruongeech &8t aoe.reividadt i
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B8(RUBUPCEHCHNH)CY) has been reported to ®8eselecti v
butyl dmirmeme, releasing wp wWbhel kegaifdl abhodose 060

Anot her advantage to rapid catalysis may be t he
a higher degmsetn offl rod ¢ rmedithaei  elgareget ). pol ymer |
OBf or a simplified chain growth mechanism (suc
i's proportional to the rate of chain propagati:
(Equata)®mhi s may mean that for a fast 8dehydrog
assuming t hat chain t-ienrdnel pneantd eonnt , i shi glat ad eygsrt
polmeri sation for the formed poHogrami meoeboatnakgt i
dehydropol ymer i-bsaartd mens ,0ft haemimeel cul at ed- ener gy
end podaymemi of angGhobdr&nky’aleé malch | ower than
typi cealenferregyy b arbroirearn et od eahnyi dpeb—glesinZa%k ¢ a h' o |

2. 5 ®Wnd therefore at a first approximation th
dependent on the rat e of catalytic dehydroge

monomermad. f or

k[Prop]

DP oc————
ock [Term]

Equat2.dme relationship between the rates of |
propagation with the degree of polymerdi sation |

Under the conditicenswileB€@Oby Mmalg¥houi s activat e

equi valBm®lk, ool yanHBioHMewase f owimend | ow sel ect i v
fronmBANHMe (moti ndmfTHF) only when the reaction w

equi valz.evmats afellased. However, unselectively de
as borazines were formed i f the reaction was a
equi val ent®s Coofpl &k wa s evaluated abso r aannre amin

dehydropol ymeri satd equeaemtt ag wslti d aettigoanbwidyr eMa nn e 1
(HLBNHMewas f or mesBAN HMeowh elh cat al ysi s iRa0dC.per f or me
The polymer formed was analyzed by GPC where i
weight and relatiMhel 90mdYeg ddisprerslittywasc2abso

reported that the acti ve 8csaeteanieyds tt os paetcti aecsk gpeonle
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(H2BNHMei)n sol ution at tle0i@ped a tk e dtgrsi fnaemanga g n e

(HBNMe,) however no fugit\hwEm. details were

ClH,

H2 |/N,>

LN_Rlu_-P
/ I'PI'Z
b, Cl

p)

8 N + Various dehydrocoupled

H;B-NH,Me H > \,B\ BN products
2 H

t H
30 Eq. ‘BuOK n
THF, 0.03-0.5 mol% 8,
argon

Fi gwrl&he reported deHsBAMec obuyp | p rn&é aotflal y st
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3.1 The dehydr opoiBNhMei svad inB@ OKf H

I n an attempt 8bo usgntclhoenpil zex pol yami noboranes
dehydropol yme:BANRMda i was ofperdHf or med under varying
equivalents (the same.aankd uMaemdiadbrys 2F aggpwiuv al ent s
noBuOK were used, withl ¥8&a3n3d mo |ho FeBMmpMee c at a

in THF sdlgugrjéo®df r ea&wiitoon 0 egBuUOK|I eni ®rot o

addition t-wmortehree,amienlteydr ogenat iaotn awarsatiemnieoda afta
for eudiometric measuer eonfe ntth,e rpersoadaupciendg H n o mo mh ¢
bottom of the eudiometric apparatus before the
i'n no recorded hydrogen evoluti oowapl|l otel e alsppemr o X
i n under 5 seconds, vwiltenta fredtelasredO0 . oveequihe
mi nut essi t®n NIMR spectrum recorded after 5 minut
of a wide range of dehydrocoupled preddwmdts si m
These vari e®BNHWV®)s ho(H chain oligomer s, | i
HsBNHMe BNHtMe and (HBNMeo)r azi nes 24fidg BB NHMe)

React ifwi tomfl2y equi vaBwe@K sbeffore ada#3ANHMen to t he
resulted in no induction period and the | mmed
equi val efmhi 6§ was rapid enougho:2tfoore sscoanpee offr anm et h
bottom of the eusdilerfearre ct haep pvaatagdru cesultdt be di
1B NMR spectrum rzeecvoorldueted oaf theard Heased showed
formation (>99 %) 02BNIdMéaynadmicnoonpoertaen ec o(nH¥ er si on
HsBM HMe F{ g ®rde. This polymer was precipitated fro
pentane andy a@RC,y zwehdi Who ff o7uOn, d5 6a@n dyo fmol . 8 .

When only Bwasatakdswi BudKt, addedg induction p
4 hours was observed where no catalysts took ¢
was released in under 5 sleecnogntddsr.eoTlde nign kku mteita rc
datapwvoducing a hydr odgdnr i elvndelt difBni NMR pspéct rum

recorded:2 avolut ikn hatdoweedaséede selective for
pol yabmirnasomBNKMeand compl ete cosBNHHMei smbestrahe H
(Fi gw®wree The polyaminoborane precipitated from t
was analyzed by GPC #Mnod f500u n0dd 8tnay haeowtld sgprer si ty
1.5, comparable to the polymers lmmdduced by Rh
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ClH,

H2_ |/N/>

CI Rlu—,P
/ 'Prz
,—FF,' cl

Iy

H Me

8 N Various dehydrocoupled
H3B-NH,Me H - “B”| * BN prc»ductsy P

- 2 rAY

H

H
0, 2, or 30 Eq. IBUOK n
THF, 0.33 mol% 8,

argon
Fi gwr2@he attempted dehy HBAHMEey fidr imbadt iddhF )
by pr ec8qtOal3yBs motl #0) viBlu 9K ngdded: 0, 2 or 30
6 23I3INB T ~ 9 <
TITO DO~ G 0T D g i
(o] f’)_(:) N 7N N((?l 72[5}] o i '
H‘ Me
(HENMe); HE(NHMe), Nog- *(H,BNHMe),
H H )
H;B:NH,Me +
H H;BNHMeBH,NH,Me
|

| |

| | | |
|l 1.
/ MU[} | | [
S N N AN

50 40 30 20 10 0 -10 20 30 40 -850
ppm

Figud®lsitB NMR spectrum from the unsele
HaBANHMe (1 rmioh dHWEF)O0 .bY3 mol %), wi tBulKR added
A mixture of dehydrocoupled products is ot
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34.01
33.27
28.86
28.19

(HBNMe), HB(NHMe), / \

= sl S

50 4 30 20 10 0 -0 =20 30 40  -50
ppm

um from the selective de

Fi guordd si t®1 NMR spectr
HaBANHMe (1 moh dmM&E)O0 .bI3 mol %), wi tBhu K eagdudievda | en't
Primarily poly-lﬁthMHm/leh:erambese(ved, very smal | ;
HB( NHMend borazinar ¢ H8N3Me )f or med.

e e i it

50 40 30 20 10 0 -0 20 30  -40  -50

Figuorbd i tB NMR spectrum fromrohpel gméecsavieone
HaBANHMe (1 rmfoiln dindB)( 0ObyY¥ 3 mol %)B,u OWi taldded. Onl vy
pol yami nddbBdNrHaWweEes (obser ved.
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These results show for the first ti8manthbet
effectively used for the sel eboi aeBANdHMey dr c
Pr ecat8aslhyosms significantly higher rates of
dehydropol ymeri sati olmanf@r ewiattha | cyosmpsl etud ihlo yads
compl eted in under lQasgwhindls tcypnpaaleldy ttoa
500 seconds respie@.ti vred ly% (vail fiHaBALtHMBa 1B nd T HF )
Kinetic data from this catalyst systtie®dm3wi |
When act i VvBautO awiitddl y f orms an active cat a
the presencbBu @K (eX(@ eesgsui v al e ndtesh)y darpopgeeanrast et
boranes rel easing >Tlhiesguwavsa |ldeenmo n&s(® rHaotl el) b
and 30 equiBaOKnNttso -paafe paree d sampl e of p
(H_BNHMg ) upon owmischr eH eased r aspitdil NMRnslpé¢dt
recorded showed an array of8apnrdo d3ulc teq usiivra |
BuOK i s oadBlNeHMet (see s uplpilgeuBdeniBINMMei)s not
rapidly dehy @BrudOKe naa teendd REHE n NMR spectra wer
for these prel i minlahrey sepxepcd raitmeomt sof t hi s

di scussed3l)dt er (see
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32 The activation of precat'Bu@ko 8 with
f orPm-Pr aR WP BPCHC HN H)( 9)

To understand B8WetBaoOKi, vami omvefsti gati on into t
perfor med. Upon the ad®BiutOiKon oofa Z HB8gwiowmalt e omihs c
NMR tube, the solution slowly turned from a pal
of 15 minutes. Thamalpy a@dedtslmy NUIMR osnp encatsr oscopy, \
conver S8i(6ld @fpPm) t o a nceown tpahionsipnhgo rsopuesci es at 70
obserkiegl®feTh& NMR spectrum showed no hydride s
of 04G oppm. This newly formed species was extr
decomposition resul triandgoinnodankegrsédRfii coho and
NMR signals. This reaction8 waands dadleed HFp stod vieme
removevdaciuro. The dark pink residue was then ex
pentane and8 @®oflcerd ttwoudaysrtystiahdi zati on (see
4 . Bf.or further detail s).

The resulting extremely air senssiintgilveex-cpriynskt aclr y
ray <c¢crystallography and a&aiguy®talhet mottewocué ac
structure sheowadhaa <csoumpid € x f o rdneehda | boyg etnhaet i doenh yod
8, wher e t he ami nophosphine | i ga-pdes phhaidner ear
configuratngn{phespPphvnes. The driystraksi wgr ewiwef
Rinqf 0.029 for P-he Téhpeafc e0 .g0r3dupsuggests excell en
bet ween the observed and cal cul atedlihseirNuct ur e
H protons,t Heocaltedt rionnwedréeosindy t map, éNi@l ong t he
pl ane with the sum of Al IThdrsglseusygaersawnd hMi = h3
sphybridi sedN. dTeeaRaoe was also found t8 be sigr
(1.93j1v(s2) 174X 3)suggesting a bond8Thirsdeal |hdwveder
assignment of this sapre adioe sr uttch e b ePu AP h @ p sbp | se x

R u'® sPC HC HN H) (9) . The i soparmnpygn &LtHoms do not mak e
approach to the rutheni umMM@Ado i awcejhb&hagmBnizm

suggests no agostic or anagostic interactions
groups, which typically <hoaw!| MAAZARG S doitrdtadath c3e s5 ¢
met alPdo residual electron density wi&siNdetected
pl ane, ruling out t he possibili PyPrafns a hyd

R Ui sPC HC HN Ha(H .1 3 6

134



Fi gwréMol ecul ar ®t-PuaRhui®rRCHEHNH)(O) as det er n

by singl eray yditfafiraxcti on. Di spl acement el
probability | evel. Hydrogen at omsfraone Hl/ak
t hat was | ocated in the final di fference 1

Ru(LN(1) 1.931i(P)1,) Ru (2194 N((6l), 1CM@W)BNEIF) P
Ru(1) 82. 4iSRUAIN( PY 12y . SisRUAJIN( N{ L) 1 PARWO( 1)
iP(11) 180.0ON(BRY(IC)(1)27.67(18) .

SP{H} d@mhdNMR analysis of the9dwpkorstaanp |teh e f
assignmampton di ssol ut idon ansicryglod & p eiank dti hse
SP{H} NMRectartuni4. 4 ppm that corresponds to
Théd NMR spectrum shows a broad signailH at

protons (2H), this is si8whifcltamad ya sdhhifftte
for bkpmsoN#h4dH), further supporting susgfgest
hybridOsley. t wo i semwvopwylinm€mMMts ar e'Hp N&MMKRen
spectssrwgmgesting high saysmmnsettrroyn gilny srooloufteido nd o
at 1.37 and tlhkhe-Z . p plde=( b70. 0 Hz). These sig
doublets upon phos@pNwormyuws idec csui mlnian g.Hver e
NMR specti4dbn f@@meroexpes4 iBheont dlurther detail
of 1 equiBu®Kef(fi nsetead of 2 eqbuiewsalll@rst 39)n wai
ofSan®observeédiHby NMR specRirgpurde pyNo(-ami rdm

i nter meabsaerved suggesting that it is not
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—~70.5
65.1

i ClH
Pr 2
H=rae / N R
=Ru=N —RU—
<-P/ H <-P/| Prz
IPrz iPrz
9 8
80 . 75 - 70 ' 65 ) 60
ppm

Fi gux7e*PIHINMR spectrum of the NMR 8amde react.i
equi valBarmOtk,ofshowi ng s®ate @amrep@mamtawnd a new peak
ppm corresponding to

136



3.2.1 The proposed electronic struct

The struxituref ofundament al i nterest dbe t
el ectr oant ceo urnut heni upnl amar sgaamebir yat Thhnsi
and even more so thapi hheé¢OStcrwanP)lexoc®w g u R wevd
pl anar compl exes ar ea mibdacs e dMA @WHO nloingpa nd s
RUN(CHCHB w2 Cl a NdS iRe¢ HPB u]2} CI and are param
S =Fl1lgwdet®>The first ex-amphe -plaard odvweni u
compl ex, reported biys SMAGOHO di¢EmeeHRBaRRC[ . |
I's reported to be stabilised ’i-onontahtei oh = rQc
filled soirtbricagadn ipnt o tbhhlhe drixidghbrinti aulm non

The diamagneti c Svaasurdee toefrihioNispE esxpect r os c o
nopeak shifting or broadening was obseryv
paramagnetic s'féToi dhe( DestO)of myodkepwe e gt
the newest e X,ampd-pehaoefarga d ow spin compl ex
previousl!| (yYRMEROHPBe)d Cl| aMG@hHGHRPB{u):2 CPEB[) , and
the second ever feat uFRiign@8éx 2t henium cent

Schneider et al, 2014 Schneider et al, 2011

S=0

, e "
I\'ﬂ Bu2 | tBu I
_si—P i P |
\, [N=Ru-Cl | N=Ru—Cl |
Siep i p’ ‘ |
tBU2 1 tBUz ;[—2> :
I H I
Caulton et al, 2003 | Schneider et al, 2010 NZRﬁZH |

| /
i o -P |
‘Bu, I PFs Bu, Pr; :
il | Vvl 9 I
N=Ru—Cl | NS |
4 & |
BU2 i BUZ :
|
i |

Fi gwrseExampl es of r®pamiaeud dsegnuiaurnre compl exes
two examples of S = 1 and NOGHCHFPBI2) Cd% amp | e
L9 IN(C{HC HPB u)2} CP ][ was al so included as the o
sqguarleanéaromplPex.
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Gr outpheory and t he mol ecul ar Sstruct-ruayy obser

crystallography can diempulsegdnd of iceindt spkitttaing
compbBbekat helps to explain itBhiusucaml belecne ol
approxi maetyimmpetDy for the strictly square plana
the st@domagti on from the | igand phosphines and
equal
|l nG-anly model -ploan‘@rosgplaene tHAeddodr bitals are non
bondingttdeel aok of overlap with the I igand ortk
ener ghiegudrde. Tzheer bdi t al i s of a slightl-y higher
antibonding in combination with the |l igand s
splitting diagram wilteéc tér odn se |flertatnr aoknisg aannddi v8e se a
paramagnetic (S = 1)Fih4or¥BPTehdtsr are sudapb Ewallt he d
being singly ioncgcuipn ead ,t rriepsludtt (S = 1) ground st
|
! \
/ \
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By constructing a | igand f i“eblodn dsipnlgi,t tsiuncgh

the amido |ligandshenetbemptewn the -pebatal
explains the okséswed | di arhagnBasaenloyf ocnoemp
popul ated |ligand p orbitals abenadifnd hientcen
wi t horabidt al , whi c horalriet a Ysey mamgiBd geuO. St r o

"-donation xkonrtba ttahe sduch as by an amido |
antibonding interaction, where the antibor
the newlprbotmbedarrangemenf-downbhssttbaegens
bet we enxatnhde txdpbeecdmes | arger than the spin
singlet (S = 0) dFigum@d’shiasei seshbktapPpar e
Populating this diagram wit'tenheet6 bdetke
t he |l-dgoamadt i on and 2 el ectr orndsonfartdm nt hga vlei

el ectoomt PFifgureg.( Al t hough 4 el ectrons are

t wo amiodrobipg al | one parilrist,alondfy emper odpr i a
orientation i s avaxj)l,abmreea ntion gd arhaatte ai nttoot a(l
donated from the two amido |igands.
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FigulrOeThe | i gandi hgeddagpamt of 49 dHAgudarreans

met al compl®met witbeatdé&anddohaligandThe r

el ectron complex 1Is in a singlet state whe
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I n comMpl ¢he ’'sitmmtoenrgacti on Dbet we entbaansi deoondl itglaen d
rut henioumid al strengt-henhsogba bonhHbHeniThms mat cth
observed-ragy thgskal strucwheeeidf h@eobkBplde st ance
Q1.931)(2i))s shorter than the 8@ndl7é)Bohlile sRen in
N bond | ength sin ygpdmnpallexof Ru(Il 1 ))i8&mfdo compl ex

Orbital energy and electron density isosurface
Macgregor at the University ®fco3td.edArsdmgws, capt
Xxray crystal strQucsbow of eedodmphdkeagRunteractio
t he HOMO anal ogous t o t hSacth n eri edpearr t femdr bayi
RUN{CHCHPtBu}) CFi g ulr0gt®The corresponding antibondi
bet weenathidle admiodbdi pal s i s the LUMO.

140



Anti-bonding

Bonding

Fi gurOelCal cullagcetdr ,en density i sestetilaoedp mobd
arranged decreasing orbitallheéemoemrdiyngf riomt et
bet ween t heoré&®mitéddspand xtzihe seidmheas-bmhd hEC
corresponding out of phase antibondiinfgt hh nd
or bixyalnod shownMO+&otuheesy of Prof . St ual
University of St. Andrews.
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3.2.2 Decompo s iRH @ p-NHCHOHPIP m)i(ce,a'-
N C HC HP'P 5) &2-'P tPC HC HN ) (1 §

Compl9eexmnder goes fsaci e idn meDniowteirorn hien tC mescal e
few hours, turning from IlpanhtkDfiva sa cthaoossweimhe ol our
NMR sotwventl e owmtduseldvaemrtcomposition o the ver
andprevent obscuring of MHh&AMRI speatiiPdHit egiThe i
NMR spectrum of this brown solution shows the
environmempgrsoxoifmately equal intensity integral
ppm, al | FHniud ulriogz] et He eNMR spectrum of this solut
pr eseonfc ea -hmedrail de ®lilg bl pgptm t hat exhibits a cc¢
patterWfP}t hMR spectrum of this signal shows &
coupling to multiple inequiFabgdmB. phbephydoiude ¢
splitting pattern whe bBémahabeer bagdpéaodoudddd, r

coupling to all four inequivalent Jpk@&8phorous
15, 36 & 61 Hz. The coupling to al/l 4H-phosphor
3P HMBC NMR speltit aaRIlHTh&M& spectrum signals all
single new spébies, compl ex
© 0 - © ©
~~ © 3 3
prp. NH, n Hpipy,
RUQN— i
’PrzP N\,PPQ
10
80 ’ 70 ‘ 60

ppm

Fi guwroeZ2P{H} NMR spectrum 9lfefa dampsloel uafi on for
showing 4 phosphorous envli@oRemeot eDedor 268pondi
K.
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—=11.56

THE1P) NMR

H NMR

105 ' 1.0 ' 1.5 ‘ 120 ’ 125
ppm

Fi gulrOeSTo pHfPINMRs pect rtuhme orfut heni um hsyhdorwiidneg
sharp singlllt NMBwddtornuhme orfut heni W@ hsyhdorwii cheg
complex splitting pattern corresponding t
environment s.
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To i dentify t h%®wapsr oldeufctt afsoramecdoncentr ated pent a
before ciBOICi n@® tgog ows ecér.yd.dal slet¢ ails). The resul
crystalamawgrze d dryy sstiadgilfef raarcd i @ancryst al struct
obt aimmieglulr(egs. Bhiloowed assignment of this speci

rut heni um c &Rmif ¢20'N H C & HPP £)2(s2, 8N C LIC HPP ) -

PsPCHCHNR) (10 whi ch exhibits t wo ruthenium at
ami nophosphine |igand der iAReAd dnistt ammgen i st 03ms0.0
|l onger than woul d be Jaxupehcetna dunf id®o 8d23PARt. Be ni um
hydride is present on one of thécaublobaeaniatmtaeo!

nitrogen end of one of tFheg uaMTImep hcasypshiane Iwiega
we-di ffracting wédBbhoant Rensp-&8de @g0Boap2®R®RA of 0. C
that suggests good agreement betweenThbe model
fudharacterisatliQQni delt eNiMRsgafiddd mass spectr omet |
reported in theBexperimental

Fi gurOeMol ecul ar sftrsudtare mihed bwyagi dgf er actysoa
Di spl acement el l i psoids are sNMdwnRa{({Ht Ahe60b0% p
and H32a were |l ocated in the diffeydrncgeenmap art
atoms are placed isnSeclaecctueldathbeandpolsdangtoms [ ] a
N(ILT)C(32)263(RM(NL()2059 (,2)RUuU(NA)2)150O2) Rui(NL)3)

21502) RUNZ)R).718 2) RUNI)2N 782) RUNY)R) 059 (RY (1)

AAA Ru(2) 13C (0302, 41 .20
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Schnei der ped hael dec o mpRus(iN§OBHB uj Cl (anal og!
9via t hhey doreitdae el i mi nation from the | iganc
atom to form a secondary al &i gunog. latndi | Iril
t h8B8l so underhgyodersi dbeeteal i mi nati on to form
ruthenium hydride which subsequentOlfyr meag
the dirut heb@Ruing brpe.c i Gosthfilsexnot catalytical
dehydropol ymeri sat-bonapné dceshyteameateurin
NiH andHRUMNM3 andiHRWOWIO ), this may be due to si
tahe approach obdormenehydauwmstedceby Pt hgr sups o
|l i gand backbones.

‘Bu, B-Hydride Bu,
P elim. 5P
A N=Ru—CI » NZRuU-ClI
P’ o)l
IBuz IBu2
J.Prz
P,__
H
N:RG_H>
'Pr,  B-Hydride iPr, ﬁ'FP’:  “NH, H—H
H /P'__> elim. H /P"'\ 2 9 'Pl'zp-‘ ..\\N,,. ) /prrz
B N:/RU:H — > N=RuN — . Bu-\.N-{'Ru‘PfPr
t.F’ Q-P/Ill Pr,P N 2
jl|:'|'2 'Pl'z H
’ 10

Fi gulrCebA: the reported deltydrpiode t &b ihmikfryathbi
rutheni uml saodar(eNfCHPBuUR) CI°B: t he pr olpydreidd &
el imination and subs9tqouefnotr ndidmerru tzha®yni itoumm as
ruthenium hydride and coordinated al di mi ne
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3.3 Kinetic analysis of thBANthaydropol yr
withan&8uOK

Ast he dehydr opol yBAEHMesva t iho c Goafi | E0mo3I30i t h 2

equi valBunmOwasxdtremely rapi d2wals eelgaua syead eint  wrfd eHr
seconds) and showed no induction period, cat al
attemptcedar itho omrecord eudiometric hydrogen evol
a lower Iimit to catalyst |l oading. Recording e
all ows for the kinetic analysis of the dehydro
with c¢c8mpwhixch hel ps to provide the evidence ne
mechani sm. With 3BuCKguikadmermndpenofead t he acti vi
compBwixt#8ANHat O0.03 mol %.

Dehydropol yme rBAsHMei o(nls rddIn HdTnM F) mpt ed awt £h

compBe&. 01, 0.02, 0.03, 0.04 & 0.05 mol %), whi c
ofBuOK to formecdomel exddi t iFOny Wr®s. c althael yi snisst a(bi | it
9precludes the use of <cat al0oy 9t5 gnod &k csad lad tyisdan g .
of coBpl Exequi vewhentrebétasled as measured eudion
concordansi W8 t HMMR nspectra recorded after cat a
complete conmBAHMeon oofp tiBWNHee ) (Hydr ogen evol ut i
pl otted over time showed 120@a hsy) ,i ntdhuactt idoenc rpeea si
i ncreasliynwgt cladadi ng, foll owedr byeRisgli@Ft period
This is in contrast@8wtohwBerqgOB @K ewmd 8 wsfed, f ol

which no induction period was observed.
T
H, | N™
(Elg—l-'\‘lﬁ—_P>
/ 'Prz
b, Cl
p)
H Me
8 \Nf
H3B'NH2MQ o \B
e H H
2 Eq. ‘BuOK, THF n
0.01-0.05 mol% 8
argon

Fi gur®6The dehydr opodfiHiBAIHMe at(ilo nnfoiln dTnHF) by
preca®BwiybBtvarying cati@®l 985t modbd &Ji n @ BE@@®PKO Yal ent
were added to activate the precatalyst.
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1.2 A
- o o
£ 1- F° °
g 0.8 1 :
- © 0.05 mol%
°g
= 056 - o & ©0.04 mol%
0 8
T 04 o § 0.03 mol%
T o’ 0.02 mol%
0.2 - 9
o
0 o O & @
0 1000 2000 3000 4000

Time (s)

Fi gur®7Ef f e ctkB=vNeMedHoncent r at i ofnr oo ee u dti iomee t
evolution measurement f or &BieNWie {YdAdd@olgy |

dmiin TohHEBO. @2 n®| W) t h 2 e guBu@K etnot sc aotfal y st
period is observed to decreasbdeamdounate odf
used is increased.

At 0.01 mol %, catal yseis deée eamsetd iamidt inat e
HaBANHMe substrate 1B NMR.EBvhBeMRbgpectrum of

remai ned unchanged after 24dehoer sof sé
dehydropol ymerisation. This suggests the
very | ow concentrations which completely d

l ess than 0.02 mod) %wdfe6. GA@2dmdldi d nussteido rf
3.5.31IbhRH} NMR spectra recorded aft8ashoaweat
the complete8@®dnpemdi 6o afnew speci €sgwir eh
10)8. No corresponding hydr isdddusNMRsa kBafHg r e

NMR spectra recorded on cat8aslhysnvi snowipthho sipd

signals as thetaconlcemtration i s
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—89.1

M0 100 9 8 70 60 5 40
ppm

Figurle0.8 I i t 4P{H} N MR spectrum recorded aft
dehydropol y meBANHMat ( dn mioh THF) by8pP0o e@ R trmdly%)

and 2 equival eBu®OKt o Pc &g aslt ywsott sacofbser ved (singl e
and a new species is present, singlet, 89 ppm.

The formed polHBMHMaWasr pmec(i pitated from these
with an eroa¢esstbfindanal yzedMlboyf GhE.s eTsihped sy me

significantly higher than the reactions run at
clear witéndhanges i n c¢aMial y8sot,i 71didn,ceendir@t mo In

Tabbe Mhies approxi mately con3degxaneptatf or 2t0l0e 0l0®v
catalyst loading 0.02 mol % Mex WwWB6CcHOP.hg mol yn
The exact r evaasraini Mwo rsi tumicd ear , however it is 1|

catalyst poisoning that prevents B8atalytic act

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

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

Tabb&®ol ymer
catalytic de
mol %) with 2

ata obtained (HegBBNHOMeQoamabdy dystae t
y d r aBAoHMe me rli shntini odnH Ba) fO bHO2. 0 5
equi VBaulOKnts to catalyst of

d
h
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3.3.1 Determination of t he order I n

dehydropol ymeanmisiaei i @ame © fswiittth gemner at

Hydrogen evolution ©pl o8tasctrieadredle dwiwhhe nt wwpos
BUuOK to catal ssituwéndmat itrheg dehy:BNBMo Il yn
show an induction per i opd df oalnldo weodn shtya nan ria
and the rate of hydrogen evolution then de
I's best exemplified i n tFieg @r0Od 3T hmod % ictah erl
a positiveBNdtMédesubet Hate for catalysis wiHf
decreaseBNHMe KHoncentration decreases, or
changing over the course of the reaamndon.
(CORPNP) Candco(CWNP) gl show a first order de
borane concentrataballyasmthe(RéRE NPF 8BO)and
RhiRPNP)2EB) show pseuvuder zeéelmoraab 8een t he sub:
i n a reacti eonr dexrhirbeiatcst ifoinr skti net i c s, pl ott
substrate concentration over tiikme, gwhveerse ak
reaction rate constant. Aahisgcahebéidetri:
(Equat3)on

Taking the eudiometric hydrogen evolution
HsBAN HMe w8 plhus 2alequiBsw OKf (700..0025 mol %) and p
data as a functi on o f:3BA HMe ncaotnucreanit rlaotgiaorni toh
the decay pr &fiiglug0s sBAMigMen doancentration can
Hcproduction is in thBMohiMeadéhydpogeesasiwint
start at a nor mal i ze dBMN HMee «wendt r atnido m%i s n:
at 4iBANHMe] Fhéese decado pmrotfidresw the | inea
first order d:BABMal eone caf aMHtydti cnotadlel vy, t
catalyst | &adilmOgd Op. 1002t mon %) exhi bits a dec
the course of the reaction. This is sigr
expected for a highat e[dsBAlegMe?) i.Thh i maitbh o d 0
determining orassumed bemthbsggamdaret s of the r &
catalyst active species remain at steady

case
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One interpretation ohser cepdiatdaa teixsp| tah at tdfe sat
kinetics. TiAHMebmayaterh an adduct with the ac
i n aeduiel i bri um plriimirt itnog tshtee pr.atlef t his equil i
adduct for meBNiHMe sub ier aH e appeaosgrsdeprseatdohizgh o
concentration rel ative t o t he catal yst conce
progresseBAHMedcHncentration drops sdfgudieficant|
regi me may then end due ftor matdiuacre,d tcladrad fysrte ard
a decrease in rate @EBMNMHEMededperSdiarhc ea osnc e[nthr i o h
previously repdrtfadd blge WBRh| MACHO3 Rat #Ny st syst
Pr 3))H where the formphéeona dfi hpdrdgaet bf&Rmd N

Pr }MBANHMe results inoandersevdbe zde@AMNence on |

concent®ration.

... Q0 ..
YO0 Q — Qo
Qo
C
a0 Qo a O

Equat3 Dme -6rdet rate | aw fontagraewtedi oor mandhat
plotted in the form vy = mx + ¢ to give a straig
at any giveon stitme (th) ti[aA] substrate concentrat

Time (s)
50 100 150 200
Iy
=
z poR
% o)
= O O 0.05 mol%
| O
O 0.04 mol%
o]
0.03 mol%
0.02 mol%
Fi guroeP| ot sH:BM HMen][ against time where all plots

s o t hat catalysis starts auditomexgte®ocl Qi @gn nal
measurement for the deiBldNMMep Oy, md @riogaitdinron of F
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THFyS 0. @2 om» | W) t h 2 epudBw@HK etnd scat al 954, g
situ.

The eudiometric hydrogen evolution data f
concentration can also be used to deter mi
reaction can be meaduwraedd nfgdr( 0ba0a@o | &gt alnyds t
that all other rate | aw components are th
catalyst concentration on rate can be foun
measured by mat he maet ihcyad rl oyg etmo deevl d i untgi otnh p |
Hor el eased against time) and differentiat.i
These initial rates were then mpilgpuri@ d Tahgeasi
initi abwedbpesnot show a |inear correlation
concentratsiicamu d®,fcmpdd and shawr @a IinmBaecepr
expl anfaotri iotshitshat a | ow concentration of ir

the true omnateanltysatt i on by i?freversible pois

The experiment al evidence that <catalysis

dm’) @Hut was rapid at 0. 09pmovVviddd. OPPEr m
l i mits to the concenbtirtaotri.onByo fpltohtet icnagt atlhyes
of catalysi-siabgb]nand[ecatying [inhb] b'etwe
3 a linear correlation with an intercept

mol 3. 016 mol % Fedoguirhda |l ent ) (

To provide evidence of the proposeddnmEnhi |
present during catal ysi sHBLaNMkevhgdaodopwimpline
8+ 2 equi vBau@Knt(sgeoBpr ati Mg 016 mol &) .0. VIO
hydrogen evolution plot generated by eudio
mol % (0. 0003&®f mwdedat adyaltysis i mmedi aitneilty
suggesting that this catalyst concentrat.
(~0.00016% mahddmrovides further evidence
(Fi g ulrlgl. The dehydr opheBly MWdewisthht i neoti val e
BuOK (gem®eratt ih.g015 mol %% ( Onal0 &l 5 omaalt tdenmp t
no initiation of catal ysiTshewasoscsh e revede
proposed inhibitor wiBlL 5b8 Odies@audsed hleatlea
bet ween i ni t-[i iah h br] at £u g[ga Eltte]s depemdence o]

concentration. Thi s means t hat t he r a-t e I
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borane dehydropo®lyimeeli ysaitmwomnl wed ht he reaction
species that 9 s derived from

0.3 - o 0.3 - — o
0.25 0.25
P) P
5 02 5 02
E E
0.15 @ 0.15 -
‘E e £ D
S 01 e S 01
£ £
0.05 o 0.05 -
0 $ T T 1 0 T T T 1
0.0E+0 2.0E-4 4.0E-4 6O0E-4 00E+0  1.0E-4  2.0E-4 3.0E-4  4.0E-4
[Cat] mol dm-? [Cat]-[inhb] mol dm-?
Figurld efta plot of initial rates of hydrogen e

against catalyst concentration [HsBl Mef or t he
(0. 112 nmpl3icamTHWBI0O. @2 0o | Wi th 2 eqguBw@K etna s of

catsatl,y gememattiung Ri ght: the same catalysis ini
an adjusted catalyiptnbbhcewhentei pnnhbht]s the
proposed catalyst inhibitor/ podi s dihreiatisalmedat @s

o f these catal yst runs were measured by mathe
evolution plot curves and differentiating the

1.2 -

—
1

o0 0.016 mol%

o
Co
1

0.02 mol%

H,B=NHMe] mol dm-3
o o
> o

o
o
L

o O ©O

00O O
a0ov O ?50

0 2000 4000 6000 8000
Time (s)

0

Fi gulllEf f e cHeB -vNeMedHoncentr ati ofnr oow ee u dtiionmeet r i ¢
evolution measurement f or &BheNMe {Yd,1d@olgy mer i s
dm?in THYW)Y0. 02 andno0Wiltch 2 equBw@Kenotscafal yst
Catalysis initiates and reaches campl gtiabnefor
i nitiation with 0.016 mol %.
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An attempt was also made to evalwuate th
HsBL NMedehydropol ym&Quit st songwivahiabl e ti me
(VITNA) to provide a dulmd bamt kroel etlssed sweant

agai nstwhte[rceatt] i s ti me, [ cat ] i's catalyst
catalyst. The value of n was varied to fin
concentrations overlapped, thus qualitati:>

law. Applying this to t hHBLdNVewd Bbmadtyg BT 0 B¢
2 equi vdBuehk)s aotf cat al yidt 0150 andbil g s hdO.w@E2al i r
overl|l ap?(Fiogufgat ]

When considering the proposed catalyst inl
by subtracting 1its pOr. 00p0o0sle6d miytool h c @ mt rt ehtei oc
concentraeixtdmbpi fsat hleag | ofs etshe BplgaliritiPe d That
overl aplifosrhdwevwdr a poor fit, especially
hydrogen evolution pl ottshseamkei mecaanhbe me xpli
an initial -prscceaurdor ateeg oddapendence HB NMae c

saturati omhekrienetthescatal yst Hs:®l ¥ei aan aa dpdrw

equilibrium prior to the rate | imiting ste
of the active catHaBLyNMleboesdi mgidatta)jea¢
progr es sHbBl NdAed otment rati on decreases, me ani
unsuitable to assess order in catalyst for

31 3 -
=251 25
© = 00, © S
£ o o 8 [=} o o § & g O -
g 21 o g 2 ’_d) g ©
b= 6029 (ZOOCOOO ? E (Cr\((d:’e "
215 0adB® . 8154 © ° 0.05mol%
3 o © 0.05mol% @ 8 : K
E 14 808 0.03 mol% % 7 ﬁ 0.03 mol%
:‘:" O% 0.02 mol% ;:“ ; 0.02 mol%

05 {08 ° 0.04 mol% 05 15 o 0.04 mol%

() )
O o)
0 T T ) 0 & r r T d
0.0E+0 2.0E-6 4.0E-6 6.0E-6 0.000 0.005 0.010 0.015 0.020
t[cat]? (mol2 dm* s) tlcat-inhb] (mol dm3 s)

Fi gulrle2l ef t : VTNA pl ot shewieag e dma i fa mmhsetH t

dehydropol ymeBl NMet i (oh., lobid | H§3dm THHYB)0. @2 05

mol %) t h 2 equBuv@K etnot sc actfal 9.s tRi gghetn:e rVaTtN An gp |
mol es2roefl ethsed aigahibfshé odedydr opol 3BraddMe s a't
(0. 112 npl3icamTHWB)0O. @2 0o | Wi th 2 equBw@K etnd
catal yst, 9ge[niemhald]i nigs approxi matleasaed dbre I
catalyst |l oading experiments
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3. Bhe dehydropol y mNHMea twianndosMeH

I n solutio® exhhimpiltesx hi gh rdaseatm viingyt adond i tl y,n
spontaneous decomfphgdgdirtiden eviiani batiaon and di me
catal yticdl)lsyee ns@cctidijwwewhi ch ' NMR isdectbryoscopy
at | ow concentration al most I ;ameTdhiiast erheya nasf ttehra
usi Bg OK to act tbwataeme amdierhegdr opol yme8isati on p
i nconvenient. Catal yst stock solutions ar e I
comentrations used t o i nvestigate t he order
dehydropol ymerisation. A9 prbkbel udeses abhlki tuyseofof
solutions, speci 9mus tc obnec epnrtordaut ci eodn8sb ry@dfa O r eact i

i mmedi at ebycptabysis each time hydrogen evol ut

be measured. This method of catal yst prepar at
catalyst concentration, exacerbated by the | ow
To circumveandtfhaci iissakte a more accurate measu

bet ween catalytic rate and c&8wvalay ot he@o n aneert throat:
was sought. The activation of dehydrooarpodleydmer i s
hydride traasinmehyadroi dfeorine reported in the I|ite
amines are commonl y u8e#Thaifss/ aocctc uarss tvhiea bdaesper.ot o
the amine of -brormaenteal c oanmpilneex (1s e, 2iwhtircond uccan ome

stable or tr.anSucehmti ss ptelcted ecsdaa@l.f or precatal yst s

Dehydropol ymdsBiLN#te( ons0d mp i eamTHF) were attemp
wi 8h0. 033 mol % catalyst | oading)Man(das aa i D umolan
dm®sol ution3,i nL5THF30 &t3&5 tewquwiavalle st , correspon
0.005, 0.01 anrrdiO0gudxxk mol dm
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ClH,

H, | N
<T1ﬁ6<;>
/ l[F’rz
b, Cl
p)
H Me
8 \Nf
H3B'NH2ME - \B
-H, I
HH
THF, 0.033 mol% 8 n
3 -75Eq. NH,Me
argon
Fi gurléghe dehydr op o |HgBeHMes 4 t0i. dd 2drfi, n 126 | ¢
THF) by p8wictalt aVd arsyti ngMeamdu mtddeMH t o acti va
(375 equivalents).

Eudi ometric hydrogen evolution datBAHMas m
dehydropol ymé&8wheat aomnnwi cwasewaria¢domno al l
anal ydigulri@. With i nMeeasnhnngnWNHation the i
shown to significan@0ys dwicrral3eeqtroal elt6
equi vaHiegph sp&ktagdsal ysi s are observed when

NHMe are wused meaning that the hydrogen

precluding the compariacan onf, ihJeiwt®iValt irfodnteed
show that the rate of catalysis is signi
concentkiagurdm. (Comparing the ini&8(i0al0 3r amoels
+ 2 equi VBaulCGekn t8sf@o fO 33 +mall5%)equi vaVMe nt®. MF ¢
0.24 moslirdmpectively, it is clear thaMethe
has a paotebedatory -eé6facéeée odehwndii agenati on

Measuring over the iioirtdeal rleignear pdeudaur
catal ysi s BwhCGKn &nédi. 8 mol %) vilse rleBd D swi3t3h mo |
+ 15 equi vaMeltFs =0 f66NHhs s represents the |
reported for a dehydr?dpldt ysmeoulscath ® nn dhiee c |
fact that the catalyst concentrations are
wholly compar athlee,i ncowased rate of reacti
NHMe ar e used8ctaon naoctt ibveatseol el y accounted f ¢
concentration (0.0003 TlheOt 0008B8emofr dquen
dehydropol y meBANHMset wd@® hO# kol %, 0300 0%HRp I
equi valBunmdk wds meHLU'seerptbedoorzaen ¥8fgi o

155



. o .
o
i - iif
o 2 ™
™

@]

o

Ly

N

1.2 - /
O
O

0.6

NHMe] mol dm-

0.4

H,B

0.2 -

0 ﬁ' - T T - T 1

0 500 1000 1500 2000
Time (s)

Fi gulrledef f e ctkB =vNeMeddoncent r at i ofnr oarw e u dtiiomee t r i C

evolution meashwer emdriytdr fopro HBNHMes 4§ 0i. Adda2o0f, 1 mo
dmfin 23BHEM by pBEe0O0abaB)whntlh%varyi ngMeanofunts NI
added to activaté7b5heqpreahbhént gyt REte I s seen
i ndoetperiod decrease with increasing amine coOI

A possi bl e explanati on for Nt HiMes ancektbadeat or
dehydropol y maBMN HMet iwv@it thdnfat Hami nes2MeumayasacNH
as -caot al yst sbdroadrechmdnepol ymeri sation, alongsid
activator s. It has been reported that water an
heterol pyaics osef & -amtdenbomd by forming a hydr
adduct with the caftraeley setn,e rtghyasb talrovwaeerrso htohrbed as m
as 8 k'¢aA¥3A moil mi | ar mechani sm may occur here, wh
facilitate t he dehyodramgeesn atdiecrr ecafs ianngi ntehe barri
therefore increatalbgsgitubrlgg. r dtte isf unl i kel y that
a trimolecul ar r eawvet i aomd tbhlua aattihved o d\ehit @l y st
hydrogen bonded adduct ,sBAHNe.h Toh etne srte atchtiss wmetchh
the effect of tertiary amines on the rate of r
amines should not be able to faciFliigtulaiee t he pr
and therefore not Niogmiefaicda amntnl waasf fodbsterrveaetde bet
8and 2MH i n the absedhoe aok, aandinscroleipkleelxy t o be a
i ntermedi ate in prec#gvteal yst activation with NH
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Anot her possibil iMey magulfdchaed ittthate miibthe bkhds
| i gainHd aMdH Racross the ruthenium nitrogen

shuttle, thkeai e@amy aani dwot bond t hat can ge on

borane. This is effectively tdhe tneircorloyssciosp it
and alcohols that has Fbgelmlpr dgii cusvioy | de p o
rate | imitinbosaee dahydn deernvatl pMaeoss siHi ft rhho m

catal yst.

H--H }
A L —1=PPry
N—Ru-PMe;
7|
P H
'PFQ
T
Q
E Hq--H““H t
™ H_ PP, AAG = 8 kcal mol-
£ N—Ru—PMe;
A
= P H
= 'Prz -
g P'Pr, H
*H,  N-RyPMes H — PPr,
(+ H;0) (-P/ “H N—Ru-PMe;
i L /|
Prz a ‘P H
Pr2  (+ H,0)
Reaction coordinate
B Me Bt
B Ho 1
,H"'N~>B»H
MeHN’ [ H
Via Hn If:lF',F’r.
H N:Rlu—n
A
Pr. (-JP x H 'Pr,
H & Pry Hz |.P
. —Ru—N — ——- =~Ru—-N -
H;E-NH;Me + + H,B=NHMe
3 2 t /;{ Hs NH,Me (_P/:k H; 2
‘sz 'Pl'g
MeHN--- :
OR : u Pr.
H‘\ HFJ r‘
H Pr. Loy M ipr
“2 | P Prz H P
Ru—N - =Ru-N +H
Loy M NH,;Me oy M ’
sz Pr?

Fi g ulrlebA: The reported |IbeawerreactdoogatHhel r ut
nitrogen berdNPp 4 MReu wvhen medi ated by a we
adapted from | i ©%r attihree prreofpevesdeida eaendb oaenai nnee
dehydrogenation/ catal yst deunny darnoigdeon astpieocni,e
to the active catalysf® proposed by Fagnou
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Wi t h

Il ncrMascogc &rtrati onMpwalsy aneicnoorbdoerda neo i

ncr

from 108,00t hg 3moelqui val entws ttho 3105 3,qud Ov ad emmotls (

represe

il ecpeasedtrawhi

noborane p

t o

mo | %)

t o catTalby6¥et , |t i s possible that t his
pol yaminoborane chai tferrenes fnBad m o0 lawibliiad n shuyx hNH
Anot her possibility s that taMe
| eads to an i ncreased rate of a mi
pol yaminoborane <chai termimatei o spod pimea ds
H;B-NMeH, Catalyst MeNH,
Catalyst M, M,
Catalyst | concentration concentration | concentration b
mol% (mol dm-3) | (mol dm-3)
(mol dm-3) (mol dm-3) (mol dm-3)
8 1 0.033 0.00033 0.025 133,300 | 228,600 | 1.71
8 1 0.033 0.00033 0.01 153,900 | 245500 | 1.60
8 1 0.033 0.00033 0.005 126,100 | 191,100 | 1.52
8 1 0.033 0.00033 0.001 108,000 | 153,100 | 1.42
Tabb&ol ymer data obtained (-eBBNHMeQoamaly diystbok t
catalytic dehydr eBANHMegme¢ i sfathi dm&O 0 beI3 3
varying avkeddg@B5NEqui valieh.tk25 0MI0 1d m
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3.4Kilnetic analysis of the @&BdhHMEr opo
withnd Méd

From this point3odnsMelOo wB@BBmelg.dmo catalyst
mol oadi ng) was used as t heMe s tfanmrd aa at | asrmAc

dehydropol ymer i s avtoil cuoniecoM & all 2@s5to.f T2hi¥nsa | T m)

was | arge enough to add repeatably, while

—
>

Botevol ution could be measured eudi ometri

further understand t heMeopleayt hwmlhermmp mes
e dehydropol ymelrdrsane o nb y f& raanhateard o/rsma | i
olution data recordeadrat i wvasyiwag dhmioned e
|l eased agd8(VMENAY [ awmheré¢ t i s ti me, 2NNlemmi n
moitanddnmn n is order in %A"Ehensc aff alByasmidsr 8w ic
uivalents (®)0.fOeM& mwoals dnot included due i
te of catalysi s, possibly due to i ncomg

ﬁ
X o o -5 oo < =D O

cessMef iNH used. The best qualitative o0V

c

ggesting that the roartdee rofd ecpaetnad aynscies ohna st

2MelF{ gurlg. This value however ciomclemd e ratt ¢

@ O »w o
—

aluated and an i mperfect VTNA overl ap,

o <

I ading to | ower ac cuervaoclyu twihoenn emuedaisoumel tnrgi ct

A positive order (tenMeatdoredentfriartsitonoridser:
ami-medi at ed mechanbiosrmanfeordeahnyidreogenBt gone g
11,5 and may suggestimitthiang t$teepg ufrmroviehe ca
either i sfrloomssa ofyddr ogenated catalyst spe:t
ami-berane. Th-i Bmitturmgvetep may have a | ow
amine is present | eadwintgh tion ¢ e 3 cnocy ceddrist erda
The presence of all three components in t
an adduct bet ween amine-lamdtcagaldedhtydr bgt

ami-berane occur s.
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2.5 A o
o]
o o]

- o
S 21
£ © 15 Eq. NH,Me
£
$1.5 1 30 Eq. NH,Me
n
©
%;1_ o 75 Egq. NH,Me
T

0.5 1

q

O T T 1 T T 1

0 0.05 0.1 0.15 0.2 0.25 0.3

tfamine] (mol dm=3s)

Fi gurle6VTNA ©pl ot showizmge!| mmekd odgaddi nshe t [ ami n¢
dehydropol ymeBLiNWet i(dOn, Ididofi admThHEPD . 0 BB, %
0.00033 jrwilt dnl 5, 30 and 75 equMe al @n@ &5, o0.cti
and Om®Il25dmspectively)
As precdhitalysable in solution over |l ong peri oc
activated at | ow eMenciennttrhaet iporne-bweintehea eNsH t a mf ne m

an active <catalytiod s@pdeailgs,t tfroeg draeerdehydr op
HsBL NMewas investigated us8. bghydoaiolsyrmartii oatsi oot
HsBLNMe (O.,11thoki odmTHF§( OWi00lh033 mol %) in the pr
of Omod1'3brh M&l were perf demed comdéré wnlsutainan H

measured eudFbgdtlyi c@at gl ys&hilphaedri ntghsam fO. 033 m
were not used dzweev dlouttihengrettteetodwhH ch coul d be

accurately by the eudiometric methods.
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ClH,

H2 |/N’>

N—Ru—-P
('P/ I ‘Pr2
iPrz I
H Me
8 \N/
H3B'NH2M9 \B
_H2 /N
H H
0.01-0.033 mol% 8 n
0.01 mol dm™ NH,Me,
THF, argon

Fi gurléeThe dehydr op o |HgBmeHMes 4t0i. dd 2o0ffi, n 126 | ¢
THF) by pB8ge0 ai®0h 10y3s3t mo D %Inbwi'idth Mél added t c
activate the precatalyst.

As catalyst concentration was increased t}
wi Bh 2 equi BalOKn t8s)8:ef Not ably, the | owest e
was 0.01 mol %, sl ightI|% wh®we r2 telgaun vBahl @Kn@ s
was used. This is possibly due t o 9awhoiicdh n
could be rapidly and disproportionately p
that the effective i nhi bri twhe nmoOh cGeimht sMaet i o r
i's used as an initiator wh é&Bu OKo mpdaersepdi tteo
concentration of the trace contaminant sp:¢
possible identity of thed tna8eb8idbnbitor

The initial rates of catalysis were plotte
runs at each catalyst |l oading, excluding 1
rates and therefore sparsctuyaoy datta poDnt
no-hi near <correlation between rate &nduf ea
11)9. As wBt+h2 wédegeuwi BalOKntwasofused, this can
assuming an inhibitor c¢®moénidmamhieon p[lionhb
rate agaimishp [adiatect correl atiomdies gdeeprnd
of rate on true chitgqlldg®t Toncemftirmmitomi g |
cacentration, dehydropolymerisations wer e
(Fi gur2p. Catalysis initiates but only reac

does not initiate for 0. 008 mo | %, strong
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concentration is between these vdimoes'3damd mat c

determi neidt falomr at es .

The polyaminoboranes obtained fHBANmMeheai dbhydr o
8and. nbl "3cbrh oMé&l was analyzed by GRK alnue sf ooufnd t
around 150'wi0tOh ga ntoil s ple.r6s iftoyr oafl |1 .c5antsa luyssetd c on c «
(Fi gur2¢l. This is |ikely 8aviué hM&lHa BN HiMet itvoat i on
form a ruthenium hydprdmotsgpe dirmarsitvdkeen. baAbes al
produces an equi vaBeNHM&ICIBhomwhnichmi[sHreported
chain transfer agent , and has a concentrati ol
pol ysadriion initiator species thatgisattdleysrtut h
concentration therefore simultaneously affects

ami nobor ansatpeéolny.mer i

S ISELTE &8
S O99 9o o &
. SO0 oo o o
12 [ 1/ 7
ST T
1_ @]
© [@]
£ o
S 08 -
(o]
£
© 0.6 -
=
T
T 04 -
o
I o
0.2 - 5
0 Q ° ’§| = T 1
0 1000 2000 3000

Time (s)

gulle8Ef f e cHkB =vNeMedHoncent r at i ofnr oarww ee u dtiiommee t r i c
olution measer emerytdr fopro IHBNHMes § 0. ah 20§, 1 mo

n 23BHRE)M by p8(E®.a00.E13y3s tmo 10 % )Pndb | widtrhh M &l
ded to activate the precatalyst. Rate is se
crease with iooneaestngtrcahnhal yst
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[Cat] mol dm- [Cat]-[inhb] mol dm-?
Figurld efta plot of initial rates of hydr o
against catal yst concentration [HsBl tMef or
(0. 1,102 mpl3i eamTHHB (0. @1 0 04 W) t h nmb.l 0'dcbrh Mél.
Ri ght : t he same <catalysis initial rate
concentr dtfioimb]],cawhere J[inhb] is the conc
inhibitor/ poison @wmedimied to be 8.5x10
1.2 H

o 17 00.008 mol%

£

E 0.8 - ©0.009 mol%

o]

E 6 0.01 mol%

[
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Fi gulr 20Ef f e ctkB=vNeMedHoncent r at i ofnr oow ee u dti iomee t
evolution measurement for tBheNMte {VWVd,A1d@olgy |
dm*in THHY)O. 01, 0. 00 9mod ro@)i tOh. Oi.80 Bdonf Méi.
Catalysis initiates and reaches compl et |
dehydrogenation with 0.009 mol % and halts
mo | %.
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HsB-NH;Me Catalyst NH;Me
Catalyst M, M,,
Catalyst | concentration concentration | concentration b
mol% (mol dm=3) | (mol dm—3)

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

Fi gur2ePol ymer
catalytic

mo | %,
Th
p |

Under

concentr attMe nwad

OGO00@®D 33 mowd .dimb | "3cbrh Mél.

e order i
otti mgv alhwet iHOn dat
the VTNA
d

t hese

showed t he

concenthkiag ulragd.

d at aG P taani anl eydfHeBsN HoMef )o h me d
dehydr eBAHMemé ni $dtini dm&O 0 HEPL 03 3

by the

n coleal gsuswtens NfHunr tihneirt iiantvoers twagsat
vialr.i ;e2d6 4c amaall %)s ti d

f or mat

a at t he

, withretemalkidz eaedy amme k"
concedt rwahtiilesn dfhe

condi ti

best

ons t he

obr Mal i

Mmadi nt ai ned3 afThoOsO0Opl bl gdanl it

overlap wheder ndep8ndanggeshi 0c¢

of 8 ™mplodemt er mi ned
the best VT

dependence

measur ement s

i n cataly8+

NA

in catal yst

(However when

from ini

account i

t

concentrat.

2 oaqqui BalOKn tBss §efl

ng

i al rates

pl ot t endc eangtaiantsito nc aatnadl yi snt

on

on
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3.%peciation d-borageadehegdr opol meri sat.i

To aid i n buil ding a catal yt8i duradayyagl et hfeor

dehydropol ymelsBi NMe i otnheofspeci ati on was i nvest.
spectroscopy wBaeOKuandg Nbiotdacti vxatt@ald ysiBogthi s

one +BytHinnA®d{H} NMR spectroscopy at 298 K. Ob.
uring the induction period and during cataly
ol umes of hydrogen produced and the very shor
u

ring which sampadagessaktelse-pkbtaiceaudquota were

- o < O o

-

om dehydropolymerisations during the inductd.i

-

apidly ¢0860ACed efbectively pausing catalysis w

speciati on.

3. 5.nlduction petriioond empreibwg ane

dehydropol ymer8 sati on with

I n order to be able to sample catalysis during
using a concentration oflecatlhyEWMR hs gdrctemougdhdp
0.0003 Mmp0. d&) MBBW2 equi BallOKntasndofat 0.00033 mo
3(0. 033 mdWiv)h b k "3cbrh M&l were found to be the i
ground reactiFoingutr®d,diwheme datalyst species NM
weak but observabl e.

ClH,
H, | N°
N—Ru—P
(_’P/| Iprz
Pr
2 H Me
8 N
H38'NH2M’E - “\“B
-H, 5y
THF, argon n
0.00033 mol dm™ 8 0.0003 mol dm™ 8
(0.033 mol%) or (0.03 mol%)
0.01 mol dm™ NH,Me 2 Eq. ‘BUOK
Fi gur2edshe dehydr op o |HgBMeHMes 10i. dd 20 ffi, n 12Mm® | c hm
THF) by ypsBwictah aé¢i t her 2B uedKu i(Vv @) ra@i.trdsgp lo f3d m
of 2Mé&l to activate. NMR spectroscopy speciation
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|l i ¢RIH} NMR spectip6odbppampl es taken duri
periods of &aacttailwastiesd wwitthh e iBtuhCekrO o2ntelq ud m a
Sof 2M&él show the presence of a neWwi gue@i es
The induction period aliquot was taken 5
precatalyst activation methods and sugges:Ht
This further i-si itlo MNfMRr nsepde ctiy ai m i S0C r(e5clo2r
scans), which show a si §In%®.16 iplpm h@t7 hgwmi e ¢
12)5. This signoala csoilnigalpestesupon phosiih NM&RuU s
spectrum. This signal THi kélay csrrcesapodreds t

phosphorous environments. The shift of thi
Ru(l 1) c-oavinpg lhienaemphosphine | igands where t he
field | iQamd:sHec.hg as i n3)2RNHBEHCARGE M2 ) 1(8. 5

ppm{4 TRi s suggests the structure of 1tlihg:s
RURr GEIHNH) ( H) KiXg ureis.
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H H,
A Hp | N

o N“Ru-P
7 Cpr| Pra
1 Pryt
H 1
A AN AT g s A
B 11

100 90 80 70 60 50
PRm

Fi gulr2ed i ER{HH NMRspectra taken during the induc
dehydropol y meBMABMawiothh @&facti vat ed mwl t'3%brh0. 01
NHBMe B:8activated withBAOKEgufi 9a#medB®s hoshow t he
same speci altetonat a8 9 i npm. B shows a 8simalkl amou
65 ppm. Bot h rec 9 @®e,d 5 1In2 TsHFanat with a start
concentr avifomo | o'fd n3

H H,
H | N
N—-Ru—P
Cpr| Pra
jPI’zx

WMWMWWWWWWWMMMWMWWWWW

MWWWMWWMWW\MWMMMWWWMM

RY 16 47 18 A9 20 21 22 23 24 25
ppm

Figur2a5 i tHINMRspectra taken during the duct

in
dehydropol y me:BMARMawiothh @&facti vat ed mwl t'3%brhi0. 01
NHMeB8acti vated wit hBROK,q ufidrashieBw@ish osthowi ng t he
same speciatiioh9. G pgpdwepWwiRtt’/h &tz corresipHondi ng t ¢
(1). Both recoirdodiCd pa2THEaas with a starting ca
of 3%mb0 "3dm
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3. 5Th2e i denti ty andufrdrnnganttdilucent ioofn 1pler

ami bo®r ane dehydropol meri sation wit|

I n an attempt to synthesize the species o
dehydropol ymesBNsthle i oviB,t bof enH at i vely ident.
resemRIURPPIPEICEHCHNH) (H)X)X) gtoichiometr i wihtyhdr
hydrogen sources was i nwgasti gaée3dsi.ddnleieo@mh i
produced during the detydraatpEMKdMeat aRhOH f
which is useudr as éamHbhyamsesdienati ons.

The readtgememndtigad 8ikmdm2 e quiBwadKe)ntisn olfHF
equi valRmQ@teswfl ted in the rapid color-sicthan
SP{H} NMR spectrum of the reacdti®ncomi x@musie
to a new species withgalr2g6i nJghet catr'H@ SIMRp th
spectrum showed ia 1b r8o & guliggn a [Em&ttn on mi Xt
evaporated under argon flow due to decomp
resul ting yell ow solids extracted Seto

experiment a)l. fTohri sdepteanitilasne s ol ut90in twa sg rtol

crystals, from whiayh a&i sfimggdtei em ycsntysgt «l s

o
b
31P{1H}
1 ®
H &
H H,
H, | N™
Bt
P
'Pron
1
-20 22 24
Aﬁjw
120 ' 110 ' 100 ' 9 ' 80 ' 70 ' 60
ppm

Figured i tFulH} NMR spectrum of 9Beneeasidon
frdamnd 2 equiBwadkKe)ntasndof5 eRruOW,almawi mdg a
at 89 ppm, coPP-eip@®ePCiHE BN H)4Y OH)(IH] . Il n-siet u
'H NMR spectrum of ¢$hewismgnea rleyadit? Hhm8 sp gm
correspoRRdiMmg(P itPEHRCHNH)( OH)YIH. . Bot h r ec-dsr ded
at 298 K.
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The crystal strucP,u®i&ulPSC aNIH)d OH NPT eOH )

where the OH |Iigand is trans to the hydride, a
oflPr OHF i @ ulr297. A cingttaly diffraction crystal st
obtained -96! u¢atee @BR-ofi-BBYREPCHCHNHR)( OH) Hcrystals of

which were i1solated Iy offr adtei asalprompyantod | Isiod arta
atio0C s(ee expedni Bfeddrt adetlan Il she i sopropanol sol v
P, - i-Ru'R sPC HC BN RB)2( OH)APr OH)R , iR 0. 0446 0. R354) the

ruthenium hydride, and OH proton were | ocated |
refined. The two i sopropanol molecules form a |
the hydroxyl group. | PPt hR(PuRCHEC HMHR)(eOH) Ht r uct ur

(P33 iR 0.03550.R361) the ruthenium hydride was
density map and freely refined. The OH proton
all owed to ride on the oxygen atom.

Fi gur2z7 Mol ecul ar sh, reu-BtRIsP@HRCdN H)2( OHXRHr OH)

(LEPr ONMasdetermined by -rsay gdiefJirsapctttiadenm¥ nt el | i ps
are showmO%tprtchbeabi I ity | evel. Hydalogwlna taetdo ms
posi tJeolnesct ed bond |l engtRhw(iD(1l) and2aaG( £8) [ ARu (
N(2)86 (2),iNRuZ)B¥ |,2 RuPI1)R) 2499 RaNPI)2) 2477 ( 6)
C(IT)N(1)476(B(RY(1LN( 18)%.20), C{MN()IT)Ru(13.357(15)
O(ITRu(iIMN(BX1. 13(@O)RU(MP(1P1.22(5)
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