TITLE: METHOD FOR THE PRODUCTION OF HYDROGEN FROM AMMONIA BORANE FIELD OF
THE DISCLOSURE The present disclosure relates to methods of producing hydrogen, in
5particular from the transition-metal catalyzed hydrolysis or solvolysis of ammonia borane and its
derivatives. BREKERBEIND The world is currently experiencing a severe’eiirsapieptad crisis due 10
‘to high atmospheric carbon dioxide levels, in addition to an impending energy shortage. Both of these
problems are a direct result from excessive fossil fuel utilization. The use drogen (H2) as a fuel

fh
offers oneﬂiﬁhﬁi atfEHRNESolltidR toTt'F’gseﬁﬁ%ﬂé«"ﬁ;s:r e B CM&%@M h{j %n (in a fuel cell,

for exampledprosuzesompMEter and hence is free of emissions containing 15carbon and other
pollutants. %o i ore energy per mass unit than any known combustible fuel
(approximgt'eﬁy@r{ e%%ﬁﬁ%ﬁ%%asoline). However, the use of hydrogen as a fuel has some
drawbacks, sinceTiedpreamtitiaiiscionditorsdtas an mdétholydioprcensity dasirblysiiogen can be

liquefied, 20 cryogenically or with very high pressures (b.p.. 1 atm.: -253 C). These extreme
conditlgonsgfl"’r‘nrﬁ%(fﬁgr p%rfgrrﬂ}iat?lﬁi é%%‘?"e%é‘ %%%éré:é&sa@é éqjste}yg{ %%‘r%g%%.sg’“’ Eyssi3r5r1p?e solution to

these probdenisdsitobstestiaaditdrdgavatiiemically in a material that contains a very high weight
percentage of hydrogen in a 25 system that is capable of releasing the hydrogen on demand. Various
compounds are known that contain a high gravimetric amount of hydrogen. Many of these compounds
(e.g. lithiuBNGHBRQLUND12.8 wto hydrogen) or lithium aluminum hydride (LiA11-14, 10.6 wt%

hydr'ogen)) or a'@ﬁe('%’eﬂfr&?rs.%MYF%W@%%W@%'é@ﬁé?@rﬂ”ﬂm%ir@@ﬁ%r%ié‘@ﬁgrzyn’ J.
"Activated 30 Aluminum Hydride Hydrogen Storaqg ComéJosmons and Uses Thereof' U.S. Patent

ApplitdtiodPuigh-alBRINBELB GAIH85-4B%8 EUREF R ol BEHEPRIGh G PR BORRT Pbtentially
explosive andriiags it Bonikehctwpasirneraid) applinatiessivfittaing:thesshveorsgauings will be
developed. Hydrogen generation dralysjs, of magnesium_hydride ( 2) is a safer method but
usage of n‘i’ﬂéﬁ@idgf\%ilyﬁ% BF% gﬁé\’/ Jlﬁg%t@%girrﬁ%e%ﬁ SvatEr E/gﬂ}’ti\ﬂ@?&@ Patent
5,198,207 stMsiotbftrabe Prodpensdismot At verviagriiesi whhivsidrgpe: Magresiue|Hiatrogen Storage
Systems, ' Vers) b Y VVilfrie tt, Klaus:-Rieter Klein: Gotz 5 Koerner,
Th. Goldsc\:% mﬁ)‘}% %%5%%9(3 38@@9%%&\%%%% chée\rﬁg%sﬁy@%%sé#h%ﬂ%gggn %or%%%aﬁﬁ der unwanted
conditfons carborhané thgsipPeriiscompound ammonia borane (AB = NH3BH3, 19.6 wt% hydrogen)
has been indicateg By e doples DRBAIRALPTSAHRRLL BRIy AfAe list o

potential hydrogen storage materials in 10 terms of hydrogen content; the nuniber one material is
methane (BRI EHRIBULED FRBPIIRERIAY IS4G TS REDBY I BICP BB IEAT BHTEHh BB dioxide
emissions tkdeasly, FiEhhasgigmiteant RAVaauas Ry I alvBERIRE kRavwe matiadsrpigpplications where
hydrogen is regpﬁired s.an ener caririelr. Trge Un{ted Stati_i (?&artment (%f Epeﬁig%( has funded a
significant TEEMAUAt of TR , AlmaNz &8¢ &i Fhiat 1 R RI SR example, a very
efficidgfit hamegremicatiridiunwvithtalyst forgihepdesyuhargébation okl waS dis€vefeadzsy Goldberg's
group whi n 3 st withi [ S 0, mperature (Denney, M.
L ons, e e e e A B e B8 s 26
12048-12028¥ 996Wever, the system can only generate one equivalent of hydrogen and the insoluble

boron-nitrogen coniginKg é@ﬁ&ﬁ@ﬁ'&ﬂh@@@%@d@mg@s Qﬂ%e@xérﬁy&%ﬁéw@%%ﬁ%ﬁfyc'e- Baker and

co-workers described the acid initiation of lehydrogenation for hydrogen storage. (Stephens, F. H.;
Baker, R. 1!; atatena! inaicrantains 2 viRohigh weighgapresmiaga il gwftag@@on,ale, 746 - 749).
Howesger, digifensetnbnnsals Seasiive; sEragiRtonstehasidderg Jdhiflueresmethanesidignic acid) or
strong Lewis acid (e,qg. tris(gentaﬂﬁgrﬁphe? .fiborﬁn? ma%/_&rohjbit their actg | on-board applications.
Baker has @80 b 6ted the eE o P hSHOGER 8ol MigkRY! %?é?nﬂ@%&l@ f’%e@apable of
effecting aMamynid Hersa e deipgdnode tationifhug. Kehatda, (LiI30 M. Bleitquigteoienl. Baker J. Am.
Chem. Sog,,2007 44). This hi ai itive system exhibits ver or efficiency and
requires h@%ﬁﬁ%tﬁ@&%%@ éo@%lﬁd’aﬁfg%n‘i%é%%%@g rcﬁi(hoyruaff?gneen%ﬂ%sge\%{?ﬁ reports have
appeared fipdiogeandEeowEIRESS ieddedling Hetefstpataous;arivegniahordne Aytivelysis catalysts
ConapnIAARI IR RIS POBRENSRIRE CORBRRBII R LEs Gnbandias ], ). Alovs
Cmpd. 2007, 446-447,7729-732; (b) Chandra, M.; Xu, Q. J Power Sources 2007, 168, 125-142) or
base metafSRA) CiRaidRian. PrbliertiprpdaeR88(neR45R088, aWieaBanmblding highly; Zhang, X.-B.;

Han, S.; ShiavaneacHevén, Sotomaay. SbriSvdninEdndQ08 i (infiddB laMabipigg glal have reported
a similar system usig&KZPtClG as a precatalyst (Mohajeri, M.; T-Raissi, A.; Adebiyi, 0. J. Power

Sources 2887/ GEPURMAETES HEFRs CRIMRPOIME ntitlel PretSeEIgRREs (MENSEIFEN ; TRaissi, A.;
Bokermangé&hdo&ittatentidroly8Rbot 42aisauanOsialnge 84007k Zhedersystems vlltuse relatively
high catalyst loadings and are expected to 10 exhibit limited air stability. Additionally, the systems
produce nanoparticies as the active catalysts which have unknown and potentially problematic health
effects. Manners has reported heterogenenous 3atalysts that are capable of hydrolyzing ammonia
borane which contain cobalt, rhodium or iridium (Clark, T. J.; Whittel, G. R.; Manners, I. Inorg, Chem.
2007, 46, 7522). Again, the 15 catalysts are relatively inefficient (cobalt), and require somewhat high

ratalvvet lnadinace (rhoditim iriditim) YXir and Chandra have demonetrated an ammonia boranea



20 Ramachandran et al have reported catalytic hydrogen generation from ammonia borane via
methanolysis (Ramachandran, P. V.; Gagare, P. D. Inorg. Chem, 2007, 46, 7810, WO 2007106459). A
non-catalytic system has been reported by Varma and coworkers which contains ammonia borane,
aluminum poviietoaadi4dater (Diwan, M.; Diakov, V.; Shafirovich, E.; Varm@TZEA2008/34Hydrogen
Energy 2008, 33, 1135-1141) and produces hydrogen via a combustion process. The system is
expected to be problematic owing to the highly exothermic and potentially dangerous reaction between

aluminumusg@aep! wagtalaRudiidesomEl teRaRreMeatRiitiofU ite ribeitdrhpientawaterxu and

coworkergdaviaviigmenstrataban lagkomie migrlkel that wilizesshaRalatingmakige!d electrode for
n of ammonia borane (Zhang, X.-B.; Han, S.; Van, J.-M.; Chandra, M.; Shioyama, H.;

direct OX‘%ﬂé’ ]

vasuda, MAA0RSYN,, KYdegEaVagResiun, dydiopeiverieiages Reenss, 1WNIEh1). The authors
note that Reveffitiancpioéshe sygtroysmist balimrrovesheferausauets faagiple. Speddon and
co-warkers have report heterogenqus.system ,usi maqnia triborane (NH3B3H7, 17.9 wt%
hydr§gen$€8reig1 ﬁOd?um%lﬁc%mgglé r%é%ﬁ’%&z& 91%35108%','@ WA SHRof2YS%5. 3. Am. Chem.
Soc. 2006yviir8gan s atitwwevdsr anvanisal teiuldioagequires more synthetic steps and contains a
lower gravimetri fi.h la 5 horane and.thes wil] limit the application
of ammonia tribt?rgtrg\r;r%zéﬁ ﬂ§§%@§ﬁ %f‘c@%’eﬂ ?n@%ﬁfi\?m%o%regrnaen%oﬁa&%%%@ eérEative that has
been repdvidel fasaoens MBsHRBSIB (Miicateor [a)thEhdInitadriStatdeasispappnerimately 11 wt% (M =
Li) or 7.5 w2 = i : i ; K.; Wu, G.; Chen,
P.; Shaw%@é%'T}gﬁfiﬁﬁ?&%&%@@ﬁsﬁfﬂ@ﬂsé&%%%L#gséﬁﬁggaée Irfxdév)tv%gkig\sé/ Iéf P.; David, W. I.
F. N&uretRigisrigfs Psigaen 13eytaMe Thte BEMRE0GES ranaiedalienaxtianse (Bpkdved upon

dramaticajtyriefietr i ayscanvinaelehiie easpersialisesbiénelosrinreltadaenalds
Ca(NHZBH3?%IcDL|;¥abaI§§%%,EL§/ K.; Shrestha, R P.; Semelsberger, T. A.; Scott, B. L.; Bowden, M.

E.: 15 DaVIi¥ B/ *Bu Hb%%.s@ﬁ‘gfﬁ?%t.agﬁ?@@@?%@}’@@éﬁ'ﬂ@@ﬁ KRWRg this material
results in impdeoigénincdppteatidthoudiet Syifieog&on theusanapmberargy MiNi?BH 3 (M L or Na) in
that the process f r ime period. Other heterogengus systems that have been
investigated inclﬁgm@é?e %%g@%?g? r%?grtleoén%r? ’éga}itg\ %g’uc? nase)ésﬁl—ﬂ%ﬂ,’ B#9H122- and 20
B131$102§)Wih@ﬂrwamﬁdesmwibaﬂtm\smuwésa@@ﬂauél’go pitglinvileaiky (Hawthorne, M. F. at
at "Chemisal iy oaeBP Rt e BaISs ok BRIRRAIOn JAlsiFX,2006 Agal Progress

Report, DOE Hydrogen program, IV.B.4f, 416-417), The use of anionic polyhédral borane salts will be
problemafit AR ¥ah&iseaeRm By SigiiResssyairyieiitah danumlialerinst 78la@stther material that
i(s used fomfhmgrggoemgﬁ%memiﬁma@y@nlai@i@ﬁ\lms &%tahé%ﬁggé?ﬁdéosg?g!yﬁé.s @.;Zpgmnn\t?grohydgdi)
NaBlI-14; 10.7 wt% hydfogen, Amendola et al, US Patent 6,534, granted to Millennium Cell).
Sodium bﬁ?&%id@ %f%‘%%ﬁ"ﬁ&tﬂﬁs@r‘?ﬁm@'alﬁd[crﬂnﬂ;@t 6 RBs 8o A9 can result in
hydefgen1Retatit0#orircHmstarce sheheyetéirmvaanosintegeaesa39 dramatoatiidnersasing the risk of
fire or ex lan. d. ium boroyhydride, ammonia borane forms relatively stable aqueous
solutionsﬂg%%%en%e tge%%kt%ﬁ@eg IIv%vit 05%%6%?5%%@%%%”%’3%@ Wé?%h Pl SSdium borohydride.
Heterogethsd gy q@rﬁmmmmgm@m@nwmoﬁm arydrotysiorskrsBdeasriesh reported
(Chandrayd-adf. ik PSR HERGE cRhRRoher 19A94N §%M§WQ§§E&'§@'SCLOSURE

y rapid 5 hydrogen

The present disclosure describes a method for extrem eneration from the

relatively Berfk@oRoduniiaitndhid bofiiaal i) Jarfeirend &ivAt irorRvR SHRIBHRBR4), by metal
catalyzeosy dpolysis4wvithyaatensyd sQblals (with aleahgishn Bis Mstheddradures easily

recyclable and environmentally friendly ammonium borate salts as the only detectable boron
containingﬁ%gﬁiﬁ%. {Rdth SRR RR RIS AR e AT SR DSBS aRpifb dinshtely 80-98 %
yield (2.4ttisgoreafiivatgihisty)dages) witypmoiibieseir adhel AB-bydralypisiradsalvolysis reactions
disclosed-herein utilize ligand:stahilized homogeneous catalysts. Several remarkably active and
reusabled%%%ﬁ{/glé%%%\gg gee%”ﬁf‘f&%e“r% c\:/’v%c 0(?3%%'?1888? Iﬁﬁ%?ﬁfgﬂﬁﬁﬂgrcﬁ bis with a variety
of ligand thaténeapphés efintffrcting kospitinissH@R8), dehydrogenation (R. J. Keaton, J.

bisgghos i%mﬁ [ hineam; -
bisgﬂ(yl&?&)sphino)gﬁxhﬂ%ﬁ%sgh&%hﬁi%%@aﬁ%&f %ﬁ?ﬁo&%ﬁo@ Ai¥es
(HN(CH2RHERDYD) SitpiaaBrbeHe ek P roaestciRpdRN A BaHies hkatinaite §90ith relatively stable

aqueous BRltHeBHaNk e RER IS w@(ﬁégﬁrgf\ﬁwlﬁ&ﬁ much lower than with other boron hydride
materials. A§cordingl , In one aspect, there is provided a method for the production of hydrogen

comprising (a)cORE g SPS6HBREoABPERTE Gt TORat SHe H¥GEUINBEES iRSRITING stabilized

metal catadstoginessashonenzompanschotitlyé oatalys BSRHRINNG HRFR AR a solvent under
conditions for the solvolysis of the compound of formula (I) to form a homogeneous solution, wherein
R1, R2, R3 and R4 are each simultaneously or independently selected from H, branched or
unbranched fiuoro-substituted-C1_20alkyl,



30 branched or unbranched C1.20alkyl and C6_14aryl or any two of R1, R2, R3 and R4 are linked to
form a branched or unbranched Cz_loalkylene, which together with the nitrogen and/or boron atoms to
which they are attached, forms a ring, and (b)optionally collecting hydrogen produced in the solvolysis
of the compdUhaysiferihula (1). In another aspect, there is provided RCHE#GEBfHE solvolysis of
a compound of formula (I) comprising contacting at least one compound of 5 formula (I) with at least
one homo%enous ligand-stabilized metal catalyst in the presence of a solvent under conditions for the

solvolysis‘Bt tRe' cdthipde’9FforMulal (12 1oy s | {Enpdn SBRF a et 4R erda8-FARidd) a method for the
PydmlIYS(iIE%m@mqum.Odoanﬂb\a(é}wwﬁ@@@b@,l\_/?%&m&@slﬁ%?;&?t%g%%@?aﬂso compound of
ormula ith. at least ope homogeneous ligand-stabilized metal catalyst in the presence of water
under corf&%o%@%?%ﬁe%yd&‘\yﬁs of %O%Wn%‘ﬂ{fﬁﬁ%gﬂgﬁnu@%)?s“? hM@Ehe?sM\ﬁ'ent comprises
water the Suhrgly ¥isBeddtionSs, igfitreiia, &t axuy drolaisesivaciien: Lo el apgdesaspect, there is
provided ro ratio stem comprjsing at.least one amine borane of the formula (1) as
defingd aggglé'aﬁﬁgﬁe%&o%(?géévﬁeéﬁgq%%ncﬁs%é@flﬁreaﬁm Héfﬁg&fﬂ% &5hAlytic and/or
hydrolyticPseRatatysh iabaisodiMent-tiatssididcostebitheChydrdereg eberasian 3y8tem comprises a
frst compegimagopsepriangeie 2Lisns! e AABIne harans e damuia (oo lefined above, a
de-sta fized metal Catal , W

second compartment comprising the at'least one ligan ys erein the first or

second cEABsHMAeRIRABARCMIASRalrntbioeri28hd 49 dsyed Guriebsati@s s§8®H further

compriseyReReapsiansumiisinetaaemts ir Qe [ nd compartment
o) ty\gt Wh%&%ﬁ%ﬁéﬁntg are 25combined, jd%é%%éi{s%gnerate%ﬁb;ﬁ}eggs%} éggiﬁg\%ﬁ controller controls

a flow rat€& QionaRility, S0aHtinpally | dhe HremsiRelgRmBaancpaiglgsmser embodiment of

the presethisdisclivsuce;aiyststoriexchangemeniieradubeaiidiE MRb)dmuaechagian electrical
generator.fF FC comprises an i change membrane located between an anode and a

he P -e
cathode, %aﬁﬁ%ém STAne oa %%5%9&%@&8%@% FIQuesaalsiR At & gerrlia éhbly (MEA), said
MEA beirytbohtsddemmenia fusbgasvdiiisicomiajecebd artaxidantgasidiffusiomiayer. An oxidant
flow netwerkis § ] nRect ith.t as. diffusj y idant network having an input
portion 1:?)? sﬂp{ﬂfﬂg%f%aﬁﬁgn 2{ %&IQ&W%@W@@? Uig)clsrll) ]ﬁu%;c?r%?étio S tHE fuel gas diffusion
laydP Théfﬁﬂﬁ’ﬁ At Eatvaly insifidenidanhmior soppimirdusimendraimtie tachlflstv network is
fludly comsagingt (@RRRINAIRAN SXeLHd eaealodS i RKIGARLENSIRIRG The generator
e

compriseg a first compartment that comprises at least one amine borane o ormula (1) as defined
above, a'S¥@H SSHBARe Y Esmprdiigng 1888t sRidigaridssiapmastyshees] ealgxt, wherein the

first or sajGtemednd MorpRAMEnPeARPEBRFCR SOl ticsaNdos R oluliz SIuest: Apmeans for
combiningot@g ts of the first compartment with the second compartment so that when the
ZC‘Q%E acids ne E&%é

contents are combingd, hyarogen 1 TG NIRTRIRdPIodicelv de M3 8RGIer controls a flow
rat@@f thRameehandranatilyst drdehaaideast ansatinerharagen gerdiagbfeaiigins and advantages

of the pregapihsrigsiugvillbe rentfrom fallowi tailed descriptign. It should be
understood, however, that w{e d@%ﬂ%ﬁﬂgs&%ﬁfgﬁ”g%ﬁ%@Be%g‘%m 8E5white dicating preferred

embodinfBAR{E of (i 282 urBarB e By 208y HHa4bML skrationaatllysinsestariousschanges and

modificatieas Wibikribe spinyanthseape ' ' j e hose skilled in the
art from tqis dﬁed desé)ription. BRIEF%@%%%‘%%Q#! l}%égtg%{%&ﬂméég totr%lt'e’ The present

disclosur2 Sl NSl BRI ABL VALe & Rivate Wil iaste i ichalie virhidlowagmirawings in which:

Figtie 14s amcliermpatiogho\Eing Hye20ueipsmriesed fon fhampiakcatalyare dysialysis of AB when
less than 100 rBIU% .hxdro en wa fgr\;%%ted. Figure 2 is a schematic showingthe equipment used for

the metal-cata yze Chygrgo &8 of Botso HREP &%F@Q@%ﬁﬁﬁﬁs"@éﬂ@r&ed. 20
Figure3isemORMyReliatiramudbis(@-rolistiopviahesis aietbybaminedish arasahat(10.
o0 SRS, snoupa i app v e,
and coworkers have demonstrated an electrochemical cell that ufilizes a
30  platinum or gold electrode for direct oxidation of ammonia borane (Zhang, X.-
B.; Man, S.; Yan, J-M.; Chandra, M.: Shioyama, H.; Yasuda, K.; Kuriyama,
N.; Kobayashi, T.; Xu, Q. J. Power Sources 2007, 188, 167-171). The
authors note that the efficiency of the system must be improved before usage

is feasible. Sneddon and co-workers have reported a heterogenous system

3



Figure5isanORTEPdiagramofbis(2-(di- 25cyclohexylphosphino)ethyl)aminedichlorohydridoiridium(lll).
Figure6isanORTEPdiagramofbis(2-(d i-tert-
butylphosphino)ethyl)methylaminechlorohydridophenyliridium(lll).
Figure7isan®RPERdepEtionofbis(2-(di-iso- PCT/CA2608/000943
propylphosphino)ethyDaminedichlororuthenium(11)dimer[RuC1(1.4.- 30 CIHNH(CH_ZCHZ_PiPrZ)Z_EZ.
Figure8isanORTEPdiagramofbis(2- diiso!_apropy%hosphinc(;%lethyflaminecopperif_ichlorlde. Flg_ure 9isa
graph shdi®ifg RETSOIR SR P &t o yertt ettt dimdmors) tantyihedjien ¢pRB using
[Co{HN(CaHeibab titiagd CkAasdgerrqieder. Elane SRdadographshowing thepuplume of hydrogen
gas gene?ted,%v - tzﬁg fgméf%% hﬁiﬂro:%gs of AB us,ln?_E;o{HN(CHZCHZPPhZ)Z)ClZ) as the cgtalyst.
Figure 1198% §r& w & GIREEt HPHGHEHER B RR Spateiies Ry Fish ek hydrolysis of AB
using N1sﬂ@plsi&(ae(diemtmymh\mphigcﬁbﬁwapﬁe;l%m%xaﬁe@%gmiﬂg,ﬁo?a,w,at;@onfde {ahs the
catalyst. Eigure 12 i raph_showing,th lume rogen gas generated over time for the
hydrglysis% (g'f%,&% éé{.?i; ’%&(%?ﬁ%%(w@mi@ﬁz@ﬁﬁﬂﬂﬁﬁﬁg‘ﬁ]9@%’5@‘83\'&&&9‘1@%&% 43 s a graph
showing th¢cveliansiorage mgterighfpetieratedroveidintedoe itherfrptival\taist dbABesing f
11r{HN GeeP 2 (Ga] as the catglyst. Figure 14 is g 31P NMR spectrum o
biséZ-(dﬁfé?tigarybutjigﬁ%ip iﬁ%@e’%@%ﬁ%iﬁﬁcycbﬁéo gne %i'diurﬁ% m%gﬁ?a}enrg%ﬁ?i%igure 15is an
ORTEP diRgraorisi 2LtdwtidNbtityd)enytaritectitbro-Naihyhdohesting D). ¥die 16 is a graph
showing Gisefiact 96 mBURNALIERARCENIaRLINW. K Wu, G Chen, P, Shaw, W.
bis(2-(dit t-%t I hos'gh|no)ethyl)am|nechlorocyclqoctenylhydrlt_j0|r|FI|um(iII) catalyzeq _hyd_rog_en
gen atio‘]?g‘e’(r %Eaéo igUPe s & igrasrshbivitd thiokean oPisBordpdaréenBerftration in bis(2-
(di-tert-bWoWhh@.EMa@M@@?gQ@&M@PEEGW&hWTH@%@l?ﬂf{!y'dkb@%ﬁi"(bg@(%s?(:mgen
eneration.(40 C), Figure 18 shows the effect of methanol concentration in bis(2-(di-tert-

gutylphos\'ﬂp’)’ﬁin%e)‘g)%}gghﬁn'mwg y&BBEtéﬁ?- iR L ¥ S8 B9 dPSgen generation
(40 C). DEFANEDIDESC RARTIEHNY QtaietEnii B0 OS ORMBEFH N T[N alanabee term "Ci.nalkyl” as
used hergjn fneatls sUAIgROrbrasghed Fial SHTaedally! goppsggniainingfrom one to n carbon
atoms and includes ’ ’ ’ ’ P T S

Davis, B. L.; Burrell, A. K. Angew. Chem. Int. Ed. 2007, 46, 8995-8997).

Heating this material results in hydrogen release, although it suffers from the

same problem as MNH:BH3 (M = Li or Na) in that the process occurs over a
long time period. Other heterogenous systems that have been investigated
include the use of polyhedral borane anion saits (such as By1Has", BioHi2 and
20 ByyHie®) and rhodium boride (RhB), but these studies are still very preliminary
(Hawthorne, M. F. ef al. “Chemical Hydrogen Storage Using Polyhedral
Borane Anion Salts”, FY 2006 Annual Progress Report, DOE Hydrogen
program, [V.B.4f, 416-417). The use of anionic polyhedral borane salts will be
problematic since their cost will be significantly higher than ammonia borane.
25  Another material that is used for hydrogen generation via transition metal
catalyzed hydrolysis is sodium borohydride (NaBHs; 10.7 wi% hydrogen;
Amendola et al, US Patent 6,634,033 granted to Millennium Cell). Sodium
borohydride suffers from water sensitivity and contact of these twe materials
can result in hydrogen liberation in circumstances where it was not intended,
30 dramatically increasing the risk of fire or explosion. Compared to sodium
boroyhydride, ammonia borane forms relatively stable agueous solutions and
hence the risk of fire with ammonia borane is much jower than with sodium

borohydride.  Heterogeneous transition metal-catalyzed dissociation and



30 (depending on the identity of n) methyl, ethyl, propyl, isopropyl, n-butyl, s-butyl, isobutyl, t-butyl,
2,2-dimethylbutyl, n-pentyl, 2-methylpentyl, 3- methylpentyl, 4-methylpentyl, n-hexyl and the like,
where the variable n is an integer representing the largest number of carbon atoms in the alkyl group.
The term "Ci.nalkenyl" as used herein means straight or branched chain, unsaturated alkyl groups
containing from one to n carbon atoms and one tg_three double bonds, and includes (depending on the
identity of nﬁ\w{ﬂ!yalRﬂ?fzé}?ﬁ*ehﬂﬁ%5915@99%&9!@{%,%11{\."2;3?&,%utésf?awﬁrzsﬁfsﬁfgﬁéut-l- 5 enyl,
2-rhethylpepb@®nybat-meethgagnt-1-enyl, 4-methylpent-2-enyl, 2- methylpent-2-enyl,
4-methylpenta-1.3-dienyl, hexen-1-y1 and the like, where the variable n is an integer representing the
largest numB oF?’étEHE ﬂ%@'a@é’l‘fﬁ%roup. The term "Cs.naryl" as used herein means a
monocyclic, bicyclitigs 16rdsekelicieaibogelicasgsigen oo grdionegisnebarkgpiatoms and at
least one aromatic ring and includes, depending on the identity of n, phenyl, naphthyl, anthracenyl,
1,2-dihydrof¥BReeAn %@?ﬁ%&&fm.ﬁ\%ﬁﬁ#?%\fﬁhsr@ﬁw,gmmemmﬁt&% E0here the
variable n igAByniggeRsaRsasantiag HiRMysstRIRYep pfraathpadfRs ARG ANdigQuEh 15 The
term "heteroaryl as used herein means a monocyeclic, bicyclic or tricyclic ring system containing from 5

to 14 atomsBiRiIANS RSP MIh iSRG 1o simmod @ ramreesuranly 1esYaiPlfore suitably
1-4, of the ataaneaterenetenampiRiyrafieaiethban . Soidtd apadNes ankyniyideetsmaining atoms

being C or CH, said ring system containipng at least one 20aromatic ring, Examples of heteroaryl
oroups, inclRESDSCHE RUGHARAD th B, TR AP A PSS HE R AgToBEoteny |,
benzofaranyh apgghsdiiaiely hesuliix \amg" aeldedoon 19 amuRidea Rbave@gsls wgens that the
group is divalent, i.e. inserted between two other groups. When the group is a 25 ring system, the two
other groupS8'tHHiFBe located at any location on the ring system, including at adjacent and

non-adjacent nodeshEOABXIPMIElyi§ith gD Wa lsaphsiByleaetithe twiseibesUragrsinnayibe located at
positions 1 and 2; 1 aﬁi 3aor %?and 4. The term "substituted" as used herein, unless otherwise

specified, 369ASAREPMIHe RRBIRARNEMIGRIARIR oS B Hdd SORRBRAIY RS sRI<uitably one
C1. ballo, O ko, Clahioalkony. halor orbaubatpise CLSalbgh fuore-subetiied O salkb

1 6alkyl, Ci 0X .sthigalkoxy, halo, fluoro-substifute .salkyl, fluoro-substit i_salkoxy,
fluoro- Sl HRAFCH iAo ARG, RSP SHTEE o KO RGP L8 TRRRSRBER B A0
6alkyl)(Ci.ealisyhhiis phigosisimented the disclosure, the slibgiiuepisrerarietied ersgne or more,
optionally one to six, suitably ope to three, groups independently selected f OH, NH2, NHCH3,
(O3, P AR BRI ez 05, GOF B S ERBN RIS and NS A AR halo" as
used hereinamsangipiadegeimard HICIEsCHIERS, hromizeciatine angrtlesiaged ligdhgsterm
"fluoro-subsiituted” as used herein means that pne oy more, including all, of the hydrogens in the
aroup have DEGR TR R VA ARdHITE R & SIS LB SR S o BRI
carbogecontdéhing @ Mvith ABtemi insedesmanboyties Hogad hidyidic madspalycyclic rings,
bridged rings and r%etalﬁ?cenfes. Where specifieg, the carbons in t €(%:Lingci;s maglll b(% substituted or
replaced with hete AGHESY: N0 AYPESSrd Hgfﬁlg'saéjﬁ%\g r&in TEEIR Y0 WenEical
grouping whietdiestivallybleydistenceihasesiatpctrons with the metal center in a 15 covalent bond.
The term "non-coo%inatin%%'s é.lsed he{ei,n refers to a chegEicairgrou irr1ﬁ which doT.s not formally
bond to or share el8étron&Wi GW@I%&%FH%H'[%?W&%BS&? T ?Eﬁ?' Sgﬁae&'é%iﬁ% it is meant
that the ligand stalsitedsbzt nedtd ldat@Qsalath ebbieshams bogrobandott dneikemedetive center. The
coord@aating atoms of such ligands incl dﬁzgmsag@ ilmiteglc}o phosphorus, nitrogen, oxygen, carbon,
silicon, germanium, sulfur, selenium and arsenic. Such ligands include compounds having one or more
type of coordinatinin atostdyventarimier cornditiatientrirtble diadybiysimtdiniheddorpposphings, arsines,
diphosphines, 25 imi il amij ipophosphines, diamines,
aminodiphosphine?%ﬁe?rﬁ%éi%nﬁs%r%#égﬁaﬁt%a%eé}\%ss%sa[m%%ﬁcarbenes, phosphinocarbenes, alcohols,
ethers, aminoethershpheispRihodfhdid, amdifvakuheischrsinuihiviscasiinothiopkesedsntigazoles, etc.
The term "solvent” a3 used RRISIMMG ,d%ﬁ‘ei)oB’PWHB@H%‘%&”?@.&?M&%Efgtrfx?{&& V_Vhéﬁ%}?,a“'c'pates

[ ydro Y yaroge

as a reactant in generating hydrogén and is' known as a ytic or solvolytic de nation agent
(i.e. tHsolvent hytiralyzesdpsoiunblyaresecte Gmisdkyb ek T hisrylper efrsolventageRbrafy includes a

hydroxyl group, su er jﬂag? f ' en, Also included
within the term "SO%Z%?)%’E c%{%r? : inatlnltggsfc‘%{/%a}lgt(s)!!j g%}{:%wgﬁéiﬁgﬁéﬁﬁﬁgﬁﬁ?gﬂ/@n@ aﬁg ‘triglyme.
Generally, solvents¥éténisgeiheomtiin tharmitiagest ard/draipionsliients docwhisiwtitey @ran alcohol,
and a coordinatingc,ﬂstg_:l}i(;ialggzq %gp]dg%tglt@lhéﬂq&ofuran. The term "homogeneous" as used herein

means that the ligand 5 stabilized cataly5t'is soluble in the reaction solvent(s) and remains in solution
throughout the reaction process.



In understanding the scope of the present disclosure, the term "comprising" and its derivatives, as
used herein, are intended to be open ended terms that specify the presence of the stated features,
elements, 10 components, groups, integers, and/or steps, but do not exclude the presence of other
unstated features, elements, components, groups, integers and/or steps. The foregoing also applies to

torms of degree sUEh as SIS ARIoCHDE IO QIRPhHFOHERaN L2e SO R Tt o 15
reasonable amounigyhgeviatioaidbineutaqdified term such that the end result is not significantly
changed. These tqrms of degree sh?u be construed as including a de iatior] of at.least 5% of the
rocined torm 1 0 ARG GRARE R R L AT STAY 6,11 AOMRNE METRIODS OF
THE DISCL&SIBENZ0 bhdqrraaent(tisclosprising udes=atinethead teighe peoduetiotueichydrogen
comprising (a)contacting.a sojution comprising at least one ligand-stabilized metal catalyst with at least
ot Compol T LN Bt SR BE R U3 S A N N AP ALRA ot The sovolyas
of the compibignscreééorraLda 4 solhaieimBdr EhdRbasddr4rar s slachysinofitgneeushpouittiependently

selected frongug]-{, br%nc@aed or unbranched fluoro-substituted-C1_20alkyl, branched or unbranched
C1_20alkyPafit'®8%44ryl or any two of R1, R2, 30 R3 and R4 are linked to form a branched or

unbranched C2_10alktilenaoiichdpgethetandthstipeovidegesn andradérothatbipsridyeaiBict they are
attached, forms a ring, and ;WO 2008/141439PCT/CA2008/000943 (b)optionally ¢ollecting hydrogen
oroduced i RIS Ge 2 (RTEB DI SERRHILHS VS SRAR SRS AR EE o Mscinsura, R,
R2, R8anddéfpraudidfeserivrnadu(thavieémbodenshioRd, IRtn&Feand i lajerehetabilingdthneously or
5 independentl ed from H, branched branched fluorg-substituted-C1 Tbranched or

elec : ru . . loalkyl
cnbranchec U Rt e B ar) e G EATREC S LR P bk GH T RoT ' branched
or unbranchiad 02nsalkyldnd fadnichaghether with the nitrogen and/or boron atoms to which they are
attached, forms a W{@ In(ﬁ%oth{er egnbodiment, R1, R2, R3 3ndl R4 are ee?ch 10 sifnuletg eously or
independently sele %nfrt PRTL SREP 'Pﬁﬁﬁ'ygﬁ%rh fitorS st £ 68 ﬁﬂ, rahched or
unbranched:€ia $ailiyt)aid zetidror Rl and R2 and/or R3 and R4 are linked to form a branched or
unbrapched C2_ ealkylene, yhich together with the nitrogen atom and/or boron atom to which they are
Ataoh R, forms 2 INGCT PR AP SrRBbAN LRGP HCI Ve P 700 S A e each 1
Conditions tartheismiyady dsast eecampreubdrahtheffdiadEihueal v ary defrentlinigoee aatumber of
factors inclqginﬁc%, for exar le, the iggn;j;){’gf{t%qtal t and the scale of the reacti would be

n,,a
known to a [5ét2or? SRileq ICPRIERYR dHATSHRRIE tHe%P séﬁtﬂ¥§élo‘é’d‘f’e,ethgcjy)?lié'i fons 20
include the aad/of aydatdyitoisthileeat. whicsmmisolidelisodvendf brecdavipeyrethtrs apdrtggeahydrofuran,
and alcoholseand tgﬁnsms{%nd suitabrlieéeaac 'oS tecgf'é)erﬁltrlnj‘l@n g:%r exlg;llsrm)lef bugpptalirtnit%% to, in the
range of abdal e ou{%ﬁc@%w a%ly ABE ARG SRB GRS ht‘ﬁe caefaﬁ/s?ls dissolved in
a mix2fe ofménsolverzsrendiviter fioramuiauf) eamtteiihbdtwbenabaus @b ha 25 rtpaAraent

(solvent:waterPﬁln.this mbopliment th .rea%}iop Es,refe red tg as.a hg/ ro sis.reﬁﬁcti?n. In another
. 0 grlsm Jhea Ier'::s o{’he igand-stabilized rmet cataIR/I wnerein mne II’St(E){
embodlmen?, the conditions include the t'se of an alCohol as the solvent, tor example a 'C1.10 alcohol,

optionally a<gicdinalcainobaatrdentitaintietbangrisethihadp-qgmopdna , R-iropem gle ddatimmol or
2-butanol. In th{'srﬁntbﬁgir?enth%h% reacgo%is refe{(g?d tomatﬁ a}nsolygl sis.ﬂ 0n gac i Rélr%i%{suitable
embodimen?,yfqhg ca {éllys?ls(%ﬁss%l\?eec?in a MixtUre of the Solvert and Water in-aVolume fatio of 50:50
and the concpaupettohéotmwith (thes addeddicectlytirtiesiselutibat whamhehs drogmthatis generated
in thisg§a‘3t%;°o“m’8%89ﬂ%ﬁ'n' ?brgiga é‘g%er%t‘é%i.”ﬂﬁ%%sﬁ“g‘#é‘ cRns T eacion IBr%dﬁ‘cS’v%s’ in addition
to hydrogengas, easily‘recytlable dnd environmentally triendly ammonitim borate salts’as the only
detectable batertihmtahiagsesduecaiEheshydibly sislesat tioveasibedropmréormed in air but may also
be performed in an inert atmosphere, for example, under argon, if the catalyst is air sensitive. 5 The
present disclosure is the first to report that the solvolysis of AB, and its derivatives, to produce
hydrogen gas may be catalyzed by ligandstabilized metal catalysts under homogeneous reaction
conditions. In the present disclosure, it has been shown that a wide variety of ligands and metals may
be used to catalyze the hydrolysis or solvolysis of hydrolysis or 10 solvolysis of AB, and its derivatives.
For example the metal includes all known metals, including, the alkali metals lithium (Li), sodium (Na),
potassium (K), rubidium (Rb), cesium (Cs) and francium (Fr); the alkaline earth metals beryllium (Be),
magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba) and radium (Ra); the p-block metals

aluminum (Al), gallium (Ga), indium (In),



15 tin (Sn), thallium (TI), lead (Pb), and bismuth (Si); the d-block or transition metals scandium (Sc),
titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper
(Cu), zinc (Zn), yttrium (Y) zirconium (Zr), niobium (Nb), molybdenum (Mo), technetium (Tc), ruthenium
(Ru), palladium (Pd), silver (Ag), cadium (Ccl), hafnium (Hf), 20 tantalum (Ta), tungsten (W), rhenium
(Re), osmium (Os), iridium (Ir), platinym (Pt), gold (Au) and mercury (Hg); the lanthanides lanthanum
(La), cerium (Ce), B?a%fﬁﬁbﬁi)nﬁﬂ"ah@gtfﬁs%yﬁ#tlﬁq RIGSE HrREIPRYT (PnBrdam&GhANSS), europium
(Eu), gadolipem ezl fedivel (FEMysnesivadRy)afdpititaigbraikitin (ERe teEipy(Tm),
ytterbium (Yb) and lutetium; and the 25 actinides actinijum (Ac), thorium (Th), protactinium (Pa),
uranium (U)CHEBRRSSAINSNS Uﬂ?(%?ﬁg?ﬁ%%idﬂ??ﬁﬁﬁ).%&ﬁﬁﬁﬂ G, B9HRIART (Bk),
(Cal;fomiumb(ﬁafhcﬁj@wénﬂumgﬁs?}aﬁe@mmdg mm?m@m@a@mmw)al rh@é»@l%tﬁh@)@:l)bgﬁdd@wre?cri]um
Lr). In embodiments isclosure, the metal is a transition metal. |n other embodiments of the
disclostfre, ﬁ%sﬁf@piygﬁg |eﬁé§#ﬂ§rﬁ'kai“@o?9ﬁﬁf% BRlyvRen a\%‘ﬂ] %@%?ﬁe@d@ﬁtity of the
ligands, the grigsent digidastirgaxtarfisioranyigandassodiesed Wil mialdases aatailyrts. Ligands
that may be used in the catalysts o%he prgs_ nt disclosure, include, but are not limited to, one or more
of: WO 200 RS5SPHICABJHRI R S PO LPHRTe s BRITERMASNGTPRBHBRAN) Swhich are
bidentate onggdeniaieicmdareseiipiliag ashicalnnonadeatfespsphinadieandtia whighigs, R6 and

R7 are simultaneously or independently selected from unsybstituted or substituted Ci_walkyl,
unsubstitute??ﬂf’%ﬁléb%%tl‘ffé% g% %‘ﬁﬁ@éﬁ %)ﬁéﬁﬁﬁitlﬁgﬁroﬁfl%i%i%tgﬁt@?% ok substituted
or subgtitutesbiBienuisw wu SR Brantlibl(RiErandtRS igcl rivautanerk sty fRndngdepandemly gelected from
unsubstituted or substjtuted gnsubstituted or,suté)st'ltuted C2_10alkenyl, unsubstituted or

substituted &3 OSCRBRARDE BRREGURL B IERBNSHARG oF B8 B and RS are
bﬁndeg togedhephsterm ag;surwbpﬂttﬁe@h@rﬂsab@tbﬁrr@ﬁbé@gdﬂaum b k&)’amgr%sbmh@ia% tr(lje
phosphoroug, nitrogen and/or gxygen, atom 15 to which, said groups are bonded. In an embodiment of
the applicatiDh FESTISLE M) 2 FRATERS ARer ARy S EEER FRPEL TR P DAL Eakyl In further
embodimengsofl idendisglsisiiredRheR6 cRAIgs Mberstnitae fiesioensyiselested from phenyl and
Ci.salkyl. In still further embodiments R5, R6 and R7 are all phenyl and R8 is independently selected
from phenyl and C1.6alkyl; 20(b) Bis(phosphino) bi-, tri- or tetradentate ligands of the formula (111):
R9R10P-Q1-PR11R12(lll) wherein R9, R10, R11 and R12 are, independently, as defined for R5, R6
and R7, 25 and Q1 is selected from unsubstituted or substituted C1-Coalkylene and unsubstituted or
substituted C2-Cloalkenylene where adjacent or geminal substituents on Q1 are joined together to
form, including the atoms to which they are attached, one or more unsubstituted or substituted
5-14-membered monocyclic, polycyclic, heterocyclic, carbocyclic, saturated, unsaturated or 30
metallocenyl ring systems, and/or one or more of the carbon atoms in Q1 is optionally replaced with a
heteromoiety selected from 0, S, NH and N(CI. salky)) and 01 is chiral or achiral. In further
embodiments of the disclosure, R9, R19, Rn and R12 are independently selected from phenyl,
Ci_salkyl and C5- locycloalkyl, with the phenyl being optionally substituted with one to five
substituents independently selected from Cmalkyl, fluoro-substituted amalkyl, halo, CI_alkoxy and
fluoro-substituted Ci,talkoxy and Q1 is selected from unsubstituted or substituted C1-C8alkylene
where the substituents on Q1 are independently selected from one to four 01.4alkyl, fluoro-substituted
5 halo, C1.4alkoxy, fluoro-substituted Ci4alkoxy, unsubstituted and substituted phenyl and substituted
and unsubstituted naphthyl, and/or adjacent or geminal substituents may be joined together to form,
including the atoms to which they are attached, one or more unsubstituted or substituted phenyl,
pyridyl, cyclohexyl, napththyl or ferrocenyl groups, and/or one or two of the 10carbon atoms in Q1 is
replaced with a heteromoiety selected from 0, NCH3 and NH, and Q1 is chiral or achiral.
Bis(phosphino) ligands of the formula (lll) include, for example, 1,3-
bis(di-iso-propylphosphinooxy)benzene, 1,3-bis(di-tertbutylphosphinooxy)benzene,
1,3-bis(diphenylphosphinooxy)benzene, 1,3- 15bis(diethylphosphinooxy)benzene,1,3-
bis((ditertiarybutylphosphino)methyObenzene,1,3-
bis((diisopropylphosphino)methyObellLim,2,6-bis((di-iso- propylphosphino)methyl)pyridine,
N1,N3-bis(di-iso-propylphosphino)benzene-
1,3-diamine,2,2'-oxybis(ethane-2,1-diyObis(di-iso-propylphosphine),2,2'-
200xybis(ethane-2,1-diyObis(ditertiarybutylphosphine),bis(2-

6a



ditertiarybutylphosphino)ethyl)amine, bis(2-(di-i-propylphosphino)ethyOamine,
bis(2-(di-ethylphosphino)ethyl)amine,bis(2- (dicyclohexylphosphino)ethyl)amine bis(2-
(ditertiaryb gho?ﬁphl%%ethyl)amlne ,bis(2- 25(d|adamantylphosph|no)eth amine, bISé)Z-
(dusopropylﬁﬁ yl)methylamine,bis(2- (dltertlarybutylphosphlno Wgw Hine ,bis(2-
(diadamantylphosphino)ethyl)methylamine,bis(2-

i O TBRY PRBLSTAES IO RACR ATV te Savnt. A means fép “™'"

bis(2- (dlpben‘MMMbmyl)ﬁytd@mmwmmth INebig(@a(dl-pompartment
tolylph lg 1 3,5- . :
ey Fe RO e FOENS v Sl it St Eaigs moudes

(di- phenylﬁhl@g@hmo?Iﬂemyﬂd@é%yelﬁk@xaéwmmfﬁbea@tdaaﬂtmmE;ataumgt or
N2-bis(2- HE’Q?@QBPBEQ Fyﬂgene)cyclohexane 12-diamine. Other bis(phosphino) ligands

include, for example, eac optlc isomer of 2,2'-bis-(diphenylphosphino)-1,1'-binaphthyl (abbreviated
name: BINAP); QMNAfPaé’érﬁﬁaﬁVQSQﬁ\(ﬁﬁféﬁQﬁé)ﬁﬁi‘ﬁ‘ntﬁ@éﬁ@tM@C&%'HQA’F" PBEAMBAY reduced, such

as each oaldsemens A biettingeaAafiasuisaipisHl. 6 Solid 38 apiadhudiad. L1 binaphthy
(abbreviated name: H8BINAP); BINAP derivatives in which the naphthalene rlng of BINAP carries

substitueYPYYe¥EEh thek 4bR dfﬁf@é{fegoﬂ?écﬂpw §8qdiffe SspRiagyPiRs while
6,6'-dimethyilcatiby-hineehidy! é@btmdmmtnafnmeﬁl\dssm% Bﬂél/yﬂléﬁﬂ!d@tlmlmfl\/hmh the
ben%gne rlr[%% r%theé? 0S %orug atom of BINAPaﬁ?ubs Wlth Icg k)él %i?u ), such as each
optical isd S(% etolzf} &u sﬁﬂar’?g)ei Bnna h?ﬁyPPasoW V|a d RAMe? I-BINAP), each
optical iscioepafc? mdatﬁﬁmb(@menhMbhewléaphpspf&nb}q hodsrstebyin daeratiSigptical isomer of

2,2'-bis[bi @gé;! ﬁ%r& Wl)phosphlno] -1,1'- binaphthyl-, each optical isomer of

2,7- bIS[bI s(4- tert hino]- 1,1'-binaphthyl, each optical isomer of 2,2'-bis[bis(3,5-
dmethylpﬁ?ﬁ?ﬁﬁﬂ% Eb’rﬁ%‘% fated name: Xyl-BINAP), and each optical isomer
of 2,2'-bisibis(3, &@rﬁ@éﬁ 8@&]@%@@6&9&1%%@3@@%}5&1 Wl@@%gld@@@r%wed name:

DmanylBINAP); BINAP derivatives in which the naphthalene ring of BINAP carries substituent(s) and

the ﬁénzéﬁéefﬁﬁcgﬁ%@%wgﬂﬂ'&?u@ AERIDIBINGD s substituted with from 1 to 5 lower alkyl

substituemrigygech RSrechebpiitalisomag ahe equipment used for the rne‘tal -catalyzed
2,2'-bis(bis-(3,5-dimethylphenyl)phos hlnp,], O dJ:rne I 1,1'- 25bina | (abbreviated name:

Xy1- 6MeB‘Pf\‘I‘A‘F53;’§§n%f NAF 4 &Rzl AR We fﬁéﬁ’éﬁé"}fé)ga% INAP is condensed with a
saturated FﬁgdrecanbcmBngmehaﬁmhr@ﬁwlmmn@m@ebﬁéor the metal-catalyzed

(dipheny| A2 IheBBBY S 8000 mi of b d.

12,13,14 %%ngsk}lgﬁygrls ﬁ%‘slﬁm ; outtahydro HT YR generate |
30[@@1]bffdg@[épenta&]phenﬁnthren%ﬂ Furtr@RTF%‘?tlcular@ﬁﬁfﬁﬁl‘es inclatle eadhi%ptical isomer of

2,2'-bis[bigs(3 sl BheRyhaRosaRinRRIckibivRBBENI (abbreviated name: Xyl-BINAP); each
optical |somero?35f B;ﬂ'ygl%lblsﬁ 5-dimethy1-4- methoxyp%]g(nyhphosphmo] 1,11- b|na hthyl (abbreviated

name: Dn’i:éQM%INAﬁ’) anP BINA derivaRES whidiRgf@Maphttiene Hﬁ FERIAP carries

substltuem@ipndébmmg@mﬁﬁmﬁEH?@W@WHM&*N)&WH;Wbstltuted with from 1 to 5
lower alkyl substituents, such as each opti %H er of 2 2'-bis[bis-(3, 5 dime
A

h
enyl)phospﬁ‘rﬂcﬁ 6,6'- methysl 11f%lnap bbrevi 3%% e: X)9 -6Me %@«ﬁ 5Representative
exafiplesoyt:tbiegrdpbrapbimofdits(phospdamigyohydridoiridiumdiii).
Figure 6 is an ORTEP diagram of bis{2-(di-fert-

butylphosphino)ethyl)methylaminechiorohydridophenyliridium(ilt).
Figure 7 s an ORTEP depiction of bis(2-{di-iso-

propylphosphino)ethyl)yaminedichiororuthenium(li) dimer [RuCku-
30  CH{NH(CHCHPiPrz)2}]2.
Figure 8 is an ORTEP diagram of bis(2-

(diisopropylphosphino)ethyllaminecopper(l)chloride.
Figure 9 is a graph showing the volume of hydrogen gas generated over time
for the hydrolysis of AB using [Co{HN(CH2CH-P'Pr2)2}Cl] as the catalyst.
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ligands are found in Pandarus V. et al. Chem. Commun. 2007, 978-980; Morales-Morales, D. et al.
Inorganica Chim. Acta 2004, 357, 2953-2956; and Gottker-Schnetmann, I, at al. J. Am. Chem. Soc.
2004, 126, 1804-1811). Representative examples of the preparation of bis(alkylphosphino) ligands are
10 found in Gipraga4igtal. Chem. Commun. 1996, 2083-2084; Moulton, € 3:cCh2@Bs@msgoc. Dalton,
1976, 1020-1024). Representative examples of the preparation of amino-diphosphines ligands are
found in Clarke, Z.E. et al, Organometallics 2006, 25, 4113-4117). Representative examples of the
preparatiohiptiaifine dipasgphisfeongapdbaredbume of hydrogest gk Q@ISR USPTS3-156; (C)
Bidentate GyRingp RS GRS (NG 0rEUlRG: BAARIAP-DRYRISRIEADyherein RIS and

R14 are, independently, as defined for R5-R7, Q2 is as defined for Q1; and R15 arid R16 are
independenifyse bt aroRad Srvargvihe ARIBRPCBYdmSRIoaRS | IRNG BiedCeYeRaryl and

Ca.12cyclgalky! beigg optignally pyiaeidied. Inggmbogimentgspddhe digeiReing(fRid.pnd R14 are
independently selected from phenyl, Ci_ealkyl, and C6_10cycloalkyl, with the gS phenyl and

CsiocyclodBY RN RN SiRiIBRAMY IS AR RithoRE TR e ShBaliudHb oS efSentlifselected from

Ci_4alkyl, fssaatpssubstituted Cmalkyl, halo, Ci_aalkoxy and fluoro-substituted Cl_aalkoxy, R15 and
R16 are independently selected from.H, phenyl and 01 .6alkyl and Q2 is selected from unsubstituted
or substit%é%‘o'&-(%f(%l/lgr%r?/b%ePé%v‘gn&%ﬂﬁtggr@@gn%gya %50 ik ép%ﬁa%?ﬁ{?/%e‘i&%d from one to
four of Ci_akkyiofltioednsirbitifisted 8B &gy [Fzloned) BaMoxl: (hdrels)bifjtatedr€alkoxy and
unsubstitu&%gaﬁ{&ubstituted phenyl and/or adjacent or geminal substituents on Q2 may be joined
together to form, including the carbon atoms to which they are attached, one or more unsubstituted or

substfiuted jsheayl Sniphtisyepk rhevdaayinthyIysienss, ArlirIsha@s WaNefats cavBobn atoms in 01 is
replaced withe2rBe iR MRl _x;%'%%@fm@,HWNE@%NEP‘BGQ)QXGQE%%WW}'é’é achiral.

Ligands of the formula (V) include, for example, N,
5(phenylpﬁb%ﬁﬁfﬁé’éi'&yobis(methylene)dipropan-2-amine; (d) Heterocyclic ligands of the formula (V):
Hy-Q3-Hy@gdiewhich mrezbi-*tp trideimategigands wWhersis(blydraniapsubasidgshaiesubtituted
aromatic or og-aromgtictheggro%cl .coqi@inin%from 3.0 10 atoms of which 1 to 3 are a heteromoiety
selected frd ,agx,zrﬁ & Tl ,'.’:' éll'@ f b[ PEtiT Ring atoms being C and Q3 is as defined for

Ql. Infan enfgpardi méntsofthOapiiPatiay Hyrsoeles{Bd driemianidezdiet hyradmescilamsle and
15dihydro ; i birid‘ﬁrigﬁﬁ‘):]js of the formula (V) include, for example,

1,3-bis((R)-4- sopropy’ ,o-dinydrooxazol-2-yl)benzene, N 1,N2-bis(pyridin-2-
ylmethylera§sijéldRdgamarard ghowing B Beghehyisnéicirmensgehalibis(l bis(2-{d-

butyl-11-1 R RdupmAdGaRiHackichBbykid bhiBNdRselBoritmaiyliammonium chioride,
1,11-(pyridine-2, -Ei ob@gz-%uty -?L?i-_imidazol?;%m) chlog?zaz,6?bis(1-n?blﬂylimidazolium)pyridine

dibromide GHa'YZBR Y IREER ArEEB BRI Hyhamine. Representative examples of the
prepaeatiorighignitazeolidgrss ligandsaredosmsbinok adpdopasbbbdRrganamst. iAQ2;221, 700-706;
Poyatos, M, .etal. 250rgano et.&%ggé,ﬁzz 1110-1114, %Befz Diamin Os‘il)j\';i?ﬁ:é f the formula (V1) or
. 7 B B o RN SRy B o AP B Ao V1) 50 wherei
R17-R18 aatbR2¢) iR@baee, dadepdime@ly,’ @s defined for R15 and R16, R19 is as defined for R5
and Q4 and OO ar fine r{gr , 3 8(Q0 aid-dgands of the
formula (VI)%??Udiﬁ%ﬂ §5v<{§m(§) e, gﬁ%ﬁ%&ﬁ%ﬁ%ﬁé@gﬁ%ﬁ%&éﬁhg%?agdﬁ%rr%n|ne (f) Diamines
of the forny&\7hpep MCoIRRPRIONECHINROVFEBIZNY-Giydridoindium(ill)  catalyzed
25  hydrogen generation (40 °C).
DETAILED DESCRIPTION OF THE DISCLOSURE
DEFINITIONS
The term “Cipalkyl” as used herein means straight or branched chain,
saturated alkyl groups containing from one to n carbon atoms and includes
30 (depending on the identity of m methyl, ethyl, propyl, isopropyl, n-butyl, s-
butyl, isobutyl, t-butyl, 2,2-dimethyibutyl, n-pentyl, 2-methylpentyl, 3-
methylpentyl, 4-methyipentyl, n-hexyl and the like, where the variable n is an

integer representing the largest number of carbon atoms in the alkyl group.



R22NH-06-NHR24 (IX) wherein CS R-5 are, independently, as defined for R15 and R16 and CP is as
defined for Qi; 10Examples of the diamine ligands include, for example,
methylenediamine,ethylenediamine,1,2-diaminopropane,1,3-

diaminopropéRe®# disthinobutane,2,3-diaminobutane,1,2- cyclopentand§idiffinres/000943
1,2-cyclohexanediamine, 1,1-diphenylethylenediamine,
1,1-di(p-methoxyphenyl)ethylenediamine,1,1-di(3,5- 15 dimethoxyphenyfiethylenediamine, and
1,1-dinaphthyletk@l‘@néﬁ%iﬁé?@fﬁﬂﬁllyaécﬁiﬁ@eiélﬁfﬁ@cmﬁﬁ% saighy B SISHERRY. Examples

tlhgrgfzf in(dblﬁm,fQ?}%ﬁm&!l@W@lgﬁMQQH\/iﬁ:&t&h@ﬁﬁ&;}@%%ﬁ@[&?ﬂ&iﬁéﬁ%daﬁgfﬁgiﬁﬁ name: DPEN),
,2-di(p-metho enyl)e nedjamine, 1,2- cyclohexanediamine, 1,2-cycloheptanediamine,

2, 3-dimett‘?ﬂ8u€%ﬁrg %F#?Htg,% g?? he eefﬂ§1'-r§,é'-%% @ﬁ?@?ﬁfﬂ@n@ﬁ hmiden '¥Y58foﬂ)£9’i'3§f’2-
diphenylethijen2eiseti 'y@r&ﬂ%pmﬂyﬁtﬁ;z-éimhem&emﬂﬁ‘ﬂetﬂaﬂlGn@’z' ,)Ill,-b@ﬁﬁb!ﬂhy!bszzt-’lg ;
2,2-diphe hylen-ediamine, 1-methy1-2 2-di(pmethoxyphenyl)et nedigmine (ahbreviated name:
DAM N),%g%bu%%%%l&gdﬂﬁ:rﬁéﬁ%xyéﬁ@ﬁﬁgp %Tgﬁeepéﬁgm%é)'@@%ﬁ%ﬁgf aeﬂg\mengAlsEN), 1-
25isopropm@m@iﬁ&rﬁe@ﬁakyﬁmeﬁmymhﬂ@ﬁéﬁmnﬂ(aMemawﬁrmmhdhAikE’ENDxere
1-benzyl-g-GiRMEtROXYRNGH %Wééﬁ%ﬂﬂﬂggn%@@g%g@%ber of carbon atoms

di(3,5-dimethoxyphenyl)ethylenediamine,1-isopropyl1-2,2
dimethoxyPrBRyAEE VRS RBMIne, 1-isobuty1-2,2-cli(3,5-dimethoxy-
phenypethylenediaaningh-bepzyiy®. 2i(R &y Idnethamhanyinibyienedismiiote or

1-m &:lyl-Z,Z-dén?h h Ietf?_ lepnediamijne, 1-isobuty1-2,2-dinaphthylethylene-diamine,1-isopropy1-2,2-
dinaphthy PR SRRRRE A9 R T Lo TR RINGH RSN 140 SuRaTRRB. EAM%eRM6pakally active
diamine ctempbondsardiiviticainbeansedclteiast ietitaditaghmahavasaiiaiad pptieslly active
ethylenediami erivatiyes. Optically active propanediamine, hutanediamine and

cyclohexaﬁé%%ﬁ“ ne d%ﬁ@é?ﬁ/%rﬁ!hay%ggﬁéﬁq? Q%F)ﬁﬁ%@ditigr%’%éégtﬁ?ﬁ%?ﬁ%qwmhmay be
prepared Byarenyrodedarstarinag fdnandlphe. -ikeineiaeid descrilmbia theiditaratied&urrows, C. J., et
al., Tetra . -19 . jety.of processes described in
the enemﬁgﬁ‘ﬁﬁfg ‘é&gﬁé %%%%%gﬁs%ggg Jali?gﬁt‘?cg?t ﬁ%g&vad’@%m Int. Ed., 37, pp.
25802627 (1998))E(dFThidHHEMEA Ui aRcvRRFh iRr ) : Meane 2 merocyditchiavslisdentate, wherein T

is unsubstiiipsioriagbsiiad dbiraians ABM @%ds rs Aefineddidh one orligadsef the formula (X)
include, for example, thiophen-2- 15 ylmethanamine; and (h) Thioamines of the formula (XI);

R26S-Q8 AT ) towhtiiF e diterdtite” WHETEH RS RS HefhaYiaPie! R6UrRY, S is sulphur
atoms are a heteromoiety selected from O, 8, NH and NCigalkyl, with the
remaining atoms being C or CH, said ring system containing at least one

20 aromatic ring. Examples of heteroaryl groups, include, but are not limited to
thienyl, imidazolyl, pyridyl, oxazolyl, indolyl, furanyl, benzothienyl,
benzofurany! and the like.

The suffix "ene” added on to any of the above groups means that the
group is divalent, i.e. inserted between two other groups. When the group is a

25 ring system, the two other groups may be located at any location on the ring
system, including at adjacent and non-adjacent nodes. For example, if the
group is phenylene, the two other groups may be located at positions 1 and 2,
1and 3or1and4.

The term “substituted” as used herein, unless otherwise specified,

30  means that the group is substituted with one or more, oplionally one to six,
suitably one to three, groups independently selected from OH, SH, NH,,
NHC salkyl, N(C1.salkyl)(Crealkyl), Cigalkyl, Crealkoxy, Ci.ethioalkoxy, halo,
fluoro-substituted Cs.ealkyl, fluoro-substituted Ci.alkoxy, fluoro-substituted C..
sthioalkoxy, fluoro-substituted NHC.ealkyl and fluoro-substituted N(C-.



and Q8 is as defined for QI. Ligandsof the formula (Xl)include,for example,2- (benzylthio)ethanamine.
It is to be understood that the above-described ligands are 25representative examples and the
disclosure is not limited to such examples. The catalysts useful in the processes of the present
disclosure, riy 280t €d¥prise one or more of non-coordinating or coordimratinga mesitrales anionic
and/or Lewis basic ligands, depending on the valency and size characteristics of the metal as would
be known to those skilled in the art. 30 Examples of such ligands include, but are not limited to halo
(in particulealii){OHalky L O Iipyailiambasineitikd e datidpiremanalsottssitneniscatonic or

dicationic. o) facs RUANHE Wb PECRRIRAVBALRIEI RIiRLIY bk 18 HRragesges of the

disclosure or they may be generated in'situ. The present disclosure furtherincludes a method for

the solvoly8ldeseResmiospigeethdrsinidid. (1P Eo it {eHmctifg At dston&édhpound of the
formula (1) esidefingd, aboyeith atdtgastane figand-Ri@rlized transition metal catalyst in the presence

of a salvent under conditions for the hydrolysis Sof the compound of formula (I). HYDROGEN
GENERATION SYRSr £ “hale 23 sRel Eaindiiea b hA9Ra A AREHE S SR REthods of the
present digstosime, lodme eralfadifent, the methods of the disclosure are used to generate hydrogen,
which is supplied.tp a hydrogen fuel c uch as 10 3 PEMFC. Hydrogen generators may include a
first compartmenj ﬁ&éﬁéﬂ a %?5?935%%#5%@@858%%30E%rﬁawan%%%%gﬁ@fr#ﬁgr%gﬁ?rﬁoIding the one or
more aminedodarg slofahtséohgrdrzp@hasndetrgdeh beeebeerenethacedtafiistfisomitigand-stabilized
metal catalyst. Cantro ctranic oupI C t e hydrogen mass
flow controllers. gg{%&?ﬁnags I§v‘</’g IE%E'Sﬁcolé%tro %z%}s @%ﬁ%@l%ﬁp@%ﬂ eEE;%H[a éﬁgs%fﬂ)éon which
entefdsectiid YRR BCAIRSYENANRSYIEERE hjdsedehisiligenerdteti ByEtiker Mgirogen generator.
A couplingRRRRC iIghSICIMAI SO BERGE NSNS D BYFIOCM GRRGEIRL ) th?ee;mg;? of a PEMFC.
a

In the embodiment of the disclosure, the one or more amine boranes of 20 formu are stored in a

second coMpYifSHPaLIRSEIRT spricedarithdiets PRIYM®ent. In operation, as soon as the hydrogen
generator is turnexheneeenteRlREaHRMCSa8e0sed HanahtPedcmRags gmmmlyb(@j@ﬂow controller)
to allow a predetermined flow rate of the one or more ligand-stahilized metal catalysts in a solvolytic
and/or hyd%&ﬁ?&eg%ﬁvéaer@/ingg?ﬁ%t E%rr%a???‘ﬁ 1 5 ﬁS%)(Pgé i?ﬁ‘ﬁ‘th %ee}é%?cgﬁ?ﬁﬁ%rrtﬁqeﬁt which holds
the oHe oraneateabtiwadoranes. As a result, hydrogen gas in generated. The reaction by-products are
captured and renﬁg irﬂeg?ﬁ Sﬂ%ﬁ}t‘é‘oBPé‘i}Pa%@]e'Hs'mg%&f'}?et%ﬁm 9 '}g]e[gtsathgh ne o more amine
boranes can be provided in the first compartment and be pumped into the second compartment
holding th&&hd Bidnmoricimeegc aRlyersiaith&I0s dv @ntsharagthegersgeiibritersgietlosed herein
are capable-gtgelivsring L5V ESHgrade hydrogen at low reaction temperatures, safely and reliably in
an integrated and_ self-sustaining device that offers high specific ener%_/zstorage density. Hydrogen

PEM fuel cells arBbpdRRristaiRatisde memat Yorldpraligrngr Sasizes/ imeneBhiries and

interpal cognbustegienainesisg ppifelirensrsi-eRelveantbEoTe RiISHLRRGaaBATation solutions.
Unlike secondary batteries, the hydrogen generators disclosed here and formulations therein provide a
E A R 15 g B U

constant s8URA0t ISRUEP IS PSS R RPERURL I RAF Pe HHH Ny, The
systems diswibsad sdiein, cgetmas piroyideifuvialsieietlution tal nsaeynilit@ycandigantian applications in

need of a i i qgﬁﬂﬁi P 0 : ingl ng others, auxiliary
power unitlsH ?g@%{i}#\%}%ﬁote 5 |Iﬁgti%n%;gs%eW§§€Eé§%k§%tﬁéér%g)(/gﬁﬁ%vn\}gr\%'g%?(%ernal power
pack, battegrepmaficnponabidipolet i dividiessiunhtanhdtbac fss vehictishasrhiobatics.
Accarglinglyiglse inclydeshidihin dheuesent diseipaure s hykagshigeneraipp-system comprising at

least one amine borane of the formula (I) as defined above, at least one ligand-stabilized metal

catalyst, aRB R SBIRBRRRME 8 d/SIARAIRMRIROSHIVERS In SiFarBBamMerdBinAedReN8sure, the

hydrogen gRroefiascaysteBscomnosesi firdtaerparunanbspBrisingbshalisagi«ane amine borane
of the formula gf#?s $Iined aboKe, a second compartment comprising the at least one

ligand-stafilZ8 Bl R S e S YN OPEE RE S oY AR tTENt further comprises the solvent.
The hydrogen gehbeatévm2@dystetratithed tenginsesamme aad/ iy o ariniin dilbecgiients of the first
compartm j 5 . riment f W the contents are combined, hydrogen is
geneg r%tedga&%@s%%§?§ﬁ%§§% IaeaF'E r::%) r%rac?fga%ov#gt%r%ﬁﬁeﬂgg (€8s ohe cggt:'a(lﬂ/%‘fvgr the at least

one amine?BéraVSralyicariseiweiitio defydregenatire saandif o fires lvertbmdssbizasge 25
membrang,fughioall (R MHeCafsins asbaman elenlEiqpbaesedinbnt R RENFGRATYRLSES an

ion-exchange membrane located between an anodé and a cathodé, said membrane, anode and

cathode fOMAIRYY HEMBraFidT8IR rSEieisSBRBRMANER PERMV EX JBm Plessepbbetiveen a fuel gas
diffusion layeiregeran AislantigasdliffiusiariayRimnsexieant SavdeebiaHaimi $litbnts
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30 connection with the fuel gas diffusion layer, the oxidant network having an input portion for
supplying oxidant, and a fuel flow network fluid in fluid connection with the fuel gas diffusion layer. The
fuel network haganrdaetpbstirofiousyphiglimydushdvinglgimehe Gehdmilnetnlodnis Sy stiiynsonnected

to an amine borane dehydrogenation.in-sity hydrogen genperator. The generator_compyrises,a first
com partment‘fﬂlztcgﬁ%'%&gggﬁégs?foﬁ &aﬁﬁ% 'Bc%glr\{g,ng g‘é%ﬁnadscvg?n%%l%nae%ta &?ﬁp‘?rlis?ﬁg at least
one ligand-stabdzed matinlcathlesit, wheheas fetr firstdsoRamhsecond compartment comprises a
solvolytic and/or hydrglytic solvent. A means for combining the contents of the first 5 compartment with
the second compart ti%rfﬂat mﬂg[%%e&ﬂﬁen?? aPg e niﬁﬁ%'&, I‘@g?cr)}gseﬁ%tg?ﬂ%rafi%%r}%é included.
At least oge flg\whirsd betaigstrisisalfiple mtthofrthactoleashand(shtatysremtiesiressutor amine
borane. The folilg\éﬂng nont-.limitinf%ﬁexamples are illustrative of the disclosure: 10

EXPERIMEN FEPYIRRRPIE EATUHFERTRESSAND METHODS Al ligands and their metal
complexes were prejrareshdedgsadirggdneatstaghecé ithan preseativeidelosnoiogite inermatmosphere
glovebox or wjth standard,Sch%Je k techniques, unless otherwise stated. All heterogene 5
catalysts Werecé)r%w:ﬂ%'as?n & rﬂ sgecﬂr\%r*\)’v?sse &3:85° mﬁ Ronia ﬁg?aﬁ%év&]éjseéeb%%irﬁeed %é%nr}

Boroscience lgad&dithemismttridhigrésifyrityerate $Buc 281H20) staiedbfeatatebomlSressdsre

Chemicagls Company. Rhodium cyclogctadiene gcetylacetonate [Rh D)(agca nd [iridium
bis(cycloi)iter?g)ﬁyﬁ%}?&éfd%%ﬁ ’r(&%%‘?&%ﬂaa%%rse%%sta%%dd #orr!rg)i% Q&g?%ﬁgg%h%%uadium 20
cyclooctadienefdithlaride$2d¢c GEn i walepraparechuspipstand @b ppscadiegsrAlodier metal

salts were obtained from Sigma-Aldrich Ltd. and were used as received. Dichlorome e (CH2C12),
ety otner (BB bl RLERAEITRY ARl s b S EES el
degassed withrantirnediivel Tdiogholhgigsg obrehtivailudaricativaininginhliniterats (GHEQIZE or
alumina and copper oxide,catalyst (ether, hexanes and tetrahydrofuran), | 0| ied and
degassed by 3@%&%??&#%&%& ’h)? r?% (é% Z?B%r é(rmgr%%f oﬁ%@#ﬁ‘é@ﬁﬁ%@ 9%%?&2%1
MeasurengentrExpenatdatarbest st detitatoweretperfoodifid dnters reecth rtaid oo teoeh fresktthat 30
was connected to a calibrated purette (<10Qml hydrogen, Figure 1) gr ap inver d cylinder
(2000 to 8000 iR &?85?%?&5%535‘%%‘ § E‘t%srn%yg?é'%gc%{j‘r%e%%%if%qﬁ& reglgr#?,nqb%g ldc?r%t%ne was
added either vigcRitiing haprelistiich acdgib rettie(Z3%00Mthto 2QR0fied Nydnogérhisr dedatitoed rapidly
to the reaction mixture throu solid addition funnei; in the latter case the reaction vessel was
sealed rapidIy@ﬁ%ﬁ@h@&qg%@ﬁﬂﬁﬂ@ﬂwgﬁﬁrg’l%% %%%ﬁ%ﬁs immediately. For air sensitive
samples, the flAER BHICENDE tercatyEt @&IgREor, L-shaped solid addition tube with AS and
tetrahydrofuran were_assembled in a. glpvebox, sealed and then, copnected to 5 a yacuum manifold.
Degass ater was'then ge. er ere AS por were added in an
i B RIASE W RS S i R Rer O AL ForBEP e s adied |
argon atmosphegteotiim leshgpithigibe was removed with an argon flow and replaced with a tube
containing a new sample of AS and the flask was then purged gently with argon for oximately 2
minutes. The reactioﬁ%esséﬁ%&%c {f&h %s%%ﬁﬁ%@dcﬁ?ﬁ@ %&nr%c%%smotﬂ% ﬁ%ﬂ%@?\gﬁﬁﬁ%@rement
apparatus. The systemetzs ey siladtdaniaavbterdratmatahedestredfceactiar, temperature and was
allowed to equilibrate for approximately ngﬁuﬁ??g??ggﬁstart@g each run. The water level in the
burette or inverted graduated cylinder was'then's the 'zero”point, the ammonia borane was then
added amdthe evolvad 25duidsagamdeluctndiiomsefisuthd aordiysisionf chineRREMARATION OF
LIGANDS. Example il 2(1 w R =iso-propyl: 1,3-bis(di-iso-propylphosphinooxy)benzene
Resorcinol (3.5 g, 32 MY AS dissolved in 100 ml of toluene and triethylamine (9.3 ml, 67 mmol)
was then added to thehessiioR MRArR® GinldrBtbiso gaopyérhotiphiseud ). 6 mihd@pendeftin toluene
(50 ml) was 25 added dropwisg to the reactipn mixture at ropm temperatyre. After 3-hou e reaction
mixture was then corﬁ?ﬂﬁ#ﬁ%ﬁ mgguér%%gﬁréggﬂcl{"\%% ﬁ%% iﬁgfse% %”#%‘8%@%%@@2 éﬁ{ ove the
small amount of residsrahshibdYiel dr®BHchES @a)scElkyNAR RONAMHDICEREIWBTO RIMRE, H, 2-1-1),
6.8 (m, 14, 5-H), 6.7Q,ém, 4- and 6-1-0, 1.89 (dsept., 41-1, CH(CH3)2), 1.10.(m, -, CH(CH3)2).
30 3119:%?} NMR (3(%) N %5?58)%8 ?O(B‘%rﬁgé‘{ée'%ﬁQPy%%ﬂt?E trBHdned Thodihcné:
1,3-bis(df-tert-butylpheisighinogaihbemitinthe niftbigematedalvies gregarad tcedidihghe)aditerature
method (GettkerSchneth?{)m If' White,nP.' Brggkhart, M. J. Am. Chem. Soc. 2004, 126, 1804 - 1811).
Yield: 4.50 g (45%) S% T %%o&@}f’a?a g\’r%’ &Rfllar to the literature Svalue (Gottker-Schnetmann, 1.;
White, P.; Brookhart, M. J. Am. Chem. Soc.
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2004, 126, 1B04 - 1811). (c) R = phenyl: 1,3-bis(diphenylphosphinooxy)benzene Resorcinol (3.5 g,
32 mmol) was dissolved in 100 ml of toluene and triethylamine (9.3 ml, 67 mmol) was added to the
reaction. Chloro-di- 10 phenylphosphine (14.78 g, 67 mmol) in toluene (50 ml) was then added
dropwise at voomsdgmpssature. The reaction mixture was filtered after 3 hours; Abredilbrates was
collected and the solvent was then removed in vacua to afford a white solid. Yield: 11.6 g (75 %). 1FI
NMR (400 MHz, C6D6): 8 7.6 - 7.4 (m, 20 H, PPh2), 7.19 (m, 11-1, 2-1-0, 6.98 (m, 1H, 5-H), 6.84 (m,
2H, 4- and 156-1b0. alPgfiapaiy Rolitating Hy dBR26) pBddacdd) iR thetbylvalysis of the

1,3-bis(diethylpl‘b 5@ n Esproduct wasprepared analogously tol,3-bis(di-iso-
propylphosphino%%; -@&?ﬁ%ﬁmﬁg}sﬁ&e‘%ﬁ oed in Example 1(a). Yield: (94%). 1h1 NMR (400 MHz,

CeDB6): 8 6.98 (M, an-embiesliney ¢h theisaPs s RMRIHRend fdwsaHiffesaidéept., 8H,
PCH2CHZ). il fMefMerhBblairidal; HP{HEL RIMR,(08MEle, GERF) sfhfitaneoddhf thdentate 'POP!

ligand system was also investigated. Thus, 1,3- C6H4(0PR2)2 (R |sopropgl, tertiarybutyl, phenyl and

ethylf wadFRASNERNHY SRieRieR fonor Chmpsherrra s Ehad i eessuRetiteieskEass triethylamine.
25 The neysirgmpritthddSobigtiiisprrRY DhospyneeyIbensefcohasa @le BIMR rR3onance at 6 150.
An analoggus reaction of.chiorqdiisopropylphosphine with 1,3-phenylengdiamine affords the ligand
NI, DRSNS R B S e AT A e ione. which
2008/14143@RET/Gk20D8/0a087h aRdids dprap\dtdhes bis ((diviso-{rep\dph etptthednethyOpyridine
Chloro-dizisQ-propylphosphine , 65, 1),in 50 mlof S,tetrah furan was,added dropwise
to a suspfe%g?gn é)f {‘it im ?}:?)n aﬁqg%gcgﬁﬁg%}? %%t) ggahg}%é ( .lSagw,d{%Qmafﬁ%l)elﬁ ml of
tetrdRydreforalieaseusly mixiotependenie calecieh fiors. Thdreactied mixunkes arabesen filtered, cooled

10 -50C, 3 LN LRS- DR SRRSO W RIRS 528 5 3ARYPlhiD AR o evahychoturan

was slow%%added yia a dro ping unpel with 10 vigorous stirring, resulting in'the formation of a red

solution. TheaRfhrirénier dnoRed o BeginiefoihidemperanraR @ heflixed for 1 hour; the

color slovwplighangediiemtteeicpaiatyeHevriwihdhefornatanebaereeiitate, Wpgreaction was

followed by 31P NMR spectroscopy to ensure completion and then the solvent was removed in vacuo.
Hexanes {50 AIF APT af@?n(‘f 'B%&%ﬁﬁ%ﬁ%ﬁ&éﬁ%ﬁ%‘?ﬁw& \EIM%%%%E! removed. The

hexabes R eRawitRdrafitermchdéquentially through a layer of sodium sulphate (Na2S04) and silica
gel and then the 0 i C afford a yellow. qil. Excess unreacted
T T A BECIY Ve P

di-iso-propylphosphine was removed in'vacuo a 023.an NMR (400
MHz, 06D@)yXierendine, @ 1, Glmbdrsef fechEaigeivding 4fer) esamdis, 4k Ciaatitd $9 (m, 4H,

CH(CH3)Re -3 4781 248 D2 APIEIDIMR A0, MHes REREK - Fxemale 3 (@) R = Ph:

N1,N2-bis(2-(diphenylphosphino)benzyOcyciohexane-1,2-diamine; (b) R = 4-CH3-C6H4 (TOO:
N,N-bis(ﬁiﬂl%?—tmyﬁbﬁo@ﬁhiﬁB)BWW%é’%H@PE?%}EM%@f R g sqeiipneoH3 (Xyl):
WI,D2-bistniais (the- dimeshydphiemyhpboshhine rReBZ Y svBiR- NRaee: 1igrdiaatige,
Amixture%?ﬁéfls\l za_r?cssgt_r(a%ypgr%%j rlgrr}],ogggi%?gc_n %?sz %Irgcf g?l)\énol, and suitable reaction
temperafures, for example, but not limited to, in the range of about 20 °C to
about 80 °C, suitably about 40 °C. In an embodiment, the catalyst is dissolved
in a mixture of the solvent and water in a volume ratio of betweén about 80:10
25 1o 10:90 (solvent:water). In this embodiment, the reaction is referred o as a
hydrolysis reaction. ln another embodiment, the conditions include the use of
an alcohol as the solvent, for exampie a Ci.40 alcohol, optionally a Ciq
alcohol, and suitably ethanol, methanol, 1-propanol, 2-propanol, 1-butanol or
2-butanol. In this embodiment, the reaction is referred to as a solvolysis
30 reaction. In a suitable embodiment, the catalyst is dissoived in a mixture of
the solvent and water in a volume ratio of 50:50 and the compound of formula
(1) is added directly to this solution.
The hydrogen that is generated in this reaction may optionally be
captured using any known means. The reaction produces, in addition to
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cyclohexane-1,2-diamine (2.18 g, 2.83 mmol) (prepared according to the 5 literature procedure: Laue,
S.; Greiner, L.; VVoltinger, J.; Liese, A. Adv. Synth. Cate/. 2001, 343, 711) and sodium borohydride
(NaBH4) (0.64 g, 17 mmol) in ethanol (30 ml) was refluxed with stirring for 6 hours. The resulting
solution waswoabssita4som temperature and water (15 ml) was added tordastropm@ywess: NaBl-14.
The mixture was extracted with CH2D2 and the combined 10 extracts were washed with saturated
ammonium chloride solution [NH4C1(aq)] and then water. The organic layer was dried over MgSO4
and then fit&¥EDirofah shrsilyeleTriedinatandasherrevasdadic diensthyn ssrreoivrain a yellow solid.

Yield: 2.0 g{hd0dakt NMF (AR a2 (bR or et (Rs s Ff*ﬂé*%yér% i 41-1, NCH2),
3.65 (br, 2H, NH), 2.21 (s, 241-1, C/-I13), 1.80 15(m, 81, cyclohexane-N). 31P{1FT} NMR (400 MHz,

CD2CI2): 5586HI0N heh DRAPAERGIBEH IR Al TEY NDSEIS- RATEMAB B BRI

genZWiderﬂ?ﬁ&@iﬂ@é@ﬁﬁ-&x%ﬂiﬁ@!i[‘ﬁﬁ'&@%ﬁf@rﬁ’ﬁfgﬁé@%ﬂ stia.ddamﬁ%medensa;tion of y
iaminocyclohexane with 2-(diphen osphing)- benzaldehyde in the presence of magnesium sulfate
0o Bao, . 2L BResS0 SIRHIOBUS RN 7ot GERor, Tl SRR Heiga, Chiality

2000, 12, 388)ith seditativesyotuy dristd e inyibogethgam ateyabe agisipiiatds,angtne: tetradentate
ligand (La wGreiner, L, Woltinger, J.;: Liese, A. Adv. Synih..Catal. 2001, 343, 7 1%. 25 Example 4
bz B e e e e YR e a8 opyiphosphine
(5.92 g, 3heramoliarigsadeied It dpreisesioovfiatiiat mryatewierie!s- piidigdedediamiine (2 g, 18.5

mmal) an, WOL2000/ L14998 € CAZDLAHONAR eiheTli .62, A ol touene (50

m1). After 3 hours, a'solid precipitate was removed by filtration an solvent was removed

fromBe fikpAYS!YBiRe PEJMRicaNds iR cfesvgivesd Wi hexarwiedbenme! disiHdrandd portions were

filtered angibesohralWinsiauarp e dieg it Ralenkiallow sRlislueida3; $2&48R%)- 1H NMR (300
MHz, C6D6):; 7.02.(m, 1 H,2- 6.98 (m, 1H, 5-H), 3.30 (d, 2H, NI-0, 1.37 (dsept., 4H, CH(CH3)2),

: ), 3 .
085 (m, 2011 BRI S N DT RIS AD e kel s mital
3,3"-(1,3-pberylencliBémeattadene)inis (Mboutydsaltiamidazpl. sSrtmigrehi@itebariund (Bt solution of
1,3--bis(chloromethyl) zene (3 20 ol).and n-butyl.imidazole, (5. 0 mmol) was stirred at
140C for 20" H%rgr%g%ftﬁi%gﬁ%%ﬁ@(%%%%@%o% e”a"Po“%gﬁud%ﬁ@%@%&%ﬁﬁé‘é&’%@é‘ as dissolved in
CH2632 atie ttfenprdbiaibtipredibitaced K the antdlibimofiE S (S0@ mifhaffordingansiginnhygroscopic

pale yellow.seld. Ydelth .9 (4850 dH MR (g%? Mﬂﬁaﬁ%ﬁé@ 19@%:(%?@* d@ HN), 8.26 (s, 2H,
imidazole-H), 7.61 (d 2H, 3J Hry'= 9.2 Hz, eri ine-ITO:, 7.34 (s, 2H, imidazole-FO, 7.23 (t, 111, 3JHH
= 8 Hz, pyA@iRgareseddinl. (ECaHT - eopat X a) 4righa! gy raten i, 3oned#®t, 411), 0.91 (t,
61-1). Exapaalend (&) 2@6%@i@iﬂha%%&-@m@,bﬁ@mﬁmxmBgs@?dnﬁét%ﬁrpd#%,\//o VN\ LP R2
-LICIR27 \PI%Z R tau, gﬂr% hl ro-di-g,(%-prqg’ylphosphine 10.0 %{655 mmol) in 50 ml of
tetrahydrofHFARTWAR d&ikd B R 14 USRS ARG I TeohtHimirfpingum (K1),
20 tantalum (Ta}, tungsten (W), rhenium (Re), osmium (Os), iridium (ir), platinum
(Pt), gold {Au) and mercury (Hg); the lanthanides lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd)}, promethium (Pm), samarium
{Sm), europium (Eu), gadoiinium (Gd), ferbium (Tb), dysprosium (Dy),
holmium {Ho), erbium (Er), thulium (Tm), yiterbium {Yb) and lutetium; and the
25 actinides actinium (Ac), thorium (Th), protactinium (Pa), uranium (U3,
neptunium (Np}, plutonium (Pu), americium {Am). Curium, Cm, Berkelium,
(BKk), californium (Cf}, einsteinium (Es), fermium (Fm), mendelevium (Md),
nobelium (No) and lawrencium (Lr). In embodiments of the disclosure, the
metal is a transition metal. In other embodiments of the disclosure, the metal
30  Is selected from Ru, Co, Ni, Ru and r.
With respect to the identity of the ligands, the present disclosure
extends to any ligand associated with metal-based catalysts. Ligands that
may be used in the catalysts of the present disclosure, include, but are not

limited to, one or more of:
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0.5 % Na) granules (1.18 g, 170 mmol) in 50 ml of tetrahydrofuran and the mixture was stirred for 72
hours. The reaction mixture was then filtered, cooled to 0C, and a solution of
1-chloro-2-(2-chloroethoxy)ethane (4.68 g, 32 mmol) in 20 ml of tetrahydrofuran was slowly added via
a dropping & HIHS? vigorous stirring, resulting in the formation of a Y/ SRR e mixture
was allowed to warm to room temperature and was then refluxed for 2 hour; the color slowly changed
from grey to pale yellow and aCJar e amount of precipitate formed. The reaction was followed by 31P
NMR spé@t)rég ResRidneds ié¥and then the solvent was removed in vacuo. Hexanes (50 10
ml) and water (25 ml) were then added and the water layer was then removed. The hexanes layer was
then filtered sequentially through a lay ﬁﬁﬁ@ﬁj}um sgﬁate (Na2S04) and silica gel and then the
hexane was removed in vacuo to afford a colofless Iiquid. Excess unreacted di-/so-propylphosphine
and 1-chloro-2-(2-chloroethoxy)ethane can be removed in vacua at 70C for 2 15 hours. Yield: 8.3 g

S BB B AR 2 . 2

2,2"-oxy bResRAINE SCRBRROR WhirEr RarRLIE HY s prertiTRiiarempbupidndependently

2,2-oxybisiihane-Rohvliyibiselieiary BHodpegriine) 20 wagyrenasH afcpding o the literature
procedure (Timmer, K.; Thewissen, D. H.M. W.; Marsman, J. W. Recl. Tray, Chim. Pays-Bas 1988,
107, 248F4 Stﬁihﬁﬁd,Pd&-iﬁﬁ'{@éf’ﬁbanH@,@%&Wetﬁéne%‘,ﬁstﬁiiﬁégis(&:ipswﬁwwwbsphine) was
Freparﬁdmam@ﬁmﬂorwf Jsgbmn@tadZ-@@l%eﬁthométhaﬁg \A/Nt(l::tﬁj}iurar@ifcnﬁﬁpylphospginel- The
iga as a 31P 25 NMR resonance at 8 -7 and the expected 1H NMR signals, The tertiarybuty

il Bgu S B S S LR JG B CSPHHRL AL Pleparetiaitiary. Example 7
Sé) (il) EFi)iﬂ%dﬁkali_'arym;;mﬂibsmdn??mthyﬁll)aminﬁf(&2mhbﬁii@m@'!\/lawbwjobﬁt%ﬂd_i tBul rtl?;)u_. CINCI
tBu N, P-Li u + , Lo oditertbutylphos e (1o, mmol) In
tetrahydrété;%{:rl{{](—g;gﬁni% \R/% sH g%(?% tﬁ%?hsj%uégrgp%i ﬁ%&%ﬁﬁ“ﬁ%@%%gg %né’;ilc?rq %?)Fit ium granules
(containifty .c3. @ arel By gead 1easine tonfesmahy drsuratiti@echily. sphetBuiesuitiyy suspension was
stired vigaiggh 8 I 1RmpRIaLF fef iAhbBaurerIle reRcan M as e pcanted through a

metal cannula; the solution was then cooled to -80 C and a solution of bis(c| orogt(ﬁr%gl) trimethylsilyl
amilie (9160 A2 GRS RiFMRRITSRIrAR PIOSTHY WMol ABAERRRIEEITa dFopping funnel with

\éigorours] RiirERg. R’%a;@i?wé@av@lseg%@ns@i@w@@ &0 @é@ﬂ@rgi) mﬂrgt@gmgr.am rﬂ:ﬂﬂ@rreﬂuxgd ftl)fr 1
our. The reaction was then cpoled to room temperature, and cooled to 0C again. Degassed sulfuric
acid (ZMFE%)% AT L GHEF S B e a G ’nﬁﬂﬁ?e?ﬁ%&kﬁ&ed ROGERIEPHSTE then stirred at

room tenfperaniverfgr dndoi.sSiguntrhyid duidiess citrinodigdn®OrRT), R6amdrid sveasithen added
through ing.f L i 5.mi r removed by cannula and the
l}ﬁéﬁ&?% RRNg dné@ﬁéﬁ@é%ﬁ SQ&%@?&%% Rl t‘eé‘:h@ﬁ .a\ﬁﬁﬂif

organic layer was washed with two portions o . Re organic layer was then dried with
magResidin Bipfakossherathingiforrdat aiantaiediornsivscefihe Joitamdavd filtered off through a pad of

silica gel and the solvent was removed in vacuo to yield a colorless liquid (10.34 g, 68 %). 1H NMR
(400 20MHz, C6D6): 6 2.72 (q, 4 H, /-12), 1.47 (m, 4H, CH2), 1.00 (d, 36H, C/-I13). 31Pf1H1 NMR
(162 MHz, C6D6): b 22.2. The tritiéhtate N li§ands N(HS{BH2CH2PR2)2 (R = tertiarybutyl,
adamantyl, isopropyl, cyclohexyl, ethyl) were prepared by reaction of the appropriate phosphide (e.g.

nittogen BEBTBcer Schon i e 1 BATF BN RE B B P e A dipeinyhamine
apRiars anf) Q2. andiduetiHitMRspedistitntetithis matstialisHods-heeatigientechnbdemical shifts. The
oo D A L S NS P S n o0
substituents on Q' are joined together to form, including the atoms to which
they are attached, one or more unsubstituted or substituted 5-14-membered
monocychc, polycyclic, heterccyclic, carbocyclic, saturated, unsaturated or
30 metallocenyl ring systems, andf/or one or more of the carbon atoms in Q' is
optionally replaced with a heteromoiety selected from O, 8, NH and N(C..
salkyl) and Q' is chiral or achiral. In further embodiments of the disclosure,
R® R R' and R are independently selected from phenyl, C1salky! and Cs.

wcycloalkyl, with the phenyl being optionally substituted with one to five
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(R2PCI; R =isopropyl) TM S 'Pr \Li IPN,1. CI7-N'/N"-7N- PrPr THF apr/ 'Pr/ 2. I-1+ 3.0K
Chlorodiisopropylphosphine (14.5 g, 95.3 mmol) in tetrahydrofuran (100 ml) was added through a
dropping funnel to a suspension of lithium 5 granules (containing ca. 0.5 c/o Na 1.72 g, 247 mmol) in
tetrahydrofubé# {88/ HIP*The resulting suspension was stirred vigorously Htréaatt@ipidature for 72
hours. The reaction mixture was then decanted through a metal cannula; the solution was then cooled

to -80 C and a solution of bis(chloroethyl) trimethylsilyl amine (10.33 g, 48.2 mmol) in tetrahydrofuran
(10 ml) wi¥ M?mfdrﬁ%ﬁﬂ?&ﬂw}@ﬁe;éé%ﬁmﬁkﬁﬁﬁ%mtﬁé@ﬁ%s%?%.CTﬁ ¥ixture was then
allowed thalarnCiosthexy tempeliatire andiivae te etk onfand @itsis Thelgeretidromas then cooled to
room temperatur cooled to. 0C in, Degassed sulfuric acid (2M, 50 ml s added to the
reaction ng &?ﬁ‘tpesfﬁ%gﬁ%s %%%ﬁﬁ%%%’gﬂgr‘%g ? %errWE Ure 4‘\,6335%%%%%{%%% %% ;%?)mar?em perature for
15 one hdodePeditentlyysetediizdsiptutiornéd i, BOMA) yadie/thBnadendditotesh Qi dadipping funnel. After

30 miput eA&q I /e : d I (o) shed with two
porticﬂs ?ﬂ?@%ﬁgmgygﬁg%?gﬁg %@eﬁp%g%qghagﬁ%%ﬁv%lt Q{n%gﬁﬁeiiﬁgng%{’m%éé After stirring for

one hour,temagskisybstifdedwasdiliensabstithiet ghapplylof sid@berdiBantith solvent was

removed FeyRirsP $ndeideneolpHgSEiGHItLB B gk har ). fottMRétY e GRIAR8 2.70 (g, 4 H,
CHZ2), 1.47 (t, 4H, CH2), 1.4%%3verlapped, m, 4H, CH2), 0.90 (m, 24H, CH3). 31P(1H1 NMR (162

MHz, C61Y¥)\cd -H16% pratanes. NaHRIINGERHIRGIRPVIERRIRY BESBEFIRPRSMY) TM S Liii .1
ilThII \ClséiNﬂf?hEgt;,5yﬁiﬁbéx9~l,iiilapimﬁlyEéEtfé?rbﬂalny}Tdeﬁé?-éﬁfWEt"cReEéllE&ﬁo% thed Houah
Chliqrodiet osphine (10.9,.9.7 80,3 mmol) in tetrahydrofuran (15.m S ed through a
croning FRHEN G 5eBena.h BHIBETh T S O Ao e e A 1 e 550 mimol
tetrahydraforaNiG@md )0 Thechemlltngshisgension was stirred vigorously at room temperature for 72
hours. 5 The reagti XL n hrou : C la, olutjon was then
cooled to -80C a%% %&%ﬁéﬁcﬁ?gﬁﬁgﬁﬁo?fﬂ%?%ﬁ##é%h@@@f%ﬁn}}%é?§P5%§ga %% rl#r%ol) in
tetrahydrdilaigirigrontpwiaBasiptilyoge e tm@ugh a dropping funnel withivigbiidietiiring. The mixture
was then gligwsehEpHASENIBERES fEmPaaluie AR UTRIRILAIEAdRL HREnd he foaction was then

10 cooled to OC. Degassed sulfuric acid (2M, 40 ml) was added to the reaction mixture through a
drogping Mﬁ%ﬁWW&%@ﬂ?@ﬁ‘?ﬁ’#ﬁ@%?@Bﬁa temperature for 1 hour. Sodium hydroxigé solution (4 M,

40 ml, 16@,@(@%%5&@”@@@9%%@%@@@%%'funnel. After thirty minutes, the.aqueous layer
was deca[}te{j?ﬁgér cannullaﬁnd the organic layer was washed with two pc%téo s of .15 degassed water.
a ro

The orgarit® 185 &T KR TREN R AT AYREE R Sulfate. After stirring &MU the magnesium

sulfate wasﬁm;ﬂﬁbem'ﬂnmuwwp]ayﬁdﬁrﬁjca\@ﬁ%b&@@w&mﬂﬂmspht@b&b&drt&yield a colorless
liquid (7 9, 20%)..JH NMR {4 , 6 2:06000, 4 H,.01- Lt , CH3), 1.25 (quartet,
8H, ethyl-&ﬁoﬁgg%(qu%tétg%%@ﬁ@%%@%?éig@té%‘ﬁhﬂwﬁ%’t{f@f’h’?ﬁ?f’ﬁ@%&)z%&-za&
20 qubis(e’thane~2,1mdiyi)bis(ditertiarybutylphosphine); bis(2-
ditertiarybutyiphosphino)ethylyamine, bis(2-(di-l-propyiphosphino)ethyhiamine,

bis(2-(di-ethyiphosphino)ethyljamine, bis(2-
{dicyclohexylphosphino)ethyllamine, bis{2-
{ditertiarybutyiphosphino)ethyl)amine, hig(2-
25 (diadamantylphosphino)ethylyamine, _ his(2-
{diisopropylphosphino)ethylymethylamine, | bis(2-
(ditertiarybutylphosphinojethyhmethylamine, bis(2-
{diadamantylphosphino)ethylymethylamine, bis(2-
diphenylphasphino)ethylimethylamine, bis(2-diisopropylphosphino-4-

30 methyiphenyl) amine, bis(di-m-isopropylphosphino-di-p-tolyllamine, N N>
bis(2-(diphenylphosphino)benzyi)cyciohexane-1,2-diamine,  N,N-bis(2~(di-p-
tolyiphosphino)benzylcyclohexane-1,2-diamine, N, N>-bis(2-(bis(3,5-
dimethyiphenyphosphino)-benzyl)-cyclo-hexane-1 2-diamine,  N* N°-bis(2-
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25clcd To dicyclohexylphosphine (5.09 g, 25.6 mmol) in tetrahydrofuran (50 ml) was added
n-butyllithium (11.3 ml, 2.5 M in hexanes, 28.3 mmol) through a dropping funnel at 0C. The resulting
suspension was allowed to reflux for one hour at 60C and then the solution was cooled to -80C. A
solution of 3Bfist@lvtvBthyl) trimethylsilyl amine (2.75 g, 12.8 mmol) in tetealysiredfeivasrs{30 ml) was
slowly added through a dropping funnel with vigorous stirring. The WO
2008/141439PCT/CA2008/000943 mixture was then allowed to warm to room temperature and was
refluxed fdEBRRITERRREMdTOIHecradiden o)y ciotlexererd dtrdiemiperaane dNUGH6Ed to OC again.

Degassed@%@s‘%ﬂ%@ﬂ@nﬁiﬁHBB&MF%W%%@M;&H}%&%%@Q;M%@ through a dropping

funnel. It was then stirred at room 5 temperature for 1 hour. Sodium hydroxide (4 M, 13 ml, 52 mmol)

was then added HfRIGAS{RISERRPIISHIGA fF sderipuRrarTRica gash PSR ismRalecanted by

cannula anfl the' BEaip RYBpHRS wRNRed MMM RRItoasHREHRAAP SR AN }_@p)prganic layer was
then %ried | ggﬁ%gnesiﬁm sulfate. After stirring for one hour, the magnesium sulfate was filtered off
Hd V5

through a P2 AMAMRISE o NS RS RIS AR 6 cFoMeEdailuid (4.8 g, 80%).
1F1 NMR gt @cithiz sCED 6355265 moptith|Clis2meb of 180 (s@irhayglshmphiig)-1.50 (M, 4H,

CH2), 1.0% =1 , cvclohexyl-H).,.31PC1H R (162 MHz, C6D6); 5-16.9, (b)
Bis(2-(ditegtha?ﬁ%’ﬁ%ﬁ%gﬁﬁ%%ﬁgﬁr%iﬁni"r?%enfg%é}‘él—ll\?%g &ﬁéﬁ%ﬁﬁﬁ"‘f: n}gﬁﬁg‘g’”&
Me3SIN(GINABHZptBaYRSL. H4IKWNCH 2B 2PePhD)AI@RMeBR. OH-BIB)AP carries

a}]r%]d analogously to

thI:(R (: I((;j;/gc?ohexyl g@%ﬁ%@%}éﬁlgﬁggﬁ%&%gﬁgs?fﬁggzry?g] %ﬁ@%%?g‘,ﬁgg%éﬁ Bﬁe 10d using lithium

metdPred fetioriBethechibreicmeiiad bUGhHeKFaE. Yieme(s.c3ViesBiby B NNBRNGDO MHz, C6D6): 8
2.60 (M, 4deritEtadsliSvddcROhb adamantyhihh. dnbihéspRadindradamantd-EiaEPELH) NMR (162

Mz, COOCk 8205 SYATIRIE 8.3) B(Z Cisopropyphosphnojettypretylamie
(di-p-tolylphosphino)-1-, 1-binaphthyl (abbreviated name: Tol-BINAP), each
- optical isomer of 2,2"-bis[bis(3-methyiphenyi)phosphino}-1,1'-binaphthyl, each

15 optical isomer of  2,2%-bis[bis(3,5-di~tert-butylphenyhphosphino}-1, 1™
binaphthyl-, each optical isomer of 2,2"-bis[bis(4-tert-butylphenyl)phosphinal-
1, 1-binaphthyt, gach optical isomer of 2,2'-bisjbis(3,5-
dimethylphenyliphosphino}-1,1'-binaphthyl (abbreviated name: Xyl-BINAP),
and each optical isomer of 2,2'-bisfbis(3,5-dimethyi-4-

20 methoxyphenyl)phosphino}-1,1-binaphthyl  (abbreviated name: Dmanyl-
BINAP), BINAP derivatives in which the naphthalene ring of BINAP carries
substituent(s) and the benzene ring. on the phosphorus atom of BINAP is
substituted with from 1 to 5 lower alky! substituents, such as each opfical
isomer  of  2,2-bis[bis~(3,5-dimethyiphenyl)phosphinol-6 &'-dimethyl-1,1-

25  binaphthyl (abbreviated name: Xyl-8MeBINAP): and, BINAP derivatives in
which the naphthalene ring of BINAP is condensed with a saturated
hydrocarbon ring, such as each optical isomer of 3 3-bis-
(diphenyiphosphanyl}-13,13'-dimethyi-
12,13,14,15,16,17,12',13',14',15',18',17"-dodecahydro-11H,11'H-

30 [4,4'bifcyciopentalalphenanthrenyl].  Further, particular examples include
each optical isomer of 2,2-bis[bis-(3,5-dimethyiphenyl)phosphino}-1,1'-
binaphthy! (abbreviated name: Xyl-BINAP);, esach optical isomer of 22
bis[b?s( 3,5-dimethyl-4-methoxyphenyl)phosphino]-1, 1'-binaphthy! (abbreviated
name: Dmanyl-BINAP); and BINAP derivatives in which the naphthalene ring
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ci 91.n-Buu ci H3C -N H3C 2. 2 LiP/Pr2 ci p'Pr2 Chlorodiisopropylphosphine (4.76g, 4.76
ml,31mmol) in 5 tetrahydrofuran (50 ml) was added through a dropping funnel to a suspension of
lithium granules (containing ca. 0.5 % Na) (0.63 g) in tetrahydrofuran (50 m1). The resulting
suspension wasstisred4sigorously at room temperature for 72 hours to affecd/aAihieiovoo43
diisopropylphosphide solution. The reaction mixture was then decanted through a metal cannula, and
the solution was 10 then cooled to -80C. To bis(chloroethyl) methyl ammonium chloride (3 g, 15.6
mmol) in tefraliydtaaiet3fu)ilvast &l ded dnepvdaseanduibydith the (2 ddhohexaioes, 6.24 ml, 15.6
mmol) thrq %’l pi (ﬁat T ion was stirred at 0C for thirty minutes. This solution
was then gﬁ eﬁ%gs&ges%i/ﬂeg{% i&"r‘%%’i%ﬁ?o{pgy pt?(‘i%%rh?agjq S%‘;‘S}%?ﬁ“g{‘ &3%\% ﬁé‘é&%‘%‘s stirring. 15 The
mixture waptiteh stworsdad A2rpisbietdbtdimaiitore anyhpiveshicets-giminyl-Degassed water

(50 ml) waig{hs%ggﬁi@ﬁ;tgam%%%@%‘mg 1 EREBAEEYS layer was decanted by cannula and the

organic layer was washed with two portions of degassed water. The organic layer was then dried with

magnesium sulfdtepagssriativey pramitsur ofhdhitagieBriiglion stifasRBesHEReEOff through a pad
of silica gejyamddharsokwemidivas BaRganisated 4o yieldraerlotiepsignidi8e 9o782680LH NMR (400
MHz, CeD6): 8 2.64 é;n 4 H, C/-12), 2.21@%5,,3& CH3), 1.59 écwerlftag_ped m, 4H, C/-h), 1.59
(overlappé‘ﬁ_‘,’?ﬂ',etﬁ‘{‘ﬂ éﬁ?@QS?ﬁ)? 6‘? nﬁﬁl—@@&l—ﬁ@ﬁ% 043 8671 HPRIIED BRS 2RfHZ, CeD6): 6
Bt ign (194 T o2 5 M 11 hexaoe, 31 Mo s ot ot o 454 oy of 10 wi 6 (5
n-Butyllithjym (12.4 ml of 2.5 M in hexanes, 31 rnmol) was ropwise to ml of 10 wt %
ol it AT PN SR E R B A PR W U G0 T for one hour
to afférd afckitedibrBuydnHdsphiele Shurtiofomhinimwa8os R0ty cigleliorn B0 .GI. A suspension of

2-chloro- sphloggethyh-h-methydath Hya chiori 5 W led to O C in 50
ml of tetr[a*%y ﬂura@%r@?g@waz mI'o?i(_)i QQWRM%M%%%% %molj, s%lu%ir??é)hexanes) was
added 10 BfepaREcHyef @Nieprdnhofs iR iganse wasfsunddat@aor dveniminutes and was

then was egladneBllifes THE0RIUiDN e IhenAransipiresb M GRNINLNA ihibe repglian vessel
containing the lithium dltertlarybutyl&r)lgseghlde solution at -80 C and was warmed to room temperature.

After refluRiRpaiatieieh S Rrieadn s s dRgresiednddntdiet 1o &.304RP4nd then 50 ml of

hexajtes vgas adgadisBne solution was washed with three 20 ml portions of degassed water and was

then dried over magnesium suHate. After filtrgtio H)ro h g small plug of magnesium sulfate and silica

gel, the soﬁ%ﬁf%ggar&&ﬁm}%ﬂ O@g@%ﬁtégﬁ?é%agi Efc#]%g@ﬁi&mpurity oil. Yield 4.7 g, 80 %. 1H NMR

(400 Mhz, CeD6): 202.49 (m, 4H, 01-12); 2.01 (s, 3H, NCH3); 1.39 (m, 4H, CH2); 0,82 (d, 3,IpH =10.5
R13R14P__Q2_NR15R36 (iV)

20  wherein R"™ and R" are, independently, as defined for R®-R? Q% is as defined
for Q', and R'™ and R are independently selected from H, Ce.saryl, Cy.
spalkyl and Caspcycloalkyl, with the Cewsaryl and Cgapcycioalkyl being
optionally substituted. In embodiments of the disclosure, R™ and R™ are
independently selected from phenyl, Cisalkyl, and Cs.agcycloalkyl, with the

25 phenyl and Csqcycioalkyl being optionally substituted with one o five
substituents independently selected from Coaalkyl, fluoro-substituted Cq.qalkyl,
halo, Cisalkoxy and fluoro-substituted Cisakoxy, R and R™ are
independentiy selected from H, phenyl and Ci.salkyl and G is selected from
unsubstituted or substituted C1-Cealkylene where the substituents on Q7 are

30 independently selected from one fo four of Cisalkyl, fluoro-substituted Ci.
salkyt, halo, Cisalkoxy, fiuore-substituted Ciealkoxy and unsubstituted or
substituted pheny! andfor adjacent or geminal substituents on Q% may be
joined together to form, inciuding the carbon atoms fo 'which they are
attached, one or more unsubstituted or substituted phenyl, naphthyl or
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Hz, 36H, C(CF13)3). 31P NMR (121.5 Hz, 05D6): 825.6. c)
Bis(2-(diadamantylphosphino)ethyl)methylamine CH3N(CH2CH2PR2)2 (R = adamantyl) CI 1. n-BuLi
NCI H3c72. 2 LiPAd2 25ci PAd2 H3C -N PAcI2 The adamantyl analogue was prepared in a
similar fashigvioeooept 4wt the di-adamantylphosphide was prepared by reaating2o008/000943
diadamantylphosphine with n-butyllithium under reflux for 2 hours (Yield: 8.3 g, 77%). 1H NMR (400
MHz, C6D6): 5 2.47 (m, 4 H, CH2), 2.29 (s, 3H, CH3), 1.73 - 1.92 (b, 60H, adamantykH), 1.53 (m, 4H,
01-12). 31feftbteNi Ritg6SyStEMsC D608 @25 dranaD 6b)iHS. Safband 8tinsS itd)Q’ is

o 2.5 NER RS At B ) A SRR T ot S0 AT B ape

2-chloro-Ne{grahps@ehtiigh)-N-methylethanaminium chloride in 50 ml of tetrahydrofuran at 0 C over ca.
ten minutes. Theyr r];{géﬁgg Wae stiped fRneaty quﬁ@{’g 'ﬁ&jrwa&g?ﬁ%&oo'%j {0 -80 C. 62 ml of
)0

0.5 M (31 mmol) of potassium diphenylphosphide tetrahydrofuran was added and the mixture was

then l"r:eate,(a'?@‘%WBPWWW@W@W@tM@PWE@ﬁ%ﬁ@m@golutlon in vacuo to ca. 20 ml, 50 ml of

hexanes was) adetbclRfconjHHan sfarav@shedavilh: two 20 ml portions of degassed water, dried over
magnesium sulfate and then filtered through a plug of magnesium sulfate and silica gel. The solvent

was removed in vacuo affording a colorless oil. Yield 5.705 g, 87%. 1H NMR (400 Mhz, C6D6): 205
7.04-7.7.47 (m, 20H, 06H5); 2.46 (m, 4AHHEE2)2.11 (W), 4H, CH2); 2.02 (s, 3H, CH3). 31P NMR (162
MHz, 0606): 5 -18.8. A ligand system N(CH3)(CH2CH2PR2)2 (R = isopropyl, tertiarybutyl,
adamantyl, phenyl was prepared via the reaction of a phosphide (e.qg. lithium ditertiarybutyl phosphide,
LiP1842) witichisfehtoroe thiginisimiiganiewihisPSHute am arsimisiitgaa epardatitotsidu by the reaction

ofbis(ChogpaHA A AU TEIAISIRISR R ABHL TS 3016 o[ S1P NIR spectrum o

bis(2-(ditertiarybutyl)ethyl)methylamine has a resonance™at 5 6 whereas t R spectrum of

this ligand iri§ich®f§ (A pleseneiebr 38 laishAtgImnie sy dhe\ih @mmctiyl-salirpavith the

remaining atoms being C and Q° is as defined for Q". In an embodiment of
the application Hy is selected from imidazole, pyridine, oxazole and
15 dihydrooxazole.
Ligands of the formuta (V) include, for example, 1,3-bis((R)-4-isopropyl-
4 5-dihydrooxazol-2-ylbenzene, N’ N?-bis(pyridin-2-
ylmethyieng)cyclohexane-1,2-diamine, 3'-(1,3-phenylenebis{methylene))bis(1-
butyl-1H-imidazol-3-ium) chioride, bis[2-(1-butyl-1H-imidazol-3-
20 wm)ethyllammonium chloride, 1,1'-(pyridine-2,8-diyl)bis(3-butyl-1H-imidazol-
3-ium) chioride, 2,6-bis(1-n-butylimidazolium)pyridine dibromide and 2-bis(1-
n-butylimidazolium)ethylamine.
Representative examples of the preparation of imidazolidenes ligands
are found in Loch J.A. et al. Organomet. 2002, 21, 700-708; Poyatos, M. et al.
25 Organomet. 2003, 22, 1110-1114;
{e) Diaminophosphines of the formula (V1) or (Vil):

RYR™N-Q*-P(R'™)-Q%-NRZR?"  (VI) or
R7NH-Q*-P(R™)-Q°-NHR* (Vi)
30
wherein
RY-R' and R, R*" are, independently, as defined for R' and R', R* is as
defined for R® and Q* and Q° are as defined for Q";
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Other structurally similar 'PNP' ligand systems were prepared using previously reported procedures.
For example, bis(2-diisopropylphosphino-4- methylphenyl) amine was synthesized (Scheme 12) as
described by Ozerov and coworkers (Fan, L.; Foxman, B. M.; Ozerov, 0. V. Organometallics 2004, 5
23, 326-328WhHepad#+#6-bis((diisopropylphosphino)methyl)pyridine (Schieéhes1BBieis43repared via
the reaction of lithium diisopropylphosphide with 2,6-bis(chloromethyl)pyridine. A ?NN' ligand system
N1-(2-(diadamantylphosphino)ethyl)-N2,N2-diethylethane-1,2-diamine was prepared analogously to a
literature procedti@a[Citoudieb,the; Ldaghyia. J \BusencDde) GoOrgexamsitallicsi 2007, 26,
5224-522@)h%nger%@Qm%ﬁg)g%%ﬂBpgggﬁmwghenyl) amine a) Synthesis of

[ 2 ec

bis(2-bromo-4-methylphenyl)amine mpound was prepared according to the literature
procedurd {liamInes oAfhiedRrpule Vil OFdXThem. 1961, 3481 - 3484). Yield: (4.51 g, 49 /0). 1H NMR
(400 MHz, CDCI3): b 7.38 (s, 1H, Ph/-O, 7.08 (d, 1H, PhH), 6.9 (d, 1H, PhH), 6.1 (br s, 11-1, NH), 2.26
(s, 6H, CHS3). 25 b) Synthesis of fis{2-diisoprapylphosphino-4-methylphenyl) amine The
complgound was prepared accon%i% %\jﬂ%%?ﬁﬁogé%q proce@(”@ @Fan, L.; Foxman, B. M.; Ozerov, 0. V.;
Organomefallics 2004, 23, 326 - 30FZBNYieRINEFS g, g8%0) 1H NMR (400 MHz, C5D6): 8 8.28 (t,
1H,Jp_H =*§th NH), 7.38 (d, 2H, J = 6 Hz, PhH), 7.19 (s, 2H, Ph/M, 6.91 (d, 2H, J = 8 Hz, Ph/MI
2.18(s, 6H. ?iﬁ:a), 2.01 (m, 4H, CH CH3), 1.12 (dd, 12H, J= 15 Hz, J = 7 Hz, CHCH3), 0.97 (dd,
CHCH3). BTFRIHaRMRIere ddtly CADRNHiIted FarR Bxard ié®ldnd Q° is as defined for
2,6-bis((d'ti§c_)propyiphosphino)methyl)pyridine 10Chloro diisopropylphosphine (10.0 g, 65.5 mmol) in
50 ml of tetrahydrofuran was added dropwise to a suspension of lithium (containing ca. 0.5 % Na)
grari@les (1.18 gF1a®RIfRol) M 50the of daraingdrofigandsnd ineluditurdwas stiaradiér 72 hours. The

reaction rmémwgﬁ@gimﬁm@,lteredea@%%mg%, and aﬁglmgmigg(’ﬁ,gﬁgi‘%chIorom%ghyl)pyridine (5.98
s SIS

g, 34 15 mmol) in 20 ml of tetraﬁydrofuran was slowly added via a dropping funnel with vigorous

stirring, réS3MAYRIRBBrmatior GrAFBWSHURNE: The ni@iriaRROBISIRS] to wafh?to room

temperatesiapentasdiiemied ezl dpcionsxanetidteactiogidR aWRA SN FHRAMR
spectroscppy ensure cornglegsquand tgian the solvent was removed in vacuo. Hexanes (50 ml) and
water (25 ml) 20 were R adueF H&eﬂ? ngielayer was then removed. The filiéRes layer was then

filtefled setitnethiatyrtheoyrtbisredidmitium saifdte (Na2IP4pantsilisacpelanditren the hexane
was rem 0y Y il Excess unreacted diisopropylphosphine can be removed
in vacuogﬁﬁggiyoi% %’ﬁg%ﬁ]% gt%g g ?%'ég%ﬁié; Ra?iBOUI%ﬁ?Z, %@%&#eé ﬁﬁ?ﬂf 2 H, 3- and
255-H), 7NSEYER, 1HA-H)@B0(8, 4-piaaly 1.89ctineC H(OHE)hebydstiiyic8ddidmBi (CH3)2).

31P{1H} iR d ezl %@@P@P@ﬁ%p- 1 ,2-«&?&@&%’{‘3@9#‘8%nyi)_ethyieneciiamine, 1,2-
2,6-bis((ditertiarybutylphosphino)methyl)pyridine was prepared’in an analogous manner. 31P NMR
spectros&gﬁ)ipﬁé@gé@m%ur 45 %%%F%P?fﬁ}amﬁs(l%ﬁ‘mﬁ‘ﬁtmﬂﬁgamm c/0); 31.4 (10%);

30301 (S50%Ethyl-2, 2-diphenylethylenediamine, 1-isobutyl-2,2-
diphenylethylenediamine, 1-isopropyi-2,2-diphenyiethyienediamine, 1-benzyl-
2,2-diphenylethylen-ediamine, 1-methyl-2,2-di(p-
methoxyphenylhethylenediamine (abbreviated name: DAMERN), 1-isobutyl-2 2-
di{p-methoxyphenyl)-ethylenediamine (abbreviated name: DAIBEN), 1-

25  isopropyk2,2-di{p-methoxyphenylethylenediamine (abbreviated name:
DAIPEN), 1-benzyi-2 2-di(p-methoxyphenylethylenediamine, 1-methyl-2,2-

di(3,5-dimethoxyphenyl)ethylenediamine, 1-isopropyl-2,2-di(3,5-
dimethoxyphenyl)ethylenediamine, 1-isobutyl-2,2-di(3,5-dimethoxy-
phenyl)ethylenediamine, 1-benzyl-2,2-di(3,5-
30  dimethoxyphenylethylenediamine, 1-methyl-2,2-dinaphthylethylenediamine,
1-isobutyl-2,2-dinaphthylethylene- diamine, 1-isopropyh-2,2-

dinaphthyiethylenediamine, and 1-benzyl-2,2-dinaphthyiethylenediamine.
Further, optically active diamine compounds which can be used are not

limited to the abovementioned optically active ethylenediamine derivatives.
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Example 12 (Phenylphosphinediyl)dimethanol PhPH2 + 2 HCHO rOF1 7PhP  OH 5This material
was prepared according to the literature procedure: Higham, L. J.; Whittlesey, M. K.; Wood, P. T. J.
Chem. SOC., Dalton Trans. 2004, 4202). 1H NMR (400 Mhz, C6D6): 8 7.50 (m, 2H, C6/-16); 7.15 (m,
3H, C5)-Is); waeo(d/12tist = 9.9 Hz, C/-12); 2.41 (br s, 2H, OM. 31P NMR {62 Minus/@686): -14.9. 10
Example 13 N,N'-(phenylphosphinediAbis(methylene)dipropan-2-amine Degassed isopropyl amine
(2 ml, 11.6 mmol) of was added to 491 mg 15 (2.886 mmol) of (phenylphosphinediyOdimethanol
(PhP(CHZipy2)lnnakctive mixtihanwais stinge d iensglaniie enckssyaivhexavesiianioeed in vacuo to
afford the is¢Qu I oj ( ) B ,21-1); 7.09 (m,
21 A e B e T 1o e e R o s B e 13
N1-(2-(disigRraiat) I pHISehrIeReR | SIPiNg - HrthyRiheramipaiagithgescribed in the

NLNL gy Bty ey )otast3 rdassion uliectluges G GHBZMBIZNENOH

The compound was prepared according to the literature procedure (Choualeb, A.; Lough, A. J.; Gusev,
D. G S0rglRSHABtMicY2BArEY ©3 Hotes56s depiibRe (Rl esnam! 28« 3Jii = 5.6, 2H,

CH20), 3.0t SJktidskodki2 bn € B2 Mkt? Agbw, 4heNCHRGHRNI7 2534 15581082 7 7.3, 4H, NCH2).
1.11 (4, 3‘1(]1909%)373 6H, CH3). b) N1-(2-chloroethyl)-N2,N2-diethylethane-112-diaminium chloride
HCI Et2N ’

{(g) Thiophenes of the formula (X):

10 T-Q-NH, (%)

which are bidentate, wherein T is unsubstituted or substituted thiophene and
Q" is as defined for Q.
Ligands of the formuia (X) inciude, for exampie, thiophen-2-
15 ylmethanamine; and
(h) Thicamines of the formula (XI):

RPS-Q% NHz (X))

20  which are bidentate, wherein R is as defined for R®, R® or R", S is sulphur
and Q% is as defined for Q".
Ligands of the formula (X)) include, for example, 2-
(benzylthio)ethanamine.
it is to be understood that the above-described ligands are
25 representative examples and the disclosure is not limited to such examples.
The catalysts useful in the processes of the present disclosure, may
also comprise one or more of non-coordinating or coordinating, neutral or
anionic andfor Lewis basic ligands, depending on the valency and size
characteristics of the metal as would be known to those skilled in the art.
30 Exampiles of such ligands include, but are not limited to halo {in particular Cl),
CH, H, CO, pyridine, acetonitrile. The catalyst may also be monocationic or
dicationic.
The catalysts may be prepared and isolated prior to use in the

processes of the disclosure or they may be generated in situ.
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5 CH2CI2 Et2NCI 2HCI A solution of thionyl chloride (SOC12) (16.9 g, 0.14 mol) in
dichloromethane (20 ml) was added dropwise to a vigorously stirred suspension of
N1,N1-diethyl-N2-(2-hydroxyethybethane-1,2-diaminium chloride (21 g, 0.11 mob in dichloromethane
(120 ml) whiglw is/caéleéd at OC. The ice 10 bath was removed and the ¥€atingagiivngre was allowed
to stir at room temperature for 1 hour. The mixture was then allowed to reflux for 1 hour. After cooling,
the suspension was filtered and the product was washed with dichloromethane (40 ml) to give a
colorless solid. (Poegpresen) diseinnmre (wdteaioriudysea method JaHkeaalvelisisabel). 3.68 (br s,4 H.

CHENH), & 3bads K bRty RN Rl 3044 M folsB ol oHBGHR) f 43 (1 30HH =
7.3, 6H, CH3¥. C) I\1-(2-(d|adamant32/%[;£)osphlno)ethyl)-N2, 2-diethylethane-1,2-diamine 1. KO'Bu 2.

TMSCINE o (isa Fsings 2o uithBritart pna deantosiphiferd iiaesiied prepared by

refluxing m8&nyR4gd M thd widktiee df 4. Somensl Linibexanerivid riaghnhgatsiphrsphine (4.47 g,
14.8 mmol? in tetrah drofulggé) for ane hour. The mixture was cooled to -80 C and was transferred by
canntila tB tﬂﬁﬁ?gﬁg?b'ﬁﬁ) R{WHZ(,E 2-diethyl-N1-(trimethylsilyfiethane-1,2-diaminesolution 25(also

at -80 00 HYDROGEMGENBRATICN G RFEM perature, and then heated at reflux for one hour. 10
ml of water wasﬁ)l%pea geede ijf\éic{%g %%E wa§n %egﬁ%ec% tts% ﬁgfl\%)% f%ret%%?htﬁw}%gr%f'liqg volume was

concentrated in vacuo fo ca. milan éxanes was added. The solution was washed
with threenBgsaripdisitnsuot déyasse e matelimediv istinaatinds ofdhsalisatprsirareulfate. It was

inen hergerenlya sRANNE B O 00RLAL 90 GTIARNOPIR0SA o masnesium

sulfate an Iig was washed with 20 ml of hekXanes. The solvent was removed in vacuo to afford a
colotfess adiEMite. Jpgdirasip sienpigioradnot Bistffed dlistteamPstnesluBMEE e ligand. 5

Example 34NSERRYNAGNLORIEGH (diRhenyiRbgsphinalhnradidenaiss hexane 4r2- diamine This

material was prepared according to a literature procedure (J.-X. 10 Gao, H. Zhang, X.-D. Yi, P.-P. Xu,
C.-L. TanBlaE-AMigrowaResTehine faupnia (Brarfis mesrbeyessdjehndhe SRS v). 1H NMR
(400 MH2s GIhgehd) stbifdetmetd) caaly st Cnkiol 28cirdhitard b upika (ncadtd)yst. 97 (m, 2H); 1.59

(M, 2H); 133 (Moa o mrmnd D A ngdobet NMR 4462 Mz GR2 Gk O 18k flow
15  controllers control the flow of the cataiyst solution, which enters second
compartment to achieve a desired hydrogen flow generated by the hydrogen
generator. A coupling connector delivers hydrogen generated by hydrogen

generator to the anode of a PEMFC.
in the embodiment of the disclosure, the one or more amine boranes of
20 formula (1) are stored in a second compartment as a solid or as a solution in
the solvent. In operation, as soon as the hydrogen generator is turned on,
control electronics send a signal to a mass flow controller {or a flow controlier)
to allow a predetermined flow rate of the one or more ligand-stabilized metal
catalysts in a solvolytic andfor hydfoiytic solvent in a first compartment to flow
25  info the second compartment which holds the one or more amine boranes. As
a result, hydrogen gas in generafed. The reaction by-products are captured
and remain in the second compariment. in aiternate embodiments the one or
more amine boranes can be provided in the first compartment and be pumped
into the second compartment holding the one or more metal catalysts in the

30 solvent.

Hydrogen generators disclosed herein are capabie of delivering
PEMFC grade hydrogen at low reaction temperatures, safely and reliably in
an integrated and self-sustaining device that offers high specific energy
storage density. Hydrogen PEM fuel cells are optimal for applications in the
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15 Example 15 N1,N2-bis(2-(diphenylphosphino)benzyl)cyclohexane-1,2-diamine A mixture of
N1,N2-bis(2-(diphenylphosphino)benzyliclene)cyclohexane- 20 1,2-diamine (2.18 g, 2.83 mmol)
(prepared according to the literature procedure: Laue, S.; Greiner, L.; Woltinger, J.; Liese, A. Adv.

Synth. Gatez0fds/343397/11) and sodium borohydride (NaBH4) (0.64 g, ¢émimabdiadathanol (30 ml)
was refluxed with stirring for 6 hours. The resulting solution was cooled to room temperature and water
(15 ml) was added to destroy 25 excess NaBH4. The mixture was extracted with dichloromethane and

the combing@@étra&ﬁgmf%w@@h@ﬂwﬂmé%%é%w&wéramrﬁ@faiymd o | Itnéelédt?ﬁn [N;I4§|21]
and then water. The organic r was dried over magnesium sulfate and then filtered through silica
G, The 7S SR BRI A0 S (LRGN ES GEMSIPUB IS MOIEnS: R 06). 1 MR
(400 MHz, e&22G6tRnbbaikd ies, 80 mydoddnRiehbialods diboitdetd G 236 fothiutiomH), 5|2-2116(S,
24H, CH3),,1.80.(m  8H. cyclohexane-1-0. 31P{1H) NMR (162 MHz, A CD2CJ2). § -13. Example
330 o DR S PR e o P SRTRRGh S b 89T B3N keTN-oBu
101  SThesspmpalertsaabreghagmgd according to the literature procedure (Caballero, A.;

Diez-Barra, E.; Ja . A gl Lejeda. J. 0 7- 618, 395 - 398
and b) Simons, Ri%me éﬁ%ﬁ%‘?{%m 1§_’gt§§ee§1 Chea(‘i EmY%%TI’CI)éS w %&?‘8%5%%%%&]%2}5% , 22, 1979-

1982). A 157N SHRItBH A3 Hiliemorsntisalippenreeesis ¢ 20 Hiohrpahd ntighyl imidazole

(5.09, 40 MRYENAHRIBEHH I49COERAMOMES iIRIShS TUKIIGINGS, SQ0lRd (P sapR; temperature,
the residue was %‘iéssolved in dichloromethane and the product precipitated by the addition of diethyl

ether (500 HNSABTMPA P9 FEHITSARRIGERODRISHENSTAPOYSRI: 6T 92E6Y). PAVSRI.NMR (400
MHz, 10D Ci)teiif). Bavier Hdch Bdtbng datge? homibrzplene? fdrGbigleit «ukbnkad 2 Hz,
pyridine-l-, 7.34 Fs H imidaéol -1-0, 7.23 (t, 1H, 3JHH = 8 Hz, pyridine-H), 5.61 (s, 4H, CH2), 4.24 (t,

4H), 1.84 ((ﬁr"lﬁﬁfr"et\,",Ee f lefﬁ] sé%gﬁmlﬁ%), 0.91 (t, 6H). A pincer ligand containing two

'NCN-carbene' fragorentinglys 2Bsymblesiee dvifirith thee potisenofiisidisfenlsrametinybbenzene with

Bﬁ’e“ﬁ%'éL“é%%;%i?ﬁ%h%%%ﬁﬁ?ﬁ?ﬁ e IR e B o e (RS R of i
material coflfiffigdrRbexgoric ‘Aatiransitioanesdabiieedontgialinatrlyativanpratenydiytiee 3 and 3'
positions appRARNGyal SR 821kt ExANRIAh SifiRschis adhyRameniuRE Ghyarisiwith n-butyl
imidazole generation system comprises a first compariment comprising the at ieast one
amine borane of the formula (i) as defined above, a second compartment
comprising the at ieast one ligand-stabilized metal catalyst, wherein the first or
second compartment further comprises the solvent. The hydrogen generation
20  system further comprises a means for combining the contents of the first
compariment with the second compartment so that when the contents are
cambined, hydrogen is generated. At least one flow controller controls a flow
rate of the at least one catalyst or the at least one amine borane.
In a further embodiment of the present disclosure, a proton exchange
25  membrane fuel cell (PEMFC) is used as an electrical generator. The PEMFC
comprises an ion-exchange membrane located between an anode and a
cathode, said membrane, anode and cathode forming a membrane/electrode
assembly (MEA), said MEA being located between a fuel gas diffusion layer
and an oxidant gas diffusion layer. An oxidani flow network is in fluid
30 connection with the fuel gas diffusion layer, the oxidant network having an
input portion for supplying oxidant, and a fuel flow network fluid in fluid
connection with the fuel gas diffusion layer. The fuel network has an input
portion for supplying fuel, wherein the fuel flow network is fluidly connected to

an amine borane dehydrogenation in-situ hydrogen generator. The generator
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e 5A 0.74 ml (5.63 mmol) aliquot of n-butyl imidazole was added to 0.500 g (2.8 mmol) of
bis(2-chloroethyl)ammonium chloride [H2N(CH2CH2C1)2]Cl in 10 ml of toluene and the mixture was
refluxed overnight. The solvent was removed in vacuo and the residue was triturated in ether for three
days. The sok@rtiag4ecanted and the residue dried in vacuo and was bS&d simsetipot@for production
of the catalysts. PREPARATION OF METALEXPR Metal Complexes with (-P-N-P-) Ligands Example
18 15R =iPr, BuR = Ph (a) bis(2-(di-iso-propylphosphino)ethyl)amine dichbro cobalt and (b)
bis(2-(ditert4rmpphes phirsjethrarimedichidrowobiar atideastopyt aaitetiuane0These

compounds yesh ERAREAHIAGH ECRIBRGHE MGG 8nd REMUGUMNEFRElal cataiyst,

bis(2-(di-iso-propylphosphino)ethyl)amine dichloro cobalt i5 described herein. Exces
bis(2-(di-iso¥8R/Ib AR St D SRIN SRFRNH RO PRERET PRINPrises g S BB itnaidies mL of

tetrahydrofurgarsigicadaebefopwisedandogepushrsbikRe SuspeReigR ACoEIZHD-G98: 9, 5.31 mmol)
in 20 of THE The mixtur_%was stirred verni%ht and then the solvent was removed in vacua. The

solid was tril YRR TREY WiBr BRSISETNSE TRk &y Bieh YheR theafenirrls @9acua. Yield:
2.065 g, 84%omisirgle loydstalenl kis(2drisecpiopykibashing) eyl aminasliclerxremialt suitable for
5 X-ray crystallography.was_ohtai by slow evaporation of a dichloromethane/hexanes solution of
the compouécc)ﬂ'l]g‘ﬁ)cﬁ1 tﬁefé?ﬁgﬁj{%e ?E zﬂ%v)érf tfaaee S%V(?r'?%i%?tg.lyﬁlue%et ﬁtiﬁ%%@%?a?@?rﬂﬁ?@ confirmed the
structure of Bggan®duct. The compound exhibited a good activity towards ammonia borane hydrolysis.

10 (c) Bis-(2-(dipheqny ' hyDami ' 0 t.R.= : . N2 NH-CoC12 PPh2
160 IAIl (1.148 mmi?féo‘ﬁ%??ﬂ? %ﬁﬁﬁ%ﬁfg}%ﬁ%@gﬁ%é‘?ﬁf&@%%%%@%%i E&e '
bis(2-(th-isoFprbEERiMEDh Hito 3 hydrochloride 15 [HN(CH2CH2PPh2).HCI] in 10 ml of THF
and the mixwerwassterag/mniOmpoies. 65 mg (0.501 mmol) of cobalt dichloride was added and

the mixture was refluxed for 30 minutes. The solvent was removed in vacuo and the purple solid was

washed with 3x5 il of$86F SHHh ST SihAFIR FRIARIFKRFINVGER I ERRIRA 8thd6T NIMRTERBCtra were not
obtained. Thensosppermth2(hdrhibiteila Jookhatsiyies ipwardeaiasieniadievanenydrgsis. (d)
B SRR R AR R RRENAC AR Y et gefasud N -CPC12
16 catalysts were prepared in air uniess otherwise stated. Ammonia borane was
obtained from Boroscience Ltd. Ruthenium trichioride trihydrate (RuCls 3H:0)
was obiained from Pressure Chemicals Company. Rhodium cyclooctadiene
acetylacetonate [Rh(COD)acac)], and [iridium bis(cyclooctene) chioride]
dimer {{ir(COE),Cl;} were obtained from Colonial Metals Inc. Pailadium
20  cyclooctadiene dichloride [Pd(COD)ChL] was prepared using standard
procedures. All other metal salts were obtained from Sigma-Aldrich Lid. and
were used as received. Dichloromethane (CH:Cly), diethyl ether (EtO),
hexanes (CeHig), tetrahydrofuran and toluene (Cs;Hs) were dried and
degassed with an Innovative Technologies solvent column containing alumina
25 (CHxCl), or alumina and copper oxide catalyst (ether, hexanes and
tetrahydrofuran). Isopropanol was dried and degassed by distillation from
calcium hydride (CaHy) under an argon atmosphere.
Hydrogen Measurement Experiments
These reactions were performed in a 3-neck round bottom flask that
30 was connected to a calibrated burette (<100 mi hydrogen, Figure 1) or an
inverted graduated cylinder (2000 to 8000 ml hydrogen, Figure 2) and a
standard vacuum manifold. The ammonia borane was added either via an L-
shaped solid addition tube (<100 ml to 2000 mi hydrogen) or was added
rapidly to the reaction mixture through a solid addition funnel; in the latter
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Inatypicalexperiment,toasolutionofbis(2- (diadamantylphosphino)ethyl)amine (0.20 g, 0.30 mmol) in
tetrahydrofuran 25(20 ml) was added cobalt(ll) chloride (0.04 g, 0.30 mmol). The reaction mixture was
then stirred and refluxed for 4 hours. The solvent was then evaporated, and the residue was
precipitated Wipthiesaddition of hexanes. The blue precipitate was filtered aad therowasivasl with
hexanes to obtain a blue solid. Yield: 0.18 g, 75%. NMR spectra were not obtained. 10 mg of the 5
product was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a scintillation vial to form a
pink soIutior&aﬁhetmateéatiwawm‘adwsaﬁmmi&Qﬂl‘ﬁﬁ%hﬂdt@ﬁ&@ to @@baud?bgéﬁomplexes
were prepared the rea ctlons 0 N(H CH PR2)2 (R he tyl) with
cobalt(ll)ch?c‘)rlzag Fi@%r‘ﬁ’ﬁ IS p?op ﬁr‘ﬁ %ﬁuct%gr (adfnﬁ &3%{9 ﬁ%@!ﬁéo%‘@?ﬁqﬁlgh yield. In
order to charaotanrzegthbqoama!wjrmmmamnakeamegleowsmdmohmemamamﬂ -ray structure

was determj gggﬁgi E@BQWNF Oun'ghgdsﬁr‘ug gBﬁ?St &qf g fiv fIV ordlnate S EIa{e pyramidal

cobalt center wit merldlo osp horus X oms e hitr ogen and a
15chlofne ﬁoﬁ@ﬂﬁbﬁ%@ﬁf@%as@&ﬁﬁﬁ%%hm@pwamm% (ﬂrﬁidﬁde\!ﬁ@am fwangiee alvex. Example

190.5 ”NC@s%é%\Ems GIHERE ABRERHL Walel dabadtif AN f{g%ﬁ)g%@s pRErRE EPR, R

=430Ptu2 20 (a) Bis(2-(diisopropylphosphino)ethyoaminechlorodi ydrrdomdrum(lll) R =iso-propyl
This was préparsd iRy e Rehatlite grordare lewrredz fieplacrdayithra Ttullasgupta, T. P.;

Gusev, D. cwmughgpa a;e\r\b;amﬁ@smmaza@sga«mmacmaa%%wééam AipRonia borane
was added (5 . 1.620 mmol z? the h dro SS‘IS rate |s moderate to good. 11-1 NMIR (C6D6): 8

-25.13 (td, iiP_ Ph eRP gl Srr © [2SHQR VIRRTINED 10PN AFSETRI8dz, 1H, 1rH):
0.84 (di61, JHinRd: FobHzickF-ip th&4h31dﬂmgéﬂr mwmmat(rapﬂé’ddt@mrhb E@s(wanxm 7.0 Hz, Jryp

=14.1 Hz, §H,C % ]?8 2 0(8% CH2). br 1 1H} NMR
(C6D6) 854.17. Ial é]gIS%Z d‘fzé-:-{rgtrbu hgs?tp In0O h)ﬂ)éerﬁnte (]:'ilhy %%F%L b0 clg &t-|- -enyi iridium
= tert-but@ipwaikttaecatjliggaien fbfs&t;@l@&t@@)’dﬁldndeﬂaﬁ@pr@ﬁjﬁ@lé@h run.
The water level in the burette or inverted graduated cylinder was then set to

the ‘zero’ point, the ammonia borane was then added and the evolved
15 hydrogen volume was measured as a function of time.

PREFPARATION OF LIGANDS.
Exampie 1
OH O~—PR,
+ 2CIPR triethylamine W
2 - 2 HNE#,CH R = '‘Bu, Pr, B, Ph
OH O=—PR,

20
(a) R = iso-propyl: 1,3-bis(di-~iso-propylphosphinooxy)benzene
Resorcinol (3.5 g, 32 mmol) was dissolved in 100 mi of toluene and
triethylamine (9.3 mil, 67 mmol) was then added to the reaction mixture.
Chloro-di-iso-propylphosphine (10.6 ml, 67 mmol) in toluene (50 ml) was
25 added dropwise to the reaction mixture at room temperature After 3 hours, the
reaction mixture was then concentrated in vacuo. The product was then
filtered in the drybox to remove the small amount of residual sait. Yield: 8.07 g
(83 %). 'H NMR (300 MHz, CeDe): 8 7.07 (m, 1 H, 2-H), 6.8 (m, 1H, 5-H), 8.70
(m, 2H, 4- and 6-H), 1.89 (dsept., 4H, CH(CHa)p), 1.10 (m, 24H, CH(CHa)2).
30 *'P{'H} NMR (300 MHz, CsDg): & 150.
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5 (0.675 g, 0.75 mmol) and bis(2-(di-tert-butylphosphino)ethyl)amine (0.540 g, 1.49 mmol) was
dissolved in toluene (5 ml) and stirred for 20 minutes. Hexanes (10 ml) was added and then the
precipitated solid was collected by filtration and dried in vacuo. Yield: 0.772 g, 74 a/o. 1H NMR
(C6D6), 8: -28MBEthreed, 1H, IrH); 1.21 (vt, J = 6.0 Hz, 18H, CH3); 1.52(uyCh 206008023 18H, 10
CH3); 1.68-1.92 (m, br, 12H, CH2); 2.12 (br, 2H, CH2); 2.34 (m, 2H, 01-12; 2.58 (m, 2H, CH2); 3.29
(m, 2H, CH2); 5.51 (br, 1H, CH); 6.03 (br, 1H, NH). 31P(H) NMR (C6D6), d: 31.6. (c)
Bis(2-(dicydloh&xs| farbsphinayéthybbis{midenidratitddgbiridenyifididene A mixture of

chlorobis(cyclooct ifdi ' - (0. , , )
bis(2-(dicyclohexy?&%s%%%ﬁ%tﬁ%iﬁ%%%%%%ﬁ%@rr%%%Ig%@%&%k@%(%ﬁjﬁekr% (5 ml) and
stirred for 4HauTSEADONM téferatur Bronehasty dht JvAETth Eiveniasurat @@ ehd 17éxa%¢ (20 ml) was 20
added and them {Re prRgipilies yvissplthuassseipredy Blkadinmanddiirdipacny- Yield: 0.18 g,

60 %. 10 mg of the product was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a
scintillation \Ago faRitks rae RartmaR A hmthiEn Srarrontd atdddl GoARY, T80 n9B1) and the
hydrolysis rat@is geed@udis ¢ggnmparable to the iso-propyl analogue. 11-1 NMR (400 MHz, 2506D6): 6
3.15 (b, 4H,,01-12), 2.70 (b, 4H, CH2), 1.60 - 1.80Q (b, 20H, cyclohexyl- H), 1.20 - 1.40 (b, 24H,
cyclohexyl-£%, }-%5.5 S\ r&éﬂblf ,’?%&E’?fﬂ?}'ﬂ%ﬁﬁ’%%ﬁyﬁfﬁz, C6D6): 8 20.3.The compound
transforms into bidg&s(ditipolotBeXyin s phinole thet) atisiseidah lior ot)id mcdoof diclogHE iand

dichlorome . Big(2-(diadamantylphosphing)ethyl)aminechlgradihydridairidium(111) A
mixture of (ﬁhp%%%%%yclo@éﬁe%;riglurmmg;r]n\e”rg ﬁr('&%%%éoﬂ{b?or 3 %% 15 rtgrr%%ﬁ? grrl?d
bis(2-l@addmeanyisrssbingo (éthyBamir (Oreroag), Moinens) (REsraissubedhancaddgdrofuran (5 ml)
and stirred %ﬁmgr%ﬁtrmm eARsBPalpLIre-Thae sl Wasitiieneyanqialed and hexanes (20 mi)

was added and then the precipitated white solid was collected by filtration and dried in vacua. Yield:

0.19 g, 7094tsniB fifateradseliastar apRdae Pasnt wae then srarareas dmdaditicof water in a
scintillation ¥#adf® fowRir resligoMiigd. AMuMenisbanaNe WasrRdded (5Q2ng.,bH28 maal) and the
hydrolysis 10 rate is exce tionall%/ ood and is comparable to the tertiarybutyl analogue. 31P{1H} NMR
(162 Mz, FAREnAIA: 575, BLE B NBHrUIHEP i bAtRs B iy ol ErRES t was not
possihie to ekrairt ' ®FenNMRLANIRISPe@LDR: & 118) Bis(2-(di-ethylphosphino)ethyl)amine with
chlorobis(cycloactene) iridiym(l), 15 dimer c-PEt2 0.5 [Ir(coe)2C112 NH z- catalyst toluene The
compound @bl%ﬁa?gé’}n?ags[mﬁfgﬁq‘(ﬁ%@ﬁ%fﬁgo@% %nalogue to obtain a red color solid. Yield:
0.3 g, 31%. 1H NMRi¢40(bhtiactComaE 8 Jipthed H,aaHRpdLdly (b,tdH, CHYisldBdb, 8H,
ethyl-CH2), 0.8 H |- . 31P{1H) NMR. (162 MHz, ; 542 2Jpp = 368 HZ);
08 (@, 2B R e Se B ST S SR el (3 i 2t 10 mi o
water in a sﬁmdﬂ@@ Whizo %Bﬁ)a&@d%{miohﬁh%frﬁgﬁaﬁél Wasltéstedfob mmn%borane
hydro%sls. %}glr‘%agygp qfé@@éﬁ@(@#)g&lﬂ, 581'4:3 t}eTt_@ﬁy ty{%g';iagg%r?tw;}gél onﬁyl, cyclohexyl,

ethyl) with chlorobis(cyc¢looctene)ifidiurn(l) dimér readily affords um complexes. For R =

tertiarybutyk4he WitaplesCeis @14 1.

(ditertiarybutylphogpiinieipharpagehigrecy dooel-1 whY By drgokidiimel 11h s optained in high
yield and purity. The 1H NMR spectrum{tsﬂléﬁgests the presence of a c%clooctenyl group in addition to a

hydride resbnh@(&2)24746) Isprecpyb fediaiiRbdp BEFO BPehRIBYIMYRS RIFFAAES difemical shift at

15 31.6. A shwlessyRialAfISES- Witteréu i oarRn @)eldbhke Df excess triethylamine.
aminegchlor cIooct—l-enyIdir(l?yiJr
h

idojridium(llwas obtained and the X-ray strugtur seen in Figure
" Corfime 1HE omh AT BFa e RO P R QRSB FlieR o ta b rgand
arrangemenmnégatiative PR grbhip ourshalcgmerickantboriehtationdibeprataipbogphichloride ligand is

syn to the NH moiety and this may he due to a wegk interactign between 10 these, fya-groups. The
cycloocten))?’ 6Poup isﬁgmﬁﬂ]ﬁ&@ﬁ@%ﬁne nﬁ%’dé]ﬁ and ¢i¥to thetl'%fd} e liga d.ﬁ " ForR=

isopropyl, cysahmodrandphdaprantyhaehesgeyxigstiai(H)2{N(H)(CH2CH2PR2)2} were obtained.
The 1H NMR spectra of these materials indicate that no cyclooctenyl group is present. For R =

isopropyl,
30 Example 2
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15 the 1H NMR spectrum shows the presence of two hydride ligands with resonances at 8 -25.13 and
-19.83. The compound was characterized crystallographically previously (Clarke, Z. E.; Maragh, P. T.;
Dasgupta, T. P.; Gusev, D. G.; Lough, A. J.; Abdur-Rashid, K. Organometallics 2006, 25, 4113) and
the X-ray stractr@szonfismed the formulation. For R = cyclohexyl, 20 a sipglecysiababibe complex
was obtained from dichloromethane. The X-ray structure showed that the putative dihydride species
was transformed to a dichloro hydride complex. The ORTEP depiction of the compound is shown in
Figure 5. For R = adamantyt;t#ie low solubility of the ¢ 6&nd precluded 25 analysis via NMR
but the compound is antici to have a structure co able to the isopropyl analogue. ForR =
ethyl, a material is formed that has twp.( oublétd in the’ 31P{1H} N Rﬁrpectrum at841.0and 34.9 (J =
368 Hz). 30 Example 20 Bjs(2 |pheny phosphino)et oniumc Orldewnhchloro
bis(cyclooctene)iridium(l) PPh2 A 170 mg (1.515,mmol) portion of potassium tertiary
butoxide was added to 665 mg (%
10 ml of tetrahydrofuran and the mixture was stirred for 15 5 minutes. The solvent was removed and
the residue was extracted with 3x5 ml of toluene. The solution was filtered through Celite and then the

solvent waé?redﬁR/BﬁOW(/a%Qob’iff%ﬁ@Fﬂ@é’é(@é‘asﬂ@ﬁ@ﬁﬁ VaRY S8t mg (0.614 mmol) of
chIorob|s(cyclooclen@tﬁmumﬁmmpﬂm)@ﬂ@ vag adsied aﬁﬁﬁmn H‘IE&[UIXPH[G avas refluxed for

15 minut nt volume w. reduced to ca. 5 ml and of d|e thyl ether was

I 20
added. he%rg%il gé%%ﬁv ‘é’%%ﬁ’&?%% ARt oaosr}g’&?ﬁ‘%’g@u% gn ‘spectroscopy
indicated tHata’mixtrgtasadiEs nredd Thelfatenabvas sted dmnmwmmm@ydmlysis 15

Fous 11> TR e R G B e s e o
chlorobls(cyél@@étéﬁejﬁﬁﬁﬁlnﬂW&n%@Wh@l‘(@bEW%qadmthﬂ}@mdﬁ@ (CRBD gnridd) of bis(2-
(ditertaryDydRIPRPR EIMIARHBIIAR 1=8018/) SLIRMCE 1B Bl fErap ifred for 45

minutes and then 10 ml of hexanes was added dropwise and the Erempltate was collected by vacuum

filtratibh an¥eRrOYSNSBE g iasUitipa inrhafrmborebs)rast s aiptian 3 iR BRBRAYaTH); 2.76 (m,

2H, WO 2%&1&&4@%§H%2@&W QOO Pabir)aRdOR4S, t%‘m h@ldﬁédlfgﬁltﬂﬁ;(rﬂhém" CH2); 1.22
(m, 18H, c 3)3): 0. 95 CH3 3): .23.06 (t, 2Jp 0 Hz({t 31P NMR (161.2 Mhz,
C6D6): 23. (.3 ) Q&de {kﬁrﬁog%g rfl%)é’“{ﬂ )ME Waﬁ”ﬂ G%QEEpﬁénﬁl 5iridium (1l)

precipitate. The reac’uon was followed by *'P NMR spectroscopy to ensure
completion and then the solvent was removed in vacuo, Hexanes (50 mi) and
15 water (25 ml) were then added and the water ltayer was then removed. The
hexanes layer was then filtered sequentiaily through a layer of sodium
sulphate (Na»S0.,) and silica gel and then the hexane was removed in vacuo
o afford a yellow oil. Excess unreacted di-iso-propylphosphine was removed
in vacuo at 70°C for 2 hours. Yield: 8.2 g (37%). "H NMR (400 MHz, CsDe): &
20 7.28 (m, 2 H, 3 and 5-H), 7.13 (m, 1H, 4-H), 3.12 (s, 4H, CHz}, 1.89 (m, 4H,
CH(CHz)z2}, 1.23 (m, 24H, CH(CHa)z). *'P{'H} NMR (400 MHz, CsDg): & 7.

Example 3

R =P, Td, Xyt

-——N
NaBH.,
eluanol
PR, RP PR,

(a) R = Ph: N',N°-bis(2-(diphenylphosphino}benzyljcyclohexane-1, 2-diamine;
(b) R = 4-CHs-CeH4 (Tol): N,N-bis{2-(di-p-tolylphosphino)benzylicyclohexane-

25
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Upon standing for several days, a solution of the pure compound bis(2-
(ditertiarybutylphosphino)ethypmethylaminechlorocyclooctenylhydridoiridium(1 10 II) (from procedure
Example 21(a) above) in benzene deposited X-ray quality crystals. The NMR data were not obtained

and the yielddmsongiesn determined. (c) PCT/CA2008/000943
Bis(2-(diisopropylphosphino)ethyl)methylaminechtorodihyciridoiridium(lll) (--P'Pr2 0-5 [1((coe)2C112
H3C-NToluenecatalyst PiPr2 15A mixture of chloro bis(cyclooctene)iridium(l) dimer lIr(COE)2C1)2
(0.28 g, 0.3Y rmeinanst bis(@-(dilgoprepylgiBaphigolaty ) methylamiven®.29(g.B6 & pmol) was
dissolved in toluene, (5 ml),and stirred.for 4 hqurs at room temperature. The solvent was then
evaporated é’ﬁ’ﬁ%{!éﬁé@%%%%%ﬁ“@g 5 8@@@?\0 ﬁ%ﬁ?ﬁgrﬁgcﬁ?ﬁ?é?gﬂ’ﬁale orange solid was collected
by filtration 20and éried mixageo. Yiefd: 0.8 N>-8%02-(HHoNMRIGHOSMIND)-BERG)idER:95, 3.50, 1.59,

070 - 1.30. 31RANVI (152 Mz, £OD9) 521 49 g of e proshio was digsglved p 10 ml o

; : cordi 0
tetrahydrofu ml of water In a scintiilation vial to for Bad Solution- Athmonix borane was

added B0 niteralere prvsskesd taasyarolrsinedtd is Wainged andisseompachb|8itolhis(2-
25(0'iisoproRyme9%@%@Wf@%@g&%ﬁﬁ%é}&%ﬁ&ﬂw%ﬂ%mﬁ dyeinExample 21(2)-

The ligand system, N(CH3)(CH 2 (R = isopropyl, tertiarybutyl, adamantyl, phenyl), was also
used to prefRr@ R PAGSSENERD Y| ralicisn fef © hours. The resulting solution

bis(2-(ditertigad inbesphivalnthulpetaylaming withshlorohisjcvrgostene)itisliyagsgimer results in

clean formation of t

bis(z-(ditertiﬁ%ﬁ@%@%mﬁﬁﬁyﬁ%ﬁw&%iﬁé@ﬁlﬁ?&c%i@o&éh@lﬁﬁ%gﬁ%&ﬂﬁm%e 31P NMR

spectriih ofekieauisnpiene vesshed soitiasetuspipdasingrahBiaB . dhbHdel sbNR BreeCHaygf the complex
clearly showsH@c?r%raew&%? ofﬁgy&ﬁg{cﬁgr}él}lgg%lgsln ﬁgéiltcl}gn t(ﬂ@?ﬁd”dn% r@gﬂn%ﬂg% t 6 - 23.06 and

based upon% IS evidence we propo Gettire shown m the' 1 séh@mie Dalow! u2 -
cyclooctenethi@irHgica gel. Fhaditnate saeived evaparateehieryseistido tgaomnpound

transforms Sjopdy, \OJRE PRUCABREN19). 'H NMR (400 MHz, CD>Clo): 6 7,58 ~ 6
bis(2-(di-ter?butylphosphino)ethygén?ghycl’%lminechlor(ohydridozﬁhenzj/ ir‘i%iium'(lll). "I%Ge(pééction likely

proceeds vidPddubtivekblinifatibribt, 1 dyolodéieibriodriiApdtdtive fddi-cdortindtd0
bis(2-(¢$—ter%ytyﬂgt&%ﬂ%r@byj)m@ﬂgmj\mc@g@qmigy’r@@%@@pwgl%yvhich then activates a C-H

moiety of the benzene solvent to form the product.

Asinglecrystalofbis{2%di-feHasiapiakospRag ettigamthyl dimkiscRttiBhpmiddsaNetium(111) was

obtained anggheyRiRhER firgi@ane-1,2-diamine was prepared in high yield by the
condensation of  diaminocyciohexane  with  2-{diphenyiphosphino)-
benzaidehyde in the presence of magnesium sulfate (J.-X. Gao, H. Zhang, X -

20 D.Yi P-P. Xu, C-L Tang, H.-L. Wan, K.-R. Tsai, T. lkariya, Chirality 2000,

12, 383). A sodium borohydride reduction of the material readily affords
another tetradentate ligand (Laue, S.; Greiner, L.; Woltinger, J.; Liese, A. Adv.
Synth. Catal. 2001, 343, 711).

25 Example 4

NH HN-~PPr,

tristhylamine
e

+ 2 CIPPr, ONELOI
T 3

NH, HN—PPr,
N’ N°-bis(di-iso-propylphosphino)benzene-1, 3-diamine:
Chioro-di-iso-propylphosphine (5.92 g, 38.8 mmol) was added

30 dropwise fo a flask charged with 1,3-phenylenediamine (2 g, 18.5 mmol) and
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20 shown in Figure 6. The PNP ligand is bound in a merdional mode and the geometry about iridium is
pseudooctahedral. The phenyl group is trans to the aminophosphine nitrogen atom. The reaction
of bis(2-(diisopropylphosphino)ethyl)methylamine with chlorobis(cyclooctene)iridium(1) dimer yielded a
mixture of prEOLISES/Me+8oused 25in situ. Example 22 (a) PCT/ICA2008/060943
Bis(2-(difsopropylphosphino)ethyl)aminedichlororuthenium(ll) dimer WO
2008/141439PCT/CA2008/000943 PIPr2 2NH + [Ruthe-C6H5)CIA2 P Pr2

A300mg(0.98mHIensam te8hig(BYSisoprapytptsphimdFéthyhaniter [BINETF2 GHEMPr2)2] and 246
mo (0492 marebl iR w0 selblee BIRIDN WARL AR SRR g e lgced S in 20 mi

of tetrahydrofuran overnﬁ&ht, resulting in the formation of a brown suspension. The solvent was

removed in VABUHIRIE HO Fe SRIIRLG Wamiare@XHastes nitr brxaprEstHER. THexsdlid ivas collected on

a fit, washecheftrepotiehenans ﬁhéféaféﬁﬁjiﬂwé%we?ﬁ’w&é@gy&ﬁfém%‘%ﬁ@ Qg%@ié*ed by
i olution of the 10 compound. Yield 330 mg, 66 %. 1H

diffusion. of diethyl ether ipto a dichloromethane

NMR (480 M ?@SE 2?‘%@57%H)?@%F-?@ﬁ'%ﬁﬁ@d\”b‘%gf(@ﬁ;f 9 §0%im; 1.kb-3-46 (24H). 31P
NMR (162 Mtz 6CGIB2612) 18 33D, A 30letiaHONRE, copTPQigachin a&:@m@mgﬁpfdggwgrofuran and
water exhibi 8 ﬁﬁ tivity 2 r&mmg@%mgorgné hydrol%sis. 15 (b)

Bis(2-(dicyc(oy EX)%E oécb;f“ino% tVE@I i z&fB8lcRI0- ruthenium(ll) dimer
A220mg(0.608mmol)portionofbis(2- (dicyclohexylphosphino)ethyl)amine HN(CH2CH2PCy2)2 was
added to 15%%&%?& @.245 mmol) of benzenedichlororuthenium(ll) diner [RuCI2(16-benzene)]2 in 10
ml of tetrahydroturan, The mixture was refluxed for 2.5 hours and then the solvent was removed in
vacuo. The residue was triturated in 5 ml of hexanes and then @éﬂﬁgtedcmn a frit and dried in vacuo.
Yield 250 mg. NMR spectroscgpy indicated that a mixture had Yosreds. The material was tested for
ammonia borane hydrolysig Re+agti0/ﬁ;6i bis(2-(diterfiaryhutylphosphino)ethyhamine with
benzenedichlororuthenium{LLYdimer PiBu2 TERF + Nu(ti6-€6H6)C1212catalyst 5Pieu2

A181rr%%(0.500mmol)portionofb (2 (ditertiarybutylphosphing %(K]I/)?rﬁ?he HN(CH2CH2PI1I3u2)2 in 2
ml of =

3,3-(1,3-phenylenebis(methylene) }bis(1-butyl-1H-imidazol-3-ium) chioride:
A neat solution of 1,3-bis(chioromethylbenzene (3.5 g, 20 mmol) and
n-butyl imidazole (5.0g, 40 mmol) was stirred at 140°C for 20 hours. After the
15 mixture was cooled to room temperature, the residue was dissolved in CH.Cl;
and the product precipitated by the addition of Et,O (500 ml), affording a very
hygroscopic pale yellow solid. Yield: 6.7 g (78%). "H NMR {400 MHz, CDCls):
d 10.82 (s, 2H, NCHN), 8.26 (s, 2H, imidazole-H), 7.61 (d, 2H, *Jun = 8.2 Hz,
pyridine-H), 7.34 (s, 2H, imidazole-H), 7.23 (t, 1H, Jmu = 8 Hz, pyridine-H)},
20 5.61 (s, 4H, CHy), 4.24 (1, 4H), 1.84 (quintet, 4H), 1.30 (sexiet, 4H), 0.91 {1,
6H).

Example 6

(a) 2,2-oxybis(ethane-2, 1-diyfbis(di-iso-propylphosphine)
25

<
Ci/\/ \\/\Ci * PR, _.-_I:E‘,I__“b RF/\/O\/\

Chloro-di-iso-propylphosphine (10.0 g, 655 mmol) in 50 ml of
tetrahydrofuran was added dropwise tc a suspension of lithium (containing ca.
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tetrahydrofuranwasaddedto150mg(0.245mmol)of benzenedichlororuthenium(ll) dimer
[RuCl2(,6-benzene)12 in 10 ml of 10 tetrahydrofuran. The mixture was refluxed for 2.5 hours and then
the solvent was removed in vacuo. The residue was triturated in 5 ml of hexanes, collected on a frit
and dried in vartgs/v4etsb200 mg. NMR spectroscopy indicated that a mixtamchadokomwned. The
material was tested for ammonia borane hydrolysis. 15Ruthenium PNP complexes were prepared by
two methods. The reaction of bis(2-(diisopropylphosphino)ethyl)amine with dichloro benzene
ruthenium dietdialdEarnigadé t8ropdafdrinaehas A8 1M NViBraspdrafoamthd 3 The 1H NMR

spectium ohiRRREW AR HaFvethd ROBRAY WIS SR N gagels A singe

crystal was obtained and the 20 X-ray structure was determined (as seen In 'The structure

indicates tHERUH R R e SRBIBSR/HEIB Al ddahifsred@-BRipzaekantesiasokhhitha)-3&thyl)amine is
bound faciatiyrielthezotheBREtepiyeolnmmaRsicus ideetly e siMiPRligangdiand the terminal

chloridg is involved in.a weak hydrogen bonding interaction with the NH moiety on the opposite metal

o5centdr. EEEHHIE SYTRED BHORING IEISCPIRRYBBeIH G0y solution. The mixture
(a)Bis(2(-(diwas)mboy%dmpﬁdmmbl?mmmW&m&iahﬁwwmiﬂ?mmwi%ﬁw;piPr2 NH +
RuC12(PP IN-Ru-P Cl/ PiPr2 A200mg(0.655mmaq))portionof(2- 5

(diisopropylp o§% Ofngr%%&lﬁr%?ﬁg ﬁﬁ@H?&ﬁ%ﬁiFﬂ‘%‘z Yﬁ%z’ I%?aef?a AR Walfadded to a
suspensiorpo¢@aitateg 0By, mithelyreh dclicil ovaty i itiiprehydp TOBPRIIE) rapetivsadyind ml of
tetrahydrof ' ti r urs,.The selvent was,removed in.vacuo and then
2 ml of tetr%@%ﬁ?ﬁ?@é Pﬁéﬁ‘?&ﬂ,?ﬁiﬁg*&v%edﬁzﬁiétwhngb?%pﬁ%%%vggdﬂigﬁ %*010%%)(%%% Egél%(anes. The
mixtuf® wa@éir@@é 818 ffuted)ameiaetsend addskaae divy welainisientiors e 300 mg, 63 %.

1H NMR (40 W¥dz. Cﬂ%mam@ﬂ@yémmtﬁém@é@@%—éq‘i)éxtéif’y%ﬁ%ﬂ%ﬂ % (htbMi); 2.20 (m, 4H,
CH2); 1.74 (m, 4H, CH2); 2.33 (m, 2H, CH(CH3)2); 1.84 (m, 2H, CH(CH3)2): 0.40 (in, 12H,

C1-i(CH3) S HESHIEP (P9 B8 Ba0ekRRSHOM H)2) Nexane wasRgmeYedHR, CD2C12: d
39.5 (t, 2,Ipmeudtd Hrd & TiodebBriquid’ - Ekzsd imeasarRBd /s3I 8890 Activity towards

g T T T
A235fig(0.860mMGsarBfen ABS(26)(ditd it yaophidsphitaeinyt) B1566(in, 6 Nt Afetrahydrofuran
was addedy 64 (m, 4H, CH(CHa)), 1.02 (m, 24H, CH(CHz)2). “'P{'H} NMR (400 MHz,
CsDg): d 7.
(b) 2,2%-oxybis(ethane-2, 1-diyl)bis(difertiarybutylphosphing)
The compound 2,2-oxybis(ethane-2, 1-diyl)bis(ditertiarybutylphosphine)
20 was prepared according to the literature procedure (Timmer, K., Thewissen,
D. H.M. W.; Marsman, J. W. Recl. Trav. Chim. Pays-Bas 1988, 107, 248).

The ‘POP’ pincer figand 2,2'-oxybis(ethane-2,1-
diyl)bis(dilsopropylphosphine) was prepared by the reaction of 1-chioro-2-(2-
chloroethoxy)ethane with lithium diisopropylphosphine. Thes ligand has a °'P

25 NMR resonance at 3 -7 and the expected 'H NMR signais. The tertiarybuty!
analogue 2,2'-oxybis(ethane-2, 1-diyl)bis(ditertiarybutyiphosphine) was
prepared similarly.

Example 7

30 (a) Bis(2-diterfiarybutylphosphino)ethyllamine
(R2PPCI R = tertiarybutyl)
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to 0.600 g (0.626 mmol) of dichlorotris(triphenylphosPhine)tuthenium(ll) in 5 ml of tetrahydrofuran.
After stirring for one hour the solvent was removed in WO 2008/141439PCT/CA2008/000943 vacua
and then 5 ml of toluene was added. The mixture was stirred overnight and then the solid product was
collected by wacrugssn fitration, washed with 5 ml of diethyl ether and driedrgvagbsusiddzsspectroscopy
indicated that a mixture had formed. 5
(c)2-(diphenylphosphino)-N-(2-(diphenylphosphino)ethyl)-N-methyl- ethanamine with
dichlorotris(triphenyiphosphine)rutheniumn P Phsgs RuCI2(PPh3)3T HF catalyst H3C PPh2 A

0.648 molar tolugne solution .98 mI,10.6?;5@}b\I)/of\a of 2- H s
(dipheny|phosphin@pNe@%hénymhée%mﬂeaemyg—N%et?%‘&remwn&ine/ropvms”added t0 0.600 g

(0.626 mmol) of ‘@ichlorotfiEfttihenylph@sgphine)ruthenium(®) [RUC12(PPh3)al inguml of

tetrahydrofuran and the mixture was stiféthfor two hours. The solvent was removed in vacuo and then

3 mioftetvahycloltysearABETR AR YLD 1l i\ st AL AInaor 30 minutes the

solid was collected by 15vacuuni filtration an in vacuo. spectroscopy indicated that a

mixture hadffifed ticughied giweinaithemahirrrsusparsiowas dhiinegiapthesreaction of

bis(2-(diisopsopyémhingpbin@styaineswith dishlpiadistirhemyRhaspiingy e rHm (). The 31P
NMR spectrum of the complex 20 displays a triplet at 8 39.5 and a doublet at 27.5 ppm (2ipp = 27.5
Hz). TH tripfétt Qegﬁ%?'ﬁﬁswi%aﬁiﬁ ERYINIREBHE RhmprwiseieasaiNedsnidthadieates the

preselnce (r)]ﬁﬁme Wﬂ-@ﬁﬁm@ﬁ@dﬂh@ﬁpﬁﬂ@?@%ﬁ@d@&_ﬁgﬁéfhl'l?aﬁﬂihlﬁ}lﬂ}o{@sﬁ%w.m Olf' thed e
complex s the triphenylphosphine and of bis(2-(diisopr sphino)ethyl)amine ligands
are present%n\g% %%ﬁaﬁ%?fgﬁg ?rdrrgé or[%nqgﬁoﬁ ﬁgﬁga&lé?iﬁésﬁ@%%i&@@oﬁ EHEIRBE the cis
arrangemergtaoaldt8aseg, uAfalorabieistéridatriangdtimnsbeiveemthevsipemyiphagpbine ligand and
the backbo f is(2-(dlij I ine ligand. Analogous campounds have been
%%gﬁ%tﬂ?@émgﬂmﬁ(%@ﬂﬁ%%%%%ﬂ%'?‘?1&%g?w(gvasgcﬂen aowey

prepared by the feactions of Dis(2 amine or 2-
2008/181439prarie o trssrotriopgrature and refiuxed for 1 hour. The reaction was then

(diphenylpmémm-%&%(@$7¥mwm%@W%W%%ﬁ?h%@ﬁ‘ég@d@mfuric acid

dichlorotris(friphen I[%hosphine ruthenium(ll) and these displayed similar NMR properties. 5 Example
24 Bis(2-(di a‘r”g% {1 WRB SRS Enitarsedion sk diierate a HbaRming)Beag KEN.01, NH +
ph(CO D)(agas)jfkif- #ifred 0P8R Aselpienoid omg (Rodf Sesambleibisioxide solution

e T i
mixtufie wasrtiides theehunefonsciryrmues erddien tyecsoiunait was temavgdrin Wdydin, 31P NMR
%ﬁﬁe'\gHz (P NaBa Gt thb DIRLAR L HA VB SRERIOERPY, NSlicigPinata fixture had
dried with magnesium sulfate. After stirring for one hour, the magnesium
sulfate was filtered off through a pad of silica gel and the solvent was
removed in vacuo o yield a colorfess fiquid (10.34 g, 68 %). 'H NMR (400
20 MHz, CeDg): 6 272 (q, 4 H, CHy), 1.47 (m, 4H, CHy), 1.00 (d, 36H, CHa).
*PUH} NMR (162 MHz, CsDg): 6 22.2.
The tridentate ‘PNF’ igands N(H)(CH2CHyPR2), (R = tertiarybutyl, adamantyl,
isopropyl, cyciohexyl, ethyl) were prepared by reaction of the appropriate
phosphide (e.g. lithium ditertiarybutyl phosphide, LiP'Buy) with bis{chloroethyl)
25  trimethylsilyl amine, followed by nitrogen deprotection (Scheme 1). The ¥'P
NMR resonance for bis(2-(ditertiarybutyl)ethyl)amine appears at & 22.2 and
the "H NMR spectrum of this material shows the expected chemical shifts.
The isopropyl, ethyl, cycichexyl, and adamanty] substituted derivatives were
prepared similarly in good yield and purity.
30 (b) Bis(2-(di-i-propylphosphino)ethyliamine
(R2PCl R = isopropyl) '
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15A rhodium PNP complex was prepared by the reaction of bis(2-(di-
tertiarybutylphosphino)ethyl)amine with cyclooctadiene(2,4- pentanedionate)rhodium(1). The 31P
NMR spectrum of the product showed a doublet at 8 63.6 (1LJRhp = 161 Hz). Although the 31P NMR
spectrum shdRetMdst one resonance, 1H NMR spectrum of the mateFallifidid¢iei e the 20 other
species were present. Example 25 Bis(2-(diisopropylphosphino)ethybaminewithdichloro-
cyclooctadienepalladium(10 c-PIPt2THF NH+ Pd(COD)C1211 catalyst NEt3 25PPr2 WO
2008/141439PCT/CA2008/000943 A103mg(0.337mmol)sampleofbis(2-
(diisopropylphosphino)ethypamine [HN(CH2CHgRJPr2)2] was added to 96 mg (0.336 mmol) of
dichloro-1,5-cyglpoctadienegglladium(ll) [Pd(CRD)C12] in 10 ml of tetffahydrofukgn. 94 41(1.28 mmol)
of triethylamine%v(\aé:%ag o ﬁh@nW@ﬁmﬂ ’S?e(;,for\a@’minUIgs./ I%{\]/IR spectroscopy
indicated that a;,gpi&ture fkd fgrmed. 3213{1H} NMR (162"MH/Z, tetrahydrofuraﬁr@dﬂO: 8 65.6 (ca. 15
AD); 45.7 (ca. 35 %); 45.1 (50 %). Thesnaaterial was used without further purification for ammonia

borane hydrolysis experiments. 10 Example 26, Bis(2-(dj ropylphosphino)ethyhamine with
octacarbonyldico&jli%?%@ss?ﬁ%ﬁp%ﬁﬁ%ﬁl%Ea’f%/p%;j% %per‘iﬁ}éﬁﬂip L%Fa%%%@é%@%ﬁ(?-
(dlisopropylphospiiinejetrademeditier (@0 g, Or6prinmdlrindketalay drsfioemsi(0 dblitmywas added
octacarbonyld; I - 2.6 T. ' ' ' om

tem pgratu r%/‘J %bcbﬂr%%ﬁg?'év!ﬁﬁt%ﬁ%df 'ﬂ%ﬂawgg %@gﬁdﬁﬁmg ri(%’%?rea tloﬁrﬁgj %’?l?éa(s%%ent was then
evaporatednBndhgereeyiting SHEppreionitwRe Hyee waarmes s deanedempe gty ©precipitate was

then filtereg apd yashed with-hexRSAMEICESIAER H-EDAUY aRBIRMIS AktapidnNigd: 0.24 g, 87%.
31P{1H} NMR (400 MHz, CeD6): 8 96.97, 74.32. 10 mg of the product was dissolved in 10 ml of

tetrahydrofiiarsahdian wpst atecrpiedciftinglortvialth fosRYtRNIEY SSRHAT R Mbnia borane was
added (50 ghetnmaahantathe bydey sinaterisiveshgoetmdat (Metal)deassitediafter ca. 30

MR T e T e
compoundsivagedoicashieved. room temperafure and was refluxed for four hours. The
reaction was then cooled to room temperature and cooled to 0°C again.
Degassed sulfuric acid (ZM, 50 mi) was added to the reaction mixture through
a dropping funnel and the mixture was then stirred at room temperature for
15  one hour. Sodium hydroxide solution (4M, 50 mi) was then added through a
dropping funnel. After 30 minutes, the aqueous layer was decanted by
cannula and the organic iayer was washed with two portions of degassed
water. The organic layer was then dried with magnesium sulfate. After stirring
for one hour, the magnesium sulfaie was filtered off through a pad of silica gei
20  and the solvent was removed in vacuo fo vield a colorless liquid (8.0 g, 54 %]).
"M NMR (400 MHz, CeDg): 8 2.70 (g, 4 H, CHy), 1.47 (t, 4H, CHy), 1.47
(overiapped, m, 4H, CHa), 0.90 (m, 24H, CHg). *'P{'H} NMR (162 MHz, CsDs):
& -0.95.
¢} R = Bis(2-(di-ethylphosphino)ethyllamine
25 (RoPCIE R = ethyl)

™S ’
£t . Et 4 S N Et , Et
Spcit— e & S e AN
g THE g 2.0 Et Et

3. CH
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Example 30 WO 2008/141439PCT/CA2008/000943 Bis(2-(diisopropylphosphino)ethyOamine with
cobalt(0) tetrafluoroborate hydrate PIPT2 [Co (0 H2)6][BF412 NH catalyst THF The reaction
was carried out analogously to 26 above. Yield: 0.42g, 5 58%. Black solid was deposited after a few
minutes of hydyabysissafzammonia borane. Example 28 8is(2-(diisopropylpltasphineethyl}amine with
molybdenum (ill) chloride PIPT2 THF NH+ MoCI3 catalyst PIPr2 A202mg(0.661mmol)sampleofbis(2-
(diisopropylphosphino)ethyl)aminelHN(CH2CH2P1Pr2)2]in2mlof tetrahydrofuran was added to 125 mg
(0.618 mmphjiefaniehridismesptite (1Ghode. hamkimraolam tktratyairefaight @sdnten the solvent

was 15removed in vacuo. The brown solid was triturated in hexanes ): the hexanes was decanted
e the ol S otgE 8 SRR AR B b OSSR

mg o spehetragwere not obtained. The
material wésatetsiathtpcanthfolbaNzoréhdthgd @ isivnag)EndatippéBofuran (50 mi). The

?éi%ﬁ%%%@%%zh%i ﬁg?gﬁH@g%@lgﬂgeggkbgtéwQtt%@ﬂ%msg@@@xgr% Holrs2 NH
5  The reaction mixture was then decanted through a metal cannula; the solution
was then cooled to -80°C and a solution of bis{chloroethyl) trimethyisilyl amine
(8.56 g, 40.0 mmol) in tetrahydrofuran (10 ml} was slowly added through a
dropping funnel with vigorous stirring. The mixture was then allowed to warm
to room temperature and was refluxed for 6 hours. The reaction was then
10  cooled to 0°C. Degassed sulfuric acid {(2M, 40 ml) was added to the reaciion
mixture through a dropping funnel. It was then stirred at room temperature for
1 hour. Sedium hydroxide solution (4 M, 40 mi, 160 mmol) was then added
through a dropping funnel. After thirty minutes, the aqueous layer was
decanted by cannula and the organic layer was washed with two portions of
15  degassed water. The organic layer was then dried with magnesium sulfate.
After stirring for one hour, the magnesium sulfate was filtered off through a
pad of silica gel and the solvent was concentrated to yield a coloriess liquid (7
g, 70%). "+ NMR (400 MHz, CeDg): 8 2.65 (q, 4 H, CHy), 1.47 (1, 4H, CHy),
1.25 (quartet, 8H, ethyl-CHs), 0.96 (quintet, 12H, ethyl-CHs). 'P{'H} NMR
20 (182 MHz, Celg): 6 -26.8.

Example 8
(a) Bis(2-(dicyciohexylphosphinojethylamine
(RoPH, R = cyclohexyl)

1. n-Buli .
Cy2PH o My SIN(CHCHPCy2)z = HN(CH,CHoPCY2)s
2. SiMes 2. 0H
/\/N
25 cl N

To dicyciohexylphosphine (5.08 g, 25.6 mmol) in tetrahydrofuran (50

mi) was added n-butyllithium (11.3 mi, 2.5 M in hexanes, 28.3 mmol) through

a dropping funnel at 0°C. The resulting suspension was allowed to reflux for

one hour at 80°C and then the solution was cooled to -80°C. A solution of

30  bis{chioroethyl) trimethylsilyl amine (2.75 g, 12.8 mmol} in tetrahydrofuran (30
ml) was slowly added through 2 dropping funnel with vigorous stirring. The
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A220mg(0.720mmol)portionofbis(2- (diisopropylphosphino)ethyl)amine was added dropwise to a
solution of 220 mg (0.652 mmol) of iron(ll) tetraflouroborate hydrate in 5 ml of acetonitrile. 5 The
mixture was. stirred for 30 minutes and then 20 ml of diethyl ether was added dropwise and the
resulting soligavamaragusim filtered and dried in vacuo. Yield 370 mg. NMR-spegtieseopyindicated that
a mixture had formed. The material was tested for ammonia borane hydrolysis. 10 Example 30
Bis(2-(diphenyiphosphino)ethyl)ammonium chloride with nickel(ll) bromide [-PPh2 THF NH2 + NiBr2 r

catalyst cr zttigthyanteafiRRowed avsiialiy ol ashigErmlr-sainton£f Ris(RLdiphenylphosphino)-
ethyl)ammopium chI%e CH2 ‘HZPRhZ(%HCi%{O-ZS , 0.558 mmol) and 15 nickel(11) bromide
§ QAR

(0.12 g, 0.558 H5ndi kit I 4 RHSTERARENE2139% C2018mithol). The
reaction mixitCeagainthBagdkseddstdfreliuaeid qReinigllt. Mhesovent waadhatiedaporased and hexane

Vietd: 0,250 (LD IR BT SRR Bl T Vot 18 A odIo0 (o, 1H. N,
2.97 - 212 taMaeratcH e H2Rou3@ogiom (hydaexideCid I HL3. S1LPEHIGR (B0 thitz, CD2CI2): 5
32.0 (ca. 4%%@ea8a9rég§h49 BOpAA? {50 B@eﬁé%r%ﬁ@%%?%}%q%ﬁ layer was

Bis(2-(diisopropylphosphino)ethyl)amiine with copper( uxCu

ilpr2p----NHEEIBIRE Bt wipaphihs cuganBamvRhumsowiasagiyith two portions of

(disopropylabgasbirnieitu I RhdbHHAIR AP IRIR iR iR UAByHEAIiRgadded (0 0160
g (1,616 mmaql) of co}i)?per () chloride in 5 20 ml of_tetrah)éfdrofuran and the mixture was refluxed

overnight. T’h% ORISR 1R DR InthE JNB B SRty SHifsiswas dijeranirdfshiauetert 490 mg (90
%). Thé magerinbwakidesset dad anumsslihorens bystohttitelb)o vield a colorless liquid

B2 (e AR R MRS RIS RS F5 % TE S Ny o 2 v2P— e
20H, cyclohexyl-H), 1.50 (m, 4H, CHo), 1.05 — 1.30 (b, 24H, cyclohexyl-H).
*P{'H} NMR (162 MHz, CeDe): 6 -16.9.
(b) Bis(2-(ditertiarybutylphosphino)ethyl)amine
15 (R2PH; R = tertiarybutyl)
1. nBut

N .. HAI¥al H
BuPH - MeaSiN(CH2CHoP Buz)y = HNICHCHaP Bug),
2 SiMes 2.0

N
ol I~ \/\CI
¢} Bis(2-(diadamantylphosphinojethyllamine.
(R2PH; R = adamantyl)

+

1. n-Buli

. 1. H*
AdoPH B WMesSIN(CHCHPAR)s ————en HN(CH,CH2PAd ),
2. Sihes 2.0H
/\/N
20 o Ny

Prepared analogously to the R = cyclohexyl analogue. The yield and
purity are similar to that obtained by method using lithium metal reduction of
the chloro ditertiarybutylphosphine. Yield: (4.6g, 84%) 'H NMR (400 MHz,
CeDe): & 2.80 (m, 4 H, CH;), 1.80 (d, 20H, adamantyl-H), 1.65 (s, 24 H,

25  adamantyl-H). *'P{'H} NMR (162 MHz, CsDg): & 20.9.

Example 9
a) Bis(2-(diisopropylphosphino)ethylymethylamine
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Ci PIBU2 10A0.500g(1.384mmol)portionofbis(2- (ditertiarybutylphosphino)ethyl)amine
(HN(CH2CH2PtE3u2)21 in 2 ml of tetrahydrofuran was added to 134 mg (1.353 mmol) of
copper(l)chloride in 20 ml of tetrahydrofuran and the mixture was heated to reflux overnight and then
the solvent was reasiomestin vacuo. The solid was washed briefly with ca. 2mic ABafdiexanes and was
then in vacuo to afford a solid product. Yield 455 mg (73 %). 1H NMR (300 MHz, CD2C12): 5 2.86 (m);
1.75 (m); 1.24 (m). 31P NMR (121 MHz, CD2C12)1 b 17.5. The material was tested for ammonia
borane hydfstdCEspHePBamfexesamotaiiing N(H)(CH2CH2PR2)2 (R = isopropyl, 20 tertiarybutyl)
ligands were readily prepared by the reaction of copper chloride with a sllght excess of the ligand. The
31P NMR spectrum of bis(2- (d|tert|ar¥9utylIphosphlno)ethyl)amlge.cblopc%opper () displays a

resonance at 8 17.5 and the speGim of the complex hows the expected resonances. A
single crystal of the comp'"b? IS(2€I 5(dﬂseppepylphesph I)amlne chloro copper (I) was
obtained and the X- rawgs uct [ s détérdfiifed (as seen in F The structure features a

distorted tetrahedral ligand arrangemé&ht about the copper. Example 3 § &) Synthesis of
trlchIorooxobls(frlphenylphosphlne)rhenlum(V) HRe04 + 3HCI + 3 P(C6H5)3 Re0C13(Ph3P)2 Ph30 +

2H20 An aqueous solution rhenlc aC‘é;g( ReO?éS .0 g, 65-70 wt %, 3.25-3.50 mmol) was
evaporated to a s %ﬂ‘ﬁ’ﬁ%ﬁggﬁgﬁ WHW\ 10%d88entr4té8 agibousHydrB¥MRNic 48d (7.0 mi) was

added & he mtahgmmfasaﬂneﬁi)add}eﬂa@ adslespimsiaghad Hivemdniesenioes(8lidessi8 6 mmol) in 250
ml of glaci ti aC|d in 2 500 m| round bott flask wi tirrer. The solution was stirred for 30
minutes, an(!)(fal i & Olid Was T %?/ne%tg VIt %\aeoa sﬁ%’éh\a/vﬂi 'Qlét H%&gﬁﬁgﬁ‘ﬂ {3%50 ml) and
then with dr@chyrmse’mﬂt(agmsamrmemm stgr@m%gmamgiabmymai@n@praduetfca1191H1 NMR
(162 MHz Y/ chl [ ithbis(2-.
(dltertlarybl%I?ﬁ%Jusrghﬁo érrTIE% [:? ?éﬁmg (%%ev lﬁ?@%ﬁ%ﬂ%&@wwé é a’?yst

20T richlor ISR M55 AP HER PRI rHRuah ) (Reieb sarPhER)ano. ﬁ?g$01®m‘mwasand
bis(2-{ditertiseybeboRii0sphiswietypapisn(Orddtay ) MEMA-RRe ARixs LiidgYaedrpfuran (25 m1).

After stlrrlnggo 5 m| utes, the solid dissolved to form a brown solution. The solution was then allowed

to reflux fo om(go e ErobM A e B b b AdARAREBYESVAD WXIIDE 2ith diethyl ether.
The solid wdsithessdnirg uBder vacuds tmhiaumq@@ﬁ artwpgm fiyieler 81870 ). 1H NMR

o, Cia) SRR (i OB o ¥ Ser o %Fém’ o R fvas added fo 10
mg of the rifage#aP e atmulmmmmaywmnhmmmmmmm?c with vigorous stirring.
15 The mixture was then allowed to warm fo room temperature and was refiuxed
for 3 hours. Degassed water (50 ml) was then added to the reaction mixture.
The aqueous layer was decanted by cannula and the organic layer was
washed with two portions of degassed water. The organic layer was then
dried with magnesium sulfate. After sfirring for an hour, the magnesium
20 sulfate was filtered off through a pad of silica gel and the soivent was
concentrated to yield a colorless liquid (3.5 g, 70%). 'H NMR (400 MHz,
CsDe): 8 2.64 (m, 4 H, CH), 2.21 (s, 3H, CHs), 1.59 {overlapped, m, 4H, CH.),
1.59 (overlapped, m, 4H, PCH(CHs)z), 1.03 (m, 24 H, PCH(CHs)2). **P{'H}
NMR (162 MHz, CsDg): & 1.6.
25 b} Bis(2-(ditertiarybutylphosphino}ethylymethylamine
CHN(CH2CHsPR2)2 (R =terfiarybutyl)
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30 The material was tested for ammonia borane hydrolysis. Reactions of aminodiphosphine
ligands with various other transition metal sources such as molybdenum(lil) chloride, iron(11)
tetrafluoroborate WO 2008/141439PCT/CA2008/000943 hexahydrate,
trichlorooxyBYS B EHY B hosphine)rhenium(V), dichloro(1,5- cyclooctadigeysaifAakiHeEE), or nick&
(I1)bromide were attempted. These reactions formed mixtures from which single compounds were not
isolated but the in situ prepared complexes were used as catalysts. 5 Example 33 (a) Reaction of

2,6-bisadiisopropylphosphino)methyo iyridine with cobalt(ll) chloride (P82 FiFr2 CoC12 THF, reflux
10To a solution of 2,6-bis((d%§mv¢o@}gJ ntf(?)?éO g, 0.58 mmol) in

phosy ergo)methyI)pyridi
tetrahydrofuran (30 ml) was-gddeg oba]l&%j.cblaﬂdg,(d‘b@ (0.08 g, 0.58 mmol). The reaction

mixture was then stirreqsat/ro peratureefey,2 hours and th uxed for 2 hours. The solvent
was then evaporated, and the residueiwas precipitated by the additiorl St'mexanes. The 15 precipitate
was filtered and then washed with hexanes to obtain a blue solid. Yield: 0.16 g. 10 mg of the product
was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a scintillation vial to form a pink

solution. The matérRiytithtastet! fof diintdnfachdbaite hyrpogsis31 mmphewasceagdast

2,6-bis((diigppmydrhosrbinoymnesyhayuding vwih %Qﬁgﬁgl@@ﬁfgmg%prﬁﬁgggqﬂénﬁqothIy to afford
the paramagnetic blue complex 2,6-bis((diisopropylphosphino)methyl)Pyridined1ch10rOcObalt(11). (b)

2,6-bisadiideFROYRISh AR e HPHTYFRINaSeAieR iSuieflye oo QBRI dr AfieRner c-FIFr2 N
[Ir(coe)2C LReraitabisity gihddpHitiB E6R.86 ool wish fbsequently cooled to -80 °C. A

idded chlo OISR BRSSPI SRR AE TR 6 98 TG U8 Peaction miture
was then sgrrésl arnooet) ieaspevatadetéod 20 ausduntibditif dhgdsohdralisaaty ¢t Beg solvent was then
evaporatedyand e rgSIdUE Waknium (155 mmol, solution in hexanes) was added
10 dropwise over ca. ten minutes. The mixture was stirred at 0 °C for twenty
minutes and was then was cooled to -80 °C. The solution was then
transferred via cannula to the reaction vessel coniaining the lithium di-
tertiarybutylphosphide solution at -80 °C and was warmed io room
temperature.  After refluxing the mixture for 4 hours the soiution was
16 concenirated to ca. 20 ml and then 50 ml of hexanes was added. The
solution was washed with three 20 mi portions of degassed water and was
then dried over magnesium sulfate, After filtration through a smalil plug of
magnesium sulfate and silica gel, the solvent was removed in vacuo to afford
a colorless high purity oil. Yield 4.7 g, 80 %. ‘H NMR (400 Mhz, CsDg): &
20 2.49 (m, 4H, CHy); 2.01 (s, 3H, NCHa); 1.39 (m, 4H, CHg}; 0.82 (d, *Jpn = 10.5
Hz, 36H, C(CHas)s). *'P NMR (121.5 Hz, CeDg): 5 25.6.
¢} Bis(2-(diadamantylphosphino)ethyl)methylamine
CHaN(CHCHPR2)2 (R = adamantyl}

_ PAd,

cl
H\\%}/\Cl@ 1. n-Buli _ HSCWN/\J
H3C/ \/\ 2.2 LiPAd, N
Ci

",
PAd,

25

The adamanty! analogue was prepared in a similar fashion except that
the di-adamantylphosphide was prepared by reacting diadamantyiphosphine
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precipitated by the addition of hexanes. The precipitate was filtered and then washed with hexanes to
obtain a pale yellow solid. 31Pf1H} NMR (162 MHz, CeD6): 5 121. Yield: 0.114g. 10 mg of the product
was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a scintillation vial to form a red
solution. 5 Aguneomiaderane was added (50 mg, 1.620 mmol) and the hygeolysisdaiecaas moderate.
Attempts to prepare iridium or rhenium complexes containing the ligand 2,6-b
s((di-iso-propylphosphino)methyl)pyridine. It was found that mixtures were formed that were used in

situ. 10€c)awﬁkhisadﬁwﬁ§§lmnylph66ﬁ)b’ﬁﬁa)metf?/@@wﬂj'(%hB@é@ﬂ&'%ijchlpmﬁﬁmmr(]lg dimer (
To a soluti f 2,6:bis((diisqpr sphin yhpyridi 2 0.58mmol)in tetrahydrofuran(30
.ml) was ad%l%%@?f‘zgefﬁ&?ﬁ%tﬁe%&?ﬂl?‘%ﬁng’[ Cr@-!\%gﬁ?%@ﬁ@g% 805'29 mmol). The
reaction miatizneavagHhensisr¢oh at FODHENTHR{ SHIrRMRd trem ez xedgr: B ouss(cEhe insoluble

solid was t%%ryilte{g%ﬁﬁ. T{be i)lvent was then evaporated, and the residue was precipitated by the
addition of afies” Cé%r ci‘gi ate was filtered and then washed with hexane& to obtain a pale

brown®0 s@)dB&HWWM&Mi@%yW@mWémifﬁi Ar-H), 7.22 (m, 2H, Ar-H), 3.90 (b, 2H,
Cl-12), 2.604h, In 0-,1,40 , -CH(CH3)2). 31Pf1H} NMR (162 MHz, CeD6): 5 43.2.
ORI el et

Yield:0.1g.1 e procf ct w ved in 10 ml of tetrahydrofuran and 10 ml of water in a
scintillation vial to form a red solution. Ammonia borane was added (50 mg, 1.620 mmol) and 25 the
hydrolysis rate was moderate. When 2,6-bis((diisopropylphosphinoymethyl)pyridine was reacted
with dichloro benzene ruthenw, a single compound couW@olafed that displayed a single
31P NMR resonance at 43.2®pm. Ehe 1HMNMR spectrum, gttiie complex showed only resonances
due to the metal bound 2,6~ bis?{diisogrgg< phosp fio)methyRpyridine ligand. Although the material
was not characterized Vis“X-ray-crystallography,the compound 2,6- W,
2008/141439PCT/CA2008/000943 bis}(diisopropylphosphino)methyl)(pyridine)-dichlororuthenium(lI)
indicated in the s¢hdtHtylilBvEWEBLniBbika!§ MrnederraampId 34 5nmol) was added

N,N'-Wenar%%@@if@@m@gsgmwﬁs@ TR N BEMBReARANNO SiRYIde, L NH Pr CoCl2

PhP\ r-catalyst \--NHiPr VHF. ~_ A45 mg (0.347 mmol) sam I%' of cobalt(Il) chloride and 100 mg
(0.396 mmBITHAYR - ¢pIE A RoSPhnk aly o BRiMHaTyI@ReiBrSPaRvE/afiné L0 MRPESH2NHIPY)2 were

mixed in 26 fisetratieEodurasy Thawehwionwashaatedtadederdie inytes-agd the solvent

was removed in vacuo. The residue was extracted into diethyl ether, filtered through Celite and then

the solvent ras$emBNe®@in YatuMio(§ileagRberchil PriRS R ri dinhenvideanbideminonia borane
hydrolysis.idf drxaieple3oviis(dHatis ape marhpaahing-A-priplyQaminawitaahiosepbisisyclo-
OCterl!egiridwcg?s(rQ.dﬁ.\?t]eerrconcentraﬂng the solution in vacuo to ca. 20 mi, 50 m! of hexanes
was added. The solution was washed with two 20 mi portions of degassed
water, dried over magnesium sulfate and then filtered through a piug of
magnesium sulfate and silica gel. The solvent was removed in vacuo
affording a colorless oil.  Yield 5.705 g, 87%. 'H NMR {400 Mhz, CsDs):
20 37.04-7.7.47 (m, 20H, CeHs); 2.46 (m, 4H, CHz); 2.11 (m, 4H, CHg); 2.02 (s,
3H, CHs). *'P NMR (162 MHz, CgDe): & -18.8.

A ligand system N{CH3;)(CH:CH:PR2); (R = isopropyl, tertiarybutyl,
adamantyl, phenyl was prepared via the reaction of a phosphide (e.g. lithium
ditertiarybutyl phosphide, LiP'Buy) with bis{chioroethylymethyl amine. This

25 fatter material was prepared in situ by the reaction of bis(chloroethylmethyl
ammonium chioride with n-buty! lithium at 0 °C. The *P NMR spectrum of
bis(2-(ditertiarybutylethylymethylamine has a resonance at & 25.6 whereas
the 'H NMR spectrum of this ligand indicates the presence of tertiarybutyl,
methylene and methyl groups.
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0.5 ltr(coe)2C132 F'Pr2 H/CI PiPr2 N-H Benzene, rt
20Bis(di-m-isopropylphosphino-di-p-tolyl)amine (0.2 g, 0.46 mmol) and chlorobis(cyclooctene)iridium(l)
dimer [Ir(COE)2C1]2 (0.2 g, 0.23 mmol) and toluene (10 ml) were placed into a schlenk flask. The
solution wasygtirres/@gsnight at room temperature and then the volatiles were semovad4n vacuo.
Hexanes was added and then the orange solid was then filtered off and the 25 green filtrate was
evaporated to dryness to obtain a dark green solid (0.23 g, 75%). 1H NMR (400 MHz, C6D6): 6 8.28

(t, 1H, Jpa-t = 8 HobHe), SR sdii} Hirkidd) N8 (fhakd, Bmng SRR pléparsiiisingB (d, 6H,
PhCH3), 1.75 (m, WO 2008/141439PCT/CA2008/000943 4H, CHCH3), 1.15 (b, 24H, CHCH3), -27.00

(t, 1H, rH). BEYRRANIRROFIED RAREEAEEES6): TR0 5828 i P AETSRMARHPRSRERSVET in 10 ml of
tetrahydrofusathanthdfymbehinatesin &atiatiadonstakiadorr) asedaetitiod . bindreria borane was

added (50 mg, 1.620 mmo)). and the_hydrolysis rate .5 was gqod and comparahle t t of the complex
bis(2- (diis Spﬁﬂméé%rﬁr&%}h%)}rﬂ%%ﬁgéo y r’r&é?ﬁdi@m%|??’95”?§’e5f%9’°3 3052
bis(di-m-isagBopylpposiitiino-divertakydamirne sidasddibopid hapinosbhmolmetiid)di tolinetivate because
of the phenylena backhone an C lexes is(di-mysi ino-di-p-tolyl)amine
chould be MEBaD e F e ERET s SR e e S e
chlorobis(cydtbo02@még{atlaramstiyhey pedeeeds relatfhely cligmng arkysEord N -Hddirct which
displays a 3 MM BRI ey FNCAP Rt MM spe stiganlisplayrathe sigpafsxpected from

the meta-bound ligand in addition to a hydride resonance at 6 -27.00. Although the complex has not

15been chatagiegpeshcipstaliyAiBriceIRCRiERoidi M e AtathRi St ubture SAEHAY-iPscheme above.
10  G. Organomefaliics 2007, 26, 5224-5220).

Exampie 10
Bis(2-diisopropylphosphino-4-methyiphenyl) amine
a) Synthesis of bis{2-bromo-4-methylphenyl)amine

15
7N Ei:j?“-Br
‘“*KN . 2Brp ~

AcOH
Br

The compound was prepared according to the literature procedure
(Gilman, H.; Zuech, E. A.; J. Org. Chem. 1961, 3481 — 3484). Yield: (4.51 g,
49 %). "H NMR (400 MHz, CDCls): 8 7.38 (s, 1H, PhH), 7.08 (d, 1H, PhH), 6.9
(d, 1H, PhH), 6.1 (br s, 1H, N, 2.26 (s, 6H, CHs).
25 b} Synthesis of bis{2-diisopropylphosphino-4-methyiphenyl) amine

QBF @Piprz
1. nBuki

N~y —— N—H

QBr

20

2. 'ProPCl e _
'\ / p’jpi’z

The compound was prepared according to the literature procedure
{(Fan, L.; Foxman, B. M.; Ozerov, O. V.; Organometallics 2004, 23, 326 ~
30 328). Yield: (2.38 g, 98%) 'H NMR (400 MHz, CgDg): & 8.28 (t, 1H, Joy = 8 H,

37



Example 36 Bis(di-m-isopropylphosphino-di-p-tolyOaminedichlororuthenium(11) This compound
was prepared according to the literature procedure (Celenligil-Cetin, R.; Watson, L. A.; Guo, C.;
Foxman, B. M.; Ozerov, 0. V. Organometallics, 2005, 24, 186 - 189). Yield: 0.23 g, 66%. 10 mg of the
product waswiisgaigett4610 ml of tetrahydrofuran and 10 ml of water in azZB¥Chmliggiorsasal to form a
red solution. Ammonia borane was added (50 mg, 1.620 mmol) and the hydrolysis rate was moderate.
The reaction of bis(di-m-isopropylphosphino-di-p-tolypamine with

dichloro(1, bl/dy,cibd8tédlictie) ithéntdm (Ahpblyiier (de@hly Brdduces thd, Rrevioadlyhlgported polymeric

| bi . . | ; -ptalvb i i i . 75
complex 'éﬁlro)g%'&%ggwk@ﬁ@% oL bR GO '@W’fﬁ*ﬁﬁﬁf}"‘@?gﬂﬁﬁ;’;o cob%ilt%l) chloride

Bis(di-m-iso phino-di-p-toly0aminedichloroco A
(COCI2) (003 ¢1D. £k bHid Hidnitabrdphiehosphfioti-NVER &M (tz16 <. 23-mmol) in
tetrahydrofysag (50 ml) was stirred under argon at 50C for 3 hours. After cooling, the solvent was 10
evaporated off and the solid was precipitated with hexanes to afford a dark purple solid. Yield: 0.1 g,
77%. $0 mg of the product was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a
scintillationzyighigifoym a red solution. The material was tested for ammonia borane hydrolysis. A base
metal complex of di-m-isopropylphosphino-di-p-tolylamine was 15 prepared by heating a slight excess

of bis(di-mA<SBSEYINTEE AR AR RIRIRYARIACEBDalt(1) chioride to 50 C. The reaction affords the
dark purple paramagnetic complex-is(di-m-isopropylphosphino-dipgelyhamine(dichloro)cobalt(11).
The structure is expected to.bheanalogous to that of __
bis(2-(diisopropylphosphing)ethypamined hlorocdtfdlt(11). 20 Metal Complexes with (-13-N-N-)
Ligands Example 38 (a)(Di\da antyTphdsp%ino)ethyI-(die lamino)ethylaminewith
chlorobis(cyclooctene)iridium(l) dimer NEt2 NH 0.5 ilr(coe)2C132. 25C--PAd2 Toluene Toa
solution of (diadamantylphosphino)e%yl(diethylamino)ethyl amine (6??55 g, 0.12 mmol) in toluene (20
ml) was added chloro bis(cyclooctene)iridium(l) dimer Pr(COE)2C1)2 (0.05 g, 0.06 mmol). The

reactign mixture then stirred at rgom temperature overpight. The solvent 5 was then evaporated,
and t?1 residue Z?i%r cfésﬁ'?aqgﬁogyl%g ﬂfgn@ﬁé&xgneg erBrarigﬁorévvn%preg?gité)t% was filtered
and then wiastady dvitfu FEexaessatideltanopwied dov s olidp¥isicnOod Hgiuee YeodihfhigladMR (162 MHz,
C6D6): 6 63.7.¢ as 4 j fet | of water in a
scintiIIationév%lé(gwgfng%@rﬁo%rﬁg%t}%nﬁ ﬁmﬁg q}o%)eoﬁlln%fw%{s%%ﬁ%ﬁ%}% 13@5%1 mmol) and the

hydrolysis rabduiaswasdetisied for 72 hours. The reaction mixture was then filtered,

cooled to -80°C, and a solution of 2,6-bis(chloromethyl)pyridine (5.98 g, 34
15  mmol) in 20 m! of fetrahydrofuran was slowly added via a dropping funne! with
vigorous stirring, resuiting in the formation of a red solution. The mixture was
allowed to warm to room temperature and was then refluxed for one hour. The
reaction was followed by *'P NMR spectroscopy to ensure completion and
then the solvent was removed in vacuo. Hexanes (50 ml} and water (25 mi)
20 were then added and the water layer was then removed. The hexanes layer
was then filtered sequentially through a layer of sodium sulfate (Na,SO,4) and
silica gel and then the hexane was removed in vacuo to afford a yeliow oil.
Excess unreacted diisopropylphosphine can be removed in vacuo at 70°C for
2 hours. Yield: 8.2 g (37%). 'H NMR (400 MHz, CgDs): & 7.28 (m, 2 H, 3- and
25  5-H), 7.13 (m, 1H, 4-H), 3.12 (s, 4H, CHy), 1.89 (m, 4H, CH{CHa)2), 1.23 (m,
24H, CH(CH,)2). *'P{'H} NMR (162 MHz, CsDs): 8 7.0.
The compound 2,6-bis((ditertiarybutylphosphino)methylpyridine was
prepared in an analogous manner. >*'P NMR spectroscopy indicated a
mixture formed. *'P{'H} NMR (162 MHz, CsDe): 8 35.7 (40 %): 31.4 (10%);
30 31.1 (50%).
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The reaction of (di-adamantylphosphino)ethyl(diethylamino)ethyl amine with .
chlorobis(cyclooctene)iridium(l) dimer afforded a poorly soluble brown material of questionable purity.
A single peak was observed in the 31P NMR 15 spectrum of the material at 63.7 ppm. Although a
clean 1H NMROgpestra#nowas not obtained we propose the tentative struckirecGtmoeaningiie scheme
above. (b) (Diadamantylphosphino)ethyl (diethylamino)ethylamine with cobalt(10 chloride c-NEt2
CczNH \----PAd 2 CoCI2 20 THF The cobalt complexes were prepared analogously in situ and the
reaction mixture was refluxed for 1 hour in tetrahydrofuran under reflux. Yield: 0.2g, 78%. 10 mg of the
product Waéxdiss%/e;? in 10 ml of tetrahydrofuran and 10 ml of water in a scintillation vial to form a
pink solution. The material 25 was tested for ammonia borane hydrolysis. A cobalt complex of
(di-adamarifyisiodpiisolstedididimatiaing)ethyl amine was readily obtained by reaction with
cobalt(l1)chloride as depicted in the scheme above. The compl as not characterized owing to its
paramagnetic nature. 30 Metgl %omplexes with (-P-O-P-) %ﬁm Example 39 (a)
2,2'-oxybis(ethane-1 ,2-diAbis(th-iéo-broﬁw‘a’ll]%sphine) dichlor‘q cobalt R ="'Pr A solution of 150
mg (0.490 mmol) of 2,2'-oxybis(ethane-1,2-diy1)bis(diiso-propylptissphine) O(CH2CH2PiPr2)2 in 5 mi
of tetrahydrofuranTyas AdeadkiowrSUSREpSIeR ohadbrame0d-RP2Bmubrafrebalicdishipade in 5 ml of
tetrahydrofuran. The mixtmwas reflﬁ)ed fc:}rgf.o minutes and the solvent was 10then removed in

vacuo. The 4818MWak tHurAEHFFSYmivbrhe 988 ahd Wab tHColrREed o Hi{ BRE dried in vacua
Yield: 70 nznts) %@4R). 212" 1eMpbisiothdutiez 1 2:0MObiF(btent bty ibwdnhing)scahaltidichloride R = 'Bo
A solution 0 0.303 mmaq)).of 2,2-oxyhis(ethane-1.2-diyObis(di- ert-hutylphosphine)
0(CH2CH2%?%%§E)@%§E§%F ét%ﬁﬁ?o%g?y\%aé a@?feed %tﬁa%ure %@ én@%&/{ mol) of cobalt
dichloride apylDg) mief.getrahydrofuran. The mixture was refluxed for 30 minutes and then the solvent

was removed in vacuo. The solid was triturated in 5 ml of hexanes, collected on a frit and dried in
vacuo. Yield: 95 mg, 77 %, 20

Example 13
N, N“(phenylphosphinediyl)bis(methylene)dipropan-2-amine
/M s Ny NHPr
PhR, " PhR

Degassed isopropyl amine (1 ml, 11.6 mmol) of was added to 491 mg

16 (2.886 mmol) of {phenylphosphinediy)dimethanol (PhP(CH20H),) and the

mixture was stirred overnight. The excess amine was removed in vacuo 1o

afford the product as a viscous colorless oil.  "H NMR (400 Mhz, CsDg): &

7.55 (m, 2H); 7.09 (m, 3H); 3.11 (m, 4H); 2.68 (m, 2H); 0.89 (m, 12H). *'P
NMR (162 Mhz, CsDe): -28.5.

20
Example 13
N'-(2-(diadamantylphosphino)ethyl)-N°, N°-djethylethane-1, 2-diamine
a) N'N'-diethyl-N°-(2-hydroxyethyl)ethane-1, 2-diamine hydrochloride
< HCI
e O Eth/\\/OH__ Etzn/\\/ﬁ\”/\OH
25

The compound was prepared according to the literature procedure
(Choualeb, A.; Lough, A. J.; Gusev, D. G. Organometfallics 2007, 26, 5224 —
5229). "TH NMR (methanol-dy): 8 3.68 (t, *Jun = 5.6, 2H, CH0), 3.06 (t, *din =
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Example 40 (a) 2,2'-oxybis(ethane-2,1-diyObis(dilsopropylphosphine) with bis(cyclooctene) iridium(l)
dimer 30 ml of toluene was added to 50 mg (0.163 mmol) of 2,21-
oxybis(ethane-2,1-diy1)bis(di-iso-propylphosphine) and 73 mg (0.082 mmol) of [iridium
bis(cyclooctenerahlesided dimer flr(COE)2C112 and the mixture was heatedio S@6zipshours. The
solvent was removed in vacuo and 30 ml of 5 hexanes was added, The hexanes solution was filtered
and then the solvent was removed in vacuo. The solid was then dissolved in 2 ml of tetrahydrofuran
and 2 ml of S\t Te/adEitian 8¥ om, MY CHER MOMIOIE B4AR régyitedyistha-forpagtign of a large
amount of hly(ii'io en, (b): '-Oélylb?ithane-Z,1-diyObis(ditertiarybutyIphosphine)with 10
bis(cyclooctene) |rid{ﬁ'|’h { 'aimer “Pisu2 Ocatalyst C"..ptBil2 Toluene, 80C, 2 hours 30 ml of
toluene wadaliiea-thBoomtyyD-Mdvindielh b ahosybidiathanerohioii@bis(di-ted-butylphosphine)
and 62 mg (0.062 mmol) of [iridiu}r_‘p bis(cyclooctene) chloride] dimer llr(COE)2C1]2 and the mixture
was 15 heated to 80C for 2 howrs. cflhe solven$@fs removed in vacudgand 30 ml of hexanes was
added. The hexan@,é,&dlﬁfien’v'?/asfﬁﬁé‘r@q and then the solegnt was-femoved taivacuo. The solid was
then dissolved in 2 ml of tetrahydrofuran and St water, The adglifipn of 50 mg 0.62 mmol) of AS
resulted in the formation of a large amount of hydrogen. 20The reaction of the 'POP' ligands
0(CH2CH2PR2)2 (R = isopropyl, tertiarybutyl) with iridium and cobalt sources was examined. Thus,
the reaction chlordbis¢cyionctesfie finidinh (I} elioneiewits 0Eijgandseprodugetsminigresiaf compounds
which coul ed (R = isopropyl; R = tertiarybutyl). Reaction with ob%t I1)chloride (R =
isopropyl; Igj@ﬁiie%?’a%% %&yﬁ%fo’@ed%as%o?raq%%ﬁkiﬁ%%vg eriaﬁ% v%ic“f\%re%sﬁbt ly"Characterized
due to the parnRagnetef hhtieditthg-haEbydvap B iathexes WatiiGRioghehyteits O-P-) Ligands
Example 4 V) -hisz(diIsQ- inooxy)benzene
and [iridiurﬁzb)i(\s/ éﬁ?ﬁ(ﬁiﬁzﬁ c?kﬁ?réi%[e dim%?{(_9 iPrZ?{'Jlrli(?.)g"]i ﬁ?(@%%%ﬁ%go ég%ﬁg?aﬁs%o@ QPPrZ To a
solutiof of pAduMass[BTRRYSEIeHY dhforigartinnerpiicomyze alpwsd . 3oy stirdetnipmt) in degassed
iso-propaneb e e sordrian & saiEam Rfdke Wiss (idso by BasRhingsAbsgzene (1g, 2.92

mmol) in is%iﬁq[opan )l (10 ml). The mixture wasg stirred at room temperature for 30 minutes, then at
60C for 30 TiHLLELOURY ARRIRHRARTRR VR 0EREED BT e HY Qdird W asaw asbRYeritved in vacuo,
and hexaneichasaddtte theoreslylue. filsatiosandidsthedirxanes suspensjoriafigrsed an orange

solid and r tion. ;The filtrate was thep pumped dry to rd a bright r lid. Yie|d: 0.584 g
(35%). 1h1‘?ﬁ?l\%/l%%@ bdﬁ)llf%%égg’é):gé*ng'-%.g%?(r‘gf%ﬁ' ﬁggf}rfzfﬁggfeﬁ*ﬂﬁ% (CH3)2), 1.50
- 0.801fm, 12HJGHCHR)2Y -EBBE ) 1H38-e), *B6.667(S, it 1 BIHWSH,) 31 R I NIMR=(400 MHz,
C6D6): 8 169, Jéﬁ,ég{l) 15(The 1H & 31P NMR data is different from the literature reported value:
Morales-Mor'aI’eTS, D' Rédon, R.; Yung, C.: Jensen, C. M. Inorganica Oh/mica Acta 2004, 357, 2953 -
2956). (b) @) Mhitldiiadasuepriptnhelelbehaend Aty ethiore-ifidigiamine

1. KOBU

H 2. TMSCINEL H
EtzN"\/N\/’\\CE . BN~ e N"\/\PM
3. LIPAda/H20 2
2 HC
20 A solution of lithium diadamantylphosphide was prepared by refluxing

5.82 ml of 25 M n-butyllithium (148 mmol) in hexanes with
diadamantyiphosphine (4.47 g, 14.8 mmol} in tetrahydrofuran for one hour.
The mixture was cooled to -80 °C and was transferred by cannula to the N'-
(2-chloroethyl)-N? N>-diethyl-N"-(trimethyisilyl)ethane-1,2-diamine  solution
25 (also at -80 °C). The mixture was warmed to room temperature, and then
heated at reflux for one hour. 10 ml of water was then added and the mixture
was heated fo reflux for three hours. The volume was concentrated in vacuo
to ca. 10 ml and then 50 mi of hexanes was added. The solution was washed
with three 20 ml portions of degassed water and was then dried over
30  magnesium sulfate. It was then filtered through a small plug of silica
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The compound was prepared according to the literature procedure (Gottker-Schnetmann, 1.; White, P.;
Brookhart, M. J. Am. Chem. Soc. 2004, 126, 1804 - 1811) Yield: 0.30 g (87%). 1H NMR (400 MHz,
CD2CI2): 6.76 (t, 311-i-H = 8.0 Hz, 1H, 4-H), 6.54 (d, 3JH-H = 8.0 Hz, 2H, 3- and 5-H), 1.35 (m, WO
2008/141439RCHAA@881000943 36H, 4 x tBu), -41.39 (t, 2Jp.1-1 = 138cHzAbbbslebipa31P{111}
NMR (400 MHz, CD2CI2): 8 175.8. (c)1,3-bis(diethylphosphinooxy)benzene hydrido chforo iridium
5-PEi2 To a solution of [iridium bis(cyclooctene) chloride] dimer [Ir(COE)2C112 (0.39 g, 0.435
mmol) in dggusw@hmmmpame(aﬁmhmmmﬁasaw@mnfzhWbﬁ@@wéﬁomnooxy)benzene
(0.25 g, 0. % f&vln ISO- noI 18 meg T e mlxturie as stirr ﬁ,‘room tem erature for 30
minutes, theh at g&(f?orog mlnutesuoan 'I'fii/ Fefltived at ﬁ for' 83% &*88fvent was then
removed irf@&aveeambhektaiesdviedddbe mmhdsidw@fmipgmnpltate was filtered off and was
washed with hexanes to obtain a greenish brown solid. Yield: 0.21 g (47%). 1H NiVIR (400 MHz,
CD2C12): 8 7.00 - 6.00 (m, 3 H, Ph-H), 2.50 - 1.00 (m, 8H, CH2CH3), 1.00 - 0.50 (in, 12H, CH2CH3),
15-20.80 (E*amAeLlf). 31P{/hi} NMR (400 MHz, CD2CI2): 8 147, 112, 64. (d)
1,3-bis(diphrfwinfesntinguxsfe ﬁ@ﬁwas&%ﬁmgygéﬁgw@b%f BB GOE)2C132 --is-
catalyst 0-PPh2 To a solution of {iridium bis(cyclooctene) chlori ]ydlrner [Ir(COE)2C1]2 20 (0.23 g,
0.261 mmdfjaR iyassed iso-propanol (20 ml) was added a solution of

1,3-bis(diphenylphosphinooxy)benzene (0.25 g, 0.52 mmol) in /so-pr [ (10 m1). The mixture was
stirred at room temperature for 30 mlnutes then at 60C for 30 minuté\s, an'; was then refluxed at 110C

for 2 days. Thé R\vaeugcgnd the rggigue recipitated by adding
25hexanes. ed by il was Theawvash ith hexanes to obtain a
green solid. Yigld: 6,3 g (82%). 1H NMB=&460 M %, ED2C)7=8.00 -6.00 (m, , Ph-/-0, -19.02
(dd, 241-153%.2 Hz Ntkl, INH). 31P§LH} NMR (400 MHz, t@‘ Panl 15h36- Transition metal
complexes of EQC&P or 1,3-C6H4(0PR2)2 ligands (R = ethylHsdpropyl, phenyl o iarybutyl) were

prepared. For R = tertiarybutyl, 5 the known complex
1,3- bus(d|teruarbefymkv%%r@bwe@hmwaﬁo@mr@mg|tpv@§tammﬂe@rﬁm@ur@thef>ﬂ groups

attemyged, Gylures AL inistpg Used a3 gaialysts i, Thgge figgnp were also

reacted with trichlorooxybis(tri hen hosphine)rhenium(V) and ruthenium 111‘21 chloride hydrate.

Complex mi@iv&s fofiady 1 13891 §$§§(o§ls%§rc§§§lpﬁbsph‘i‘nw éHBeMétFomonickel(11)
CD2C): & 8.51 (m, ZH) 7.85 (m, 2H); 7.23-7.10 (m, 24H); .75 (m, 2H); 2.97

(m, 2H); 1.59 (m, 2H); 1.33 (m, 4H); 1.19 (m, 2H). >'P{'H} NMR (1682 MHz,
CD,Cla): 8 -12.4.

&Nt was then remo

15
Example 15
N’ N-bis(2-(diphen yfphosphino)benz vi) cyciohexane- 1,2-diamine

=N = NaB,
a!hanoi
PPh,  PhP PPh, PhoP >

A mixture of N' N*-bis(2-(diphenylphosphino)benzylidene)cyclohexane-

20 1,2-diamine (2.18 g, 2.83 mmol} (prepared according to the literature
procedure: Laue, S.; Greiner, L.; Woltinger, J.; Liese, A. Adv. Synth. Catal.
2001, 343, 711) and sodium borohydride (NaBH4) (0.64 g, 17 mmol) in
ethanol (30 mli) was refluxed with stirring for 6 hours. The resulting solution

was cooled to room temperature and water (15 ml) was added to destroy

25 excess NaBHs; The mixture was extracted with dichloromethane and the

combined exiracts were washed with saturated aqueous ammonium chioride
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0-p'Pi20 -P'Pr2 Ni -Br -P"Pr2-1,11Dr2 The compound was prepared with a slight modification to the
literature 15 procedure: (Pandarus, V.; Zargarian, D. Chem. Commun. 2007, 978-980). Yield: 0.66 g
(95%). 1H NMR (400 MHz, CDCI3): 6 6.96 (t, JH_H = 8.0 Hz, 1H, PhH), 6.42 (d, JH-ry = 8.0 Hz, 2H,
PhH), 2.46 (hCAM3PEERCH3)2), 1.43 (dt, Iry-H = 7.1 Hz, JH-p = 7.6 Hz, PELABE09943 (qt, ary-H =
7. Hz, Jry-p = 7.1 Hz, 12H, CH3). 31P NMR (162 MHz, CDCI3): 6 188 (s). 20The reaction of
1,3-bis(diisopropylphosphinooxy)benzene with nickel(11) bromide in the presence of triethylamine
proceeded%& Z/TEH %Wrﬁmwmﬁ{oﬁm&m@ﬁ@wm%@%&W&ﬁﬂﬁfékm
bis(diisoprayipteosnt theexiileesd enclugmsiiickgil Hhe Fikseenpis 48en evaporated to
1,3-bis(drisgpropylphosphinooxy)benzene, with,iron(1.1). chloride, .0 1PiPr r %hloride (FeCl2)
(7mg g, 0,05 Sm%l)év%fé%‘%uadg'&ﬁgvé $Siiion 5 ,%éis%d%%ié%pﬁbﬁ@&i@ﬁéﬂy zene (0.020 g,
0.0584 mmBDif kgtrafyaBofl A0 (30, RA - TPe-f6adtied (ojdtreNCGis,thebstibg Bt fdein 5 temperature
for 30 min follo b hours, Solid . pptassium teriary, butoxide g, 0.0891
mmol)$/1va;Jé :gégé 'fgl%g\}\ie)gétf?fathgréh%rg%’ boﬁ&n%’%%ﬁ%rﬁ%, '.GZ%r}ﬁEI&Q%ogﬁeﬁﬂgrature, no gas

evolution Wwab#biskryedi3.10 Example 44 Bis(diisopropylphosphinooxy)benzene with cobalt(l0 chloride
/o-PPr2 CoCI2 catalyst 60C O-FI'Pr2 Cobalt(11) chloride (0.008 g, 0.0584 mmol) was added to a
solution of bis(diisopropylphosphinooxy)benzene(0.020g,0.0584mmol)in 15 tetrahydrofuran (30 m1).
The reactioi@mRfe®as then stirred at room temperature for 30 minutes, then at 60C for 3 hours.

The color of %‘@(’i?ﬁﬁﬁ@?pﬁéﬁ%ﬁs(z%%&ﬂsﬂé%%((ﬂ}ﬁngﬂ%%ﬁ%%éSﬂiﬁgz)(n%“é%%éca- 10 mg, 0.0891

mmol) was added followed by ammonia borane (ca. 50 mg, 1.62 mmol) at room temperature. No gas
evolution was observed. 20The rgaction of bis(diisopropylphasy hinNoxWbenzene with both iron(11)
chloride and cobalt(11) chloride were attempted but the . gducts-werenot fully characterized. Metal

Complexes with (-P-phe -P-Q Lig@nd§gn§uE*amp
1,3-bis((ditertiarybutylpho o)methyMenzenechlor rid%i/r/' ium(111)

10 “ \
The compounds were prepared according to the iiterature procedure
{Caballero, A.; Diez-Barra, E.; Jalon, F. A,; Merino, S.; Tejeda, J. J
Organomet. Chem. 2001, 617 — 618, 395 — 398 and b) Simons, R. §.; Cusier,
P.; Tessier, C. A.; Youngs, W. J.; Organometaliics 2003, 22, 1979 — 1882). A
15  neat solution of 1,3-bis{chloromethyl)benzene (3.5 g, 20 mmol} and n-butyl

imidazole (5.0g, 40 mmol) was stirred at 140°C for 20 hours. After the mixture
was cooled 1o room i{emperature, the residue was dissolved in
dichloromethane and the product precipitated by the addition of diethy! ether
(500 mly, affording a very hygroscopic pale yellow solid. Yield: 6.7 g (78%). 'H

20  NMR (400 MHz, CDCis): 8 10.82 (s, 2H, NCHN), 8.26 (s, 2H, imidazole-H),
7.61 (d, 2H, *Jun = 9.2 Hz, pyridine-H), 7.34 (s, 2H, imidazole-H), 7.23 (, 1H,
*Jun = 8 Hz, pyridine-H), 5.81 (s, 4H, CH,), 4.24 (t, 4H), 1.84 (quintet, 4H),
1.30 (sextet, 4H), 0.91 {t, 6H).

A pincer ligand containing two ‘NCN-carbene’ fragments was

25 synthesized by the reaction of 1,3-bis(chioromethyl)benzene with n-butyl
imidazole at 140 °C. This reaction afforded the dication 3,3'-(1,3-
phenyienébis(methyiene))bis(1-butyi-1 H-imidazol-3-ium) chloride. The 'H
NMR spectrum of this material confirms the cationic nature with a resonance
for the imidazolium protons in the 3 and 3' positions appearing at 8 10.82.

30
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The compound was prepared according to the literature procedure (Moulton, C. J.; Shaw, B. L. J. C. S.
Chem. Comm. Dalton Trans. 1976, 1020 - 1024). Yield: 0.60 g (38%). 1H NMR (400 MHz, CD2CI2): 8
7.00 (d, 34-1-1 = 58.0 Hz, 1H, 4-H), 6.98 (m, 2H, 3- and 5-H), 3.14 (m, 4H, CH2), 1.39 (m, 36H,
(-Bu), -43.0 th2dpeh+432.0 Hz, 1H, rH). 31P(1H) NMR (162 MHz, CD2Ckt/8 68d3/60094Fincer
complexes containing 'PCP (1,3-C6H4(CH2PR2)2) (R = isopropyl, tertiarybutyl) ligands have been
synthesized. The reaction of 1,3- 10 bis((ditertiarybutylphosphino)methyl)benzene with
chlorobis(cizlamgtlenejindium(l) dimer affords the known complex 1,3-

brs((drtertlaé¥ &ylgj&c?sgn,gﬁém%gra ben%%rg dréh‘L%Eg £7yogl glrjn% (zr 7é . with catalyst The compound

was prepare according t ure procedure ; Shaw, B. L. J. C. S. Chem.
Comm. Dalton Trans. 1976, 1020 - 1024). 20 mg of the solid and 7 ﬁ‘(\q 062 mmol) of potassium
tertiary butoxide were drssolved in tetrahydrofuran and then 50 mg {1.62 m#aal) of ammonia borane
was added, resulting volution rge amount of h r@ his reaction resulted in a
mixture of compoumqgggnple@ i HN®

1,3- bls(d|ted|arybutylW)methy%ehz\mchIorotrrph@n/ﬂp%%phlneruthenlumal) This

compound was prepared inasimilar fashion to the phenyl analoguo&# Kaxen Dani, P.; Grove, ID,
M.; Steenwinkel, P., van Koten, G. Organometaffics 1996, 15, 5687\; 13 Yreld 0.448 g 31P{1H}
NMR (162 MHz, C6D6) 32.6 (ca. 65 % ), -7.3 (ca. 35/0). 10 mg of the product was 10 dissolved in
10 nil of tetrahydrofuran and 10 ml of water in a scintillation vial to form a yeIIow solution. Ammonia

borang-was adde ' reaction of 1
,3-bis( dltertrarybutyrp ospL oérnethy éﬁg){/]vﬁ{t%! %i%ﬁﬁroéns trr osp%rn%‘srlﬁthenrum(ll)
provided the (Ad&/ionRe})repdtid- chioroethyl)ammomum chloride | HgN(CHZCHZCI)z ICl in
15complex3g3 M!S&d&ﬁﬁéﬁ‘{é(béﬂ&'RHQ%HWWQ&Y%’R%@%BM%HPW%' sBRRsRARgIUthenium(ll).

Example 48 1,3-bis((ditertiarybutylphosphino)methyl)benzene with ruthenium(lll) chloride hydrate
The compdi&HaNas Méﬁ&%ﬁ%&éﬁﬁrﬁ‘ﬁ%@%é"%r‘ﬁftl@*%%%bﬁhﬂ% (eukuee a(i?‘as Md¥off, M.

Dolgushin, foidnat-weseakeatic. aAdtingd rddidtOwmraomeladies 2000wd9 ubédddildan). Yield: 0.05 g.
10 m of t F%frocggj:é %58% solved |n 10 ml of tetrahydrofuran and 10 ml of water in a scintillation
|

25vial 90 fotfh B h(‘éarﬁ féﬁal was tested for ammonia borane hydrolysis. 1H NMR (400
MHz, CeD6): 87.06 (m, 3H, C61-13), 3.13 (overlapped, WO 2008/141439PCT/CA2008/000943 4H,

CH2), 110P}?_%£V15EJT‘TC§\F6#4%LC§BM§&EQ&F§} NMR (162 MHz, C6D6): 8 69.0.
Metal Complexes with {-P-N-P-) Ligands
Example 18

THE \ THF

NH + CoCl,———# NH—CoCl, *—— NH; + CoCl,

triethylamine
PR PR, PR2

2

15 R =lpr gy R = Ph

(a) bis(2-(di-iso-propylphosphinojethyllamine dichioro cobalt and (b) bis(2-(dj-
tert-butylphosphinojethyllamine dichloro cobalt
R = iso-propy! and tert-buty!

20 These compounds were prepared in an analogous manner and only
the synthesis of bis{2-{di-iso~-propyiphosphino)ethyl)amine dichioro cobalt is
described herein. Excess bis(2-{di-iso-propylphosphino)ethyl)amine
[HN(CH2CH2P'Prz)2], 1.85 g, 6.06 mmol] in 5§ mL of tetrahydrofuran was added
dropwise to a vigorously stirred suspension of CoCl; (0.690 g, 5.31 mmol) in
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Refluxingl,3-bis((ditertiarybutylphosphino)methyl)benzenewith  ruthenium(lil)chloride hydrate in
ethanol produced the known complex 1,3-
5bis((ditertiarybutylphosphino)methyl)benzene(carbonyl)chlororuthenium(ll). The carbonyl ligand is
formed by d&sadsoiiiA&tidN of the ethanol solvent. Example 49 PCT/CA2008/000943
1,3-bis(di-t-butylphosphine)methyl)benzenechlorohydridoruthenium(10 The compound was
prepared according to the literature procedure (Gusev, D. G.; Madott, M.; Dolgushin, F. M.; Lyssenko,
K. A.; AntafimivefYTidirgahbenotidtios 2089 sliget7awerniZas) anibkied. 126 golvemhgvesthe product was

dissolved 349,03 f (RERRYCPAL aBRGA0 il pLowater o SCkLAan iy dpldaarm & red soluton

Ammonia ne was a 0 mg, 1.620 mmol) and the hydrolysis rate iIs moderate. 1H NMR (400

MHz, CO20)leptesi7on7aalass-fripeasyrrisy, ©.92¢H0- 1N iglAeAyREa 9 36 mABINEIRI2), 1.27, 1.34 (v,
J = 9.4 Her 385} de Bi3lp-dh-R3 Grddiphosbhin djgirghaRind) aHdAd B MMBs (182 1Midz, C606): 8 63.7.

20A complex was prepared by the reaction of 1,3-bis((di-tert- butylphosphino)methyl)benzene with
dichl8ro(F cSA¥ienENYSHRERFIAREY diMies. TIRRRRRY onResufliin (REGBRARAREN oPthePreviously

reported piressrepiBiianonsiaibe conitdiratisinthphemvaidhadnaial isHakerudgedpy tiwo phosphine
groups, a hydride and chlaride ligand and.an aqostig interaction 25 with a phenyl C-H bond Metal
Complex ORI PHENIhe iene NEH S LG R kg conmiiod the Shiciire

NI,N3-bistdiitep pyiptiosfhinabepzene- Eiitedre gith SGclivixo bis(eydioeotere)idium WO

2008/141 39P%TE/%A2100§/000943 HN-PPr2HN-PPr2 To a solution of

chlorobis C%Efgoc Ehedific ium(1) dimer [Ir(COE)2C1]2 (0.025 g, 0.0294 mmol) in tetrahydrofuran (20 ml)

wasléddeft N3N Bisleitvdpiopy ihakhiisypére efedier-artiaihe (0.02 g, 0.0587 mmol). The 5

mixture wgs;fgﬁg,q/pt room temperature for 30 minutes, then at 80C for 3 hours. The solvent was then

removed in vacuo, and the residue was precipitated by the addition of hexanes. The precipitate was

isolated by filtration and Wa%Te’nWQShed with hexanes to/Gbtainza solid product. Yield: 15 mg (45%).
i

The compound appears to bé moisture sensitive. 1H N (400 10 MHz, CD2CI2): 8 7.6 -6.80 (m, 3
H, Ph-1-1), 3.10 (s, br, 2H, 2.30; éFBO (mitfH, CH(GH3)z 580 - 1.00 (br, 12H, CH(CH3)2),
-24.6 (dd, 2JpH = 15.2 Hz, 1H, I?E;). 5P {1 HeNNRI(4 62 KMHz, CDZCI2): 684.0. The reaction of the
ligand with chlorobis(cycloo]é%sﬁi)iridium(l) dimer aﬁord% gle compound that has a 31P NMR
resonance at 6 84.0. The 1H 15 N R spectrum of the pro ctpgﬁows the presence of the
P-N-phenylene-N-P ligand and also & hydride signal at 6 -24.6. \Rfe propose the tentative structure in
the scheme abovédopthg dadplesadbxampletbgi@dine (NEls) was added to 250 mg

P ORM Bl O SR RASRE b 3EIBMLE ) SRR R o dhsRiEr2 Co

15  [HN{CH-CH2PPh2)-HCI} in 10 mi of THF and the mixture was stirred for 10
minutes. 65 mg {0.501 mmol) of cobalt dichloride was added and the mixture
was refluxed for 30 minutes. The solvent was removed in vacuo and the
purple solid was washed with 3x5 mi of iso-propanol and was then dried in
vacuo. Yield: 80 %. NMR spectra were not obtained. The compound

20  exhibited a good activity towards ammonia borane hydrolysis.
(d) Bis(2-(diadamantylphosphino}ethyl}aminedichiorocobalt(li)

PAd, PAd,

NH  + CoGl —tmm NH—CoCl,

PAd, PAd,

in a typical experiment, to a solution of bis(2-
(diadamantylphosphino)ethyl)amine (0.20 g, 0.30 mmol} in tetrahydrofuran
25 (20 ml) was added cobalt(ll) chloride (0.04 g, 0.30 mmol). The reaction
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THF, 60C HN-PiPr2 Cobalt(ll) chloride (00012) (0.0076 g, 0.0587 mmol) was added to a solution
of N1,N3-bis(diisopropylphosphino)benzene-1,3-diamine (0.020 g, 0.0587 mmol) in tetrahydrofuran
(30 m1). The reaction mixture was then 25 stirred at room temperature for 30 minutes, followed by
60C for 3 howrs x@suliiagpin a change of color from blue to bluish green. T#ermatesigsovas tested for
ammonia borane hydrolysis. WO 2008/141439PCT/CA2008/000943 The reaction of
N1,N3-bis(di-iso-propylphosphino)benzene-1,3-diamine with cobalt(l11)chloride or
trichlorooxybit(taptvesythbasptiire] rzeni uraf)sdoftircé droixtsirahef podhratsvadgtshComplexes with

(-P-NN-P-) L 52 . N

N1 N2 Dy @RI e was prociaiiaied by the addiion of hexanes. ThBA 635 mg
(1.268 mbipsarepidteteny el @iphéhgiphasisnoyitherdiendcblairerapkid, 2-diamine and
150 ma (sbha "yia) f FERRGBANIRAR WELRRL AL mot LBl ARBIPT Iftedfy Qpadgour. 40 mi of

diethyl ether was added dropwise and then the mixture was stirred for 30 minutes to Complete

precifitatiGrodud ¥k Hesobeid died Bytaeli ietr anyaieivr amsmst 1S wHhod waist dretayl ether and

then driedggivaRn\Rl0E- Aehta NMR SNBEHR WRESHSIRRIAINES tested T8 8RRHBRT this ligand
system with cobalt(I1)chlaride in acetronitrile proceeds smoothly to afford a brown material 20

Example SPBRELMEMNHAR)NL, N2-bis(2-(dipheny/phosphino)benzylidene)cyclohexane- 1,2-diamine
iron (118 tetraflucnabgr;[atebwe = gﬁﬁsﬁlb Iékleds u@@%t?rﬁté@@dnl)bgastﬁéd%é@tm mg€(0.319 mmcl))l) of
N1,N2-bis(2- (diphe phigo)henzylidene)cyclohexane-1,2-diamine a mg (0.302 mmol) of
iron (I1) tet%hﬁ%&&§é{§$§igﬁy&§8ﬁé&gﬁgﬂgﬁ%gﬁ%’%@ M?ﬁu?gqﬁgé{i%ﬁ%r r one hour. The
solutién wherdBrreaupabesidreapiotid anal pidns20dihef dieshigbétbet indsgiddedtidriopwise. The
mixture w ' r nu lj ' dried in vacuo.
Yield 240 ﬁas’éggg%ﬁ%ﬁ%ﬂ%( Oéoﬁl\%ﬂaﬁ%%%gﬁﬁggﬂgﬁ %s%k%ggs%dc%%‘(m“l?%ggﬁn%d 2.80 (m); 2.15
(m); 1.55 @yl $1PNNMR STREIMAAVEDESRME8d. (2T Aeandiefilwiasitestbd Mrusiitonia borane
hydrolysis.dQdibradelifionpiNLb&iRis2 4diphieny|paRTeRinp RENAHRe NGy gRhexgne-1,2-diamine to

iron () tetrafluoroborate hexahydrate in_acetonitrile resulted in the immediate formation of a red

solution. TSR ARIHIE BIRHBGRNGas rEARIIP ISSRRSHiaFRBRIS I PBRNeARSIR structure
indicpged igribarssaeshe abeyaRONRBaeE af the square pyramid. A chioride ligand is at

the apex.

Example 19

P'Bu,

PPy PR, {
(T e
Ny SOHNCOERTIE N 0.5 ICORRCI P 7
H/ii THF & THF M Q
|

PBu,

P'Pry R pr PRz R =By
20
(a) Bis{2-(diiscpropylphosphino)ethyl)aminechiorodifiydridoiridium(lli}
R = isg-propy!
This was prepared according to the literature procedure (Clarke, Z. E.;
Maragh, P. T.; Dasgupta, T. P,; Gusev, D. G,; Lough, A, J.; Abdur-Rashid, K.
25  Organometallics 2006, 25, 4113). Ammonia borane was added (50 mg, 1.620
mmol} and the hydrolysis rate is moderate to good. H NMR (CsDe): & -25.13
(td, Jnr = 8.0 Hz, Jup = 14.7 Hz, 1H, IrH); -19.83 (id, Jun = 8.0 Hz, Jup = 13.5
Hz, 1H, IrH);, 0.84 (dd, Jun = 7.0 Hz, Jup = 14.1 Hz, 6H, CHa);, 1.13 (m, 12H,
CHs); 1.59 (dd, Jun = 7.0 Hz, Jup = 14.1 Hz, 6H, CH3); 1.65-1.87 (m, 8H); 2.93
30 (m, 4H, CHg); 3.99 (br, 1H, NH). ¥P{*H} NMR (CsDs): & 54.17.
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15 psueodooctahedral complex with a coordinated P2N2 ligand a two coordinated acetonitrile ligands.
The 1H NMR spectrum of the material shows the expected resonances, and features a two proton
signal at 8 9.24 which corresponds to the N=CH moiety. The 31P NMR spectrum of the complex has a
single resorn&McE B18297. 20 Example 54 N1. N2 -bis(2-(diphenylphospPitidg A2008/400943
benzylidene)cyc/ohexane- 1, 2-dia minewith nickel(ll) bromide 25Acetonitrile (10 ml) was added to
751 mg (1.140 mmol) of N1,N2-bis(2- (diphenylphosphino)benzylidene)cyclohexane-1,2-diamine and
249 mg (T4Biaiamal-tarhisksipossenadelyhemime il ywikn echidzoatiogdof e hour and then
was coolggdfp,zpom temperature. 40 ml of diethyl ether was added dropwise and the precipitate was
collected on by vacuum filtration and was 30 dried in vacuo. Yield 1.003 g, 78 %. NMR spectra were
not obtairfdd d@&-&the low solubility of the compound. The material was tested for ammonia borane
hydrolysis. AnicleleepalexeiNiitdiRis(2:i8iePeBYRBASP¥ARIride] dimer [ir(COE)ZCI?z
benzylidene)cyclohexane-1,2-diamine was prepared. The material has not Sbeen fully characterized
oving 1o 16 EXendly N EHULAT. BRASle S8 DLy hGSpTG)oth Jarmine (3 540
N1,N2-bis(2-¢dipiesly| pras phigsmibed zididengagci@eninant] 2sdiesainfwithd minutes.
tetrakis(agetonitrile)capper(1l) hexafluorophpsphate 10 . .. To,a splution of

N1 N2 TS oA S ATy e B oA 200 21 Q8 A% B acetonitle (20
ml) was afiltreticetrridsdaestimitala)coppetd) BT goraptiospHaB. 88 L. 01 1D5n). The reaction
mixture was then sti rqom tempera for . Lh lvent 15 e d in vacuo, and
the resid ’v?/a%agreﬁé%ﬁé%d%ﬁh@%c‘iﬁﬁiéﬁ%ﬁﬁbﬁﬁés. é%?egcke&afeuwggﬁéﬁ%\‘gnd was washed
with! Rexafiék aridbdit @ h{oaduoe. TRhe RidtrialRdbugéd withbul Bither ghtificttiod. §& ammonia

borane hydkohisuner g, 41 WIS (300 e (G0BARK 87 @ 7 Ty 306 () 232

(m): 1.83 (m): 1.05 (). 3TP NMR (121 ¥Mhz, CD2C12): 2 he material was tested for ammonia
borane hydhiyéissDs), & édpgper containing P2N2 complex was prepared by the reaction of

Nl,N2-biq@-@lﬁbw&abmmmﬂgﬁrﬁ)@m}ﬂhémmﬁm@m@mﬂngtrakis(acetonitrile)

copper (1) hexafluorophosphate as depicted in the scheme above. The 31P NMR spectrum of the
complex displays a single 25 resonance at *5 -3.0. The 1H NMR spectrum shows a signal for the

N=CH group at 6 8.47. Exar?»eéﬁy2 (PCyz
0.5 [Ir{coe),Cllo H

NH N—r~—H
& toluene H/< C§/ iF
15 ' PCy2 \\PGyQ
A midure of chiorobis{cyclooctene)iridium(l) dimer {Ir(COE}Cl} (0.18
g, 0.21 mmol) and bis(2-(dicyclohexylphosphinojethyliamine (0.20 g, 4.25

mmol) was dissolved in toluene (5 ml) and stirred for 4 hours at room
temperature. The solvent was then evaporated and hexanes (20 mi) was

20 added and then the precipitated white solid was collected by filiration and
dried in vacuo. Yield: 0.18 g, 60 %. 10 mg of the product was dissolved in 10
ml of tetrahydrofuran and 10 mi of water in a scintillation vial to form a red
solution. Ammonia borane was added (50 mg, 1.620 mmol) and the hydrolysis
rate is good and is comparable to the iso-propyl analogue. "H NMR (400 MHz,

25  CgDg): 8 3.15 (b, 4H, CHy), 2.70 (b, 4H, CHz), 1.80 — 1.80 (b, 20H, cyciohexyl-
H), 1.20 — 1.40 (b, 24H, cyclohexyl-H), -25.30 (&, broad, 1H, IrH). *'P{'H} NMR
(162 MHz, CgDg): & 20.3. The compound ftransforms into bis(2-
(dicyclohexylphosphino)ethylyaminedichlorohydridoiridium(ill} in
dichloromethane.

30 (d) Bis(2-{diadamantylphosphincj)ethyliaminechiorodihydridoiridium{!ii}
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WO 2008/141439PCT/CA2008/000943 _
N1,N2-bis(2-(diphenylphosphino)benzyl)cyclohexane-1,2-diaminewith chlorobis(cyclooctene)
iridium(1) dimer flr(COE)2Cliz catalyst + 0.5 flr(COE)2CO2R = Ph, Tol, Xyl R = phenyl 5To a solution
of N1,N2-bi¥Z @istsdphosphino)benzypcyclohexane- 1,2-diamine (0.380EE;248/PH¥30l) in
tetrahydrofuran (20 ml) was added chlorobis(cyclooctene)iridium(l) dimer [Ir(COE)2C1}2 (0.180 g,
0.208 mmol). The reaction mixture was then stirred at room temperature for 30 minutes, and then at
80C for 3 hours. The solvent famoved in vacua, and the"P@zesidue was precipitated by the
addition of hexanes. The precipitate vgaslrfilt%reg and wa Wasb d with hexanes to obtain a solid
product. The material was usgd Withauﬂu&cfﬁéf_dﬁzjficatio for,ammonia borane hydrolysis
experiments. Yield: 0.28g (70%). 1H Nikng400 MHz, 6 2@1/2P: 7.58 - 6.80 (m, 20 H, Ph-H), 4.40
-3.50 (m, 4H, NC/-12), 2.23 (m, br, 24H, CH3), 1.90 - 15 0.20|(m, br, 8H, cyclohexane-H), -21.05 (dd,
2JpH = 20.5 Hz, 1H, rH), 319THFR®IR (400 MHz, CD2C12): 8A%.0 (ca. 50 %), -17.5 (ca. 50 %). (The

31P NMR data ig\different tpahiBRiielajISIaRABRANGIHE) him\@r-ﬁrg@b%mﬂé&&%n, J. -S.; Liao, X.
-L.; Dong, Z. - R.; Gao, J. -X. Journal of Molecular Catalysis A: Chemical 2004, 218, 153 - 156).

20Therea8tiviy Bf BENhEFP IS phiiagamabiphpseino)ethyhamine (0.20 g, 2.97
(diphenylphegphing hiseyfievicliahexangdictagianmmeio v seihter ebis{aysleeciensairidium(l) dimer
was igve ti ated.'{hisr ction roduced a mixture of two compounds Wétéres nances in the 31P
NMR st THIRERE'S 7 DS St Shiesh SYARRTBLH AR RAL T 58 SRNidtR WO
2008/141488EC BICARROBhEOPBEH Extrdplehiig @)lildNMas collected by filiration and

IV2-bis(2-(diphe phipo)b e e -1.2-diaminedichloroc [t . obalt(I1) chloride
(0,001 o R Ve U S R i o HE B VR e e i 36
N1N2-bismi(dfpﬂw@mcﬁr@émncgpént&lmyabm@tanénlazaﬁiaﬁﬂa@e@.@aB_i@, @ smedol) in _
tetrahydrofiyjagn,(3 MiAmEABBRIAN WAK LR MAE AR healsd ARSOCHatAllisaRalldd) chioride

dissolved (<3 minutes). A 1 ml portion of the reaction mixture was taken and water was added,

follolfed B§iEnitnEXRERIPRABNSIAOS 50§, TVPRAADE, FastifingHeexbehgiaNBR#¥Ben evolution.
(b)N1,NZ2Bis(Rfdinptelyiospanakenaxocygobexane-huzdigmiga dishiemgobetiid)

catalyst in many solvents, it was not possible to obtain a good *H NMR

spectrum.

(e) Bis(2-{di-ethylphosphino)ethyl)amine with chlorobis{cyclooctene) iridium(l)

PEL,
( 0.5 [Ir{coe):Cil»

NH = calalyst
toluene

15  dimer

PEty
The compound is prepared in a similar fashion as the cyclohexyl
analogue to obtain a red color solid. Yield: 0.3 g, 31%. 'H NMR (400 MHz,
CsDsg): 8 3.15 (b, 4 H, CH2), 1.47 (b, 4H, CHa), 1.30 (b, 8H, ethyl-CHy), 0.80
20 (b, 12H, ethyl-CHs). *'P{'"H} NMR (162 MHz, CsDe): & 42.5 (d, *Jep = 388 Hz);
34.9 {d, “Jps = 368 Hz). 10 mg of the product was dissolved in 10 ml of
tetrahydrofuran and 10 ml| of water in a scintillation vial to form a red solution.
The material was tested for ammonia borane hydrolysis.
The reaction of (RPCH;CH.)NH (R = terfiarybutyl, adamantyl,
25  isopropyl, cyclohexyl, ethyl) with chiorobis(cyclooctenediridium(l) dimer readily
affords ‘PNF iridium complexes. For R = tertiarybutyl, the complex bis(2-
{(ditertiarybutyiphosphino)ethyllaminechiorocyclooct-1-enyldihydridoiridium(li)
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Ar = para-C6H4CHs Tetrahydrofuran (3 ml) of was added with stirring to 230 mg (0.320 15 mmol) of
N1,N2-bis(2-(di-p-tolylphosphino)benzyl)cyclohexane-1,2-diamine and 38 mg (0.293 mmol) of
cobalt(ll) chloride. The mixture initially turned pink and after stirring for 1 hour had turned dark green.
The solvent wagegineiasd in vacuo and the solid was triturated with 2x5 raCefdrextagie®aid was then
dried in vacuo to afford an olive green powder. Yield: 230 mg, 93 A. 20The compounds
N1N2-bis(2-(diphenylphosphino)benzyl)cyclohexane-

1,2-diamitfe S5RINAD Hidildiielb 19nshesitino)baazi Sbhsrestran?-stigaests Were reacted with

cobali(11)gRadEeToe daulder faMpiaKs I aRIAA K DIRREREYEmANALET e solvent in vacuo

and triturating the matesgial ; WO 2608/ 9PCT/C42008/000943 In hexanes. The compounds are
paramagrdti¢@nd Weere RbtBraMBteageivihbhvesmTemphexes avithepncal-shik-#iLigands 5

Example §8 ,N2-gis(pyridin-2siRiethylenaigyclghexsaes 1nd-ehanpineymith, 4 r(&l))eﬁ‘ﬁr fluoroborate
hexahydrate [Fe(OHA][3F412 Ngg:%H CeigCN Fe N NsR,%%\%w&G%ﬁﬁ%@gassed g@etonitrile (20 ml)

Sl
of was adBEYNRFPEIRYH0GE wkliypTideridmbibeadisbiainatbtiad nE)ey fofkane-1,2-diamine
and 210 rggh(:6re2 (Beneikafikongricptoaipheraie heralviisiedreOERRIB 43 resulting in the

formation of a deep purple solution. The mixture was stirred for one hour, filtered through Celite and

then concBRGHEE iRANRSS B & PEYREaRFANG AT HeR RtharAResRg WIB R NEuilting in the
formation gribap ignle g afidalmdhialionas sadetitdrby Yasuveatdiltsatied ahibddedigavadyo. 1H NMR (300

M.hz, CO2CI2): 5 3.4 m bCQ' 7'17'<18' 3 (m, br): 3.61 (br); 3.24 (br); 2.96 (br); 2.35 (br); 1.11-1.83 (m).
Yield 270%5, St 5 ]H&: rrrr11af§etﬁa?Ovag\lgs?é%yfgq@ar&#ﬁo |aab8Jr%%@ ﬁ&cﬁ%‘féyg. %ﬁ&%%ple 59
N1,N2-bistpaaitwe-yimethylenéhey clptioratsevl, Zythamirewithndtrakiskatett@trde)cepper(l)
hexaﬂuor%pgégn%lﬁd cis 1o the hydride ligand.

For R = isopropy!, cyciohexyl, and adamantyl, the complexes
IrCHH)AN(HYCH2CH2PR,)2} were obtained. The 'H NMR spectra of these
materials indicate that no cycloocteny! group is present. For R = isopropyl,

15 the 'H NMR spectrum shows the presence of two hydride ligands with
resonances at & -25.13 and -19.83. The compound was characterized
crystaliographically previously (Clarke, Z. E.; Maragh, P. T.; Dasgupta, T. P.;
Gusev, D. G.; Lough, A. J.; Abdur-Rashid, K. Organometallics 2006, 25,
4113} and the X-ray structure confirmed the formulation. For R = cyclohexyl,

20  a single crystal of the complex was obtained from dichloromethane. The X-
ray structure showed that the putative dihydride species was transformed to a
dichloro hydride complex. The ORTEP depiction of the compound is shown in
Figure 5.

For R = adamantyl, the low solubility of the compound precluded

25 analysis via NMR but the compound is anticipated to have a structure
comparable to the isopropyl analogue.

For R = ethyl, a material is formed that has two doublets in the *'P{'H}

NMR spectrum at 8 41.0 and 34.8 (J = 368 Hz).

30  Example 20

Bis(2-(diphenylphosphino)ethyl}ammonium chloride with chioro
bis{cyclooctene)iridium(l) dimer
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Degassed acetonitrile (10 ml) was added to 100 mg (0.342 mmol
25N1,N2-bis(pyridin-2-ylmethylene)cyclohexane-1,2-diamine and 110 mg (0.295 mmol)
tetrakis(acetonitrile)copper(l) hexafluorophosphate [Cu(NCCH3)4]FFe and the mixture was stirred for
one hour. TheGwioion4sas filtered through Celite and then the solvent vatame azassi@duiced in vacuo
to ca. 1 ml. 10 rnl of diethyl ether was added dropwise and the red precipitate was collected on a 5 frit
and dried in vacuo. Yield 110 mg, 75 %. 1H NMR (300 Mhz, CD2C12): 6 8.51 (s); 7.91 (m); 7.74 (m);
7.35-7.43 (m); 3.88 (m); 2.0 ¥h1.18-1.81 (m). The material was tested for ammonia borane
hydrolysis. Example 60 10 ETSZ-bis(pyridin-2-y|methylene)cycloheXane-1,2-diaminewithcobalt(lI)
chloride Tetrahydrofuraq@10 i) of was added to 22@ mg (0.752 mmol) of r,,f7N2
bis(pyridin-2-ylmethylene3cy xare-1 2MfrfFfREland 80 MY (084i5:5 mmol) of cobalt(1l) chloride.
The mixture was heated to feflux for three hours and w&Stfi&n cooled to room temperature and the
solid that had formed was ¢ cted by vacuum filtration and then dried in vacuo. Yield 259 mg, 99 %.
NMR spectra were not obtalned "he material was tested for ammonia borane hydrolysis. 20 Example
61 ,N2-bis(pyridif- 2iMwerﬁdﬁ:ymlmwxammsﬂmﬁammmmhm|¢:dneié1§f) brasride cagalyst (R,R)- 25A

0.700 g(2 s meth ne-1,2-diamine and 0.455 g
(2.082 mr?l%c?ﬁdo nlclébs?ﬁ%l grg?nb%lemwe@é ref 5 &j'%/l%ﬂ'}fl Paep)%tsse ?onmb & 16t one hour. 40 ml
of WO 20@8&0114533‘439P@TI@AQDG@IW@‘@Iém)&Mhé}&/\/mﬁdtﬁmm;ﬁtwecarfdﬁh% the solid was

coleated Ryiaeduny ALrRRRnY sk GehidlecBant R SREC gL R ARiabpigea e 1o the low
solubility of the compound. Com exes containing the 'N-N-N-N'ligand N ,N2-bis(pyridin-2- 5

yImetherH@)@f/é%H%&éneTf%%ﬁ {ame ws dil HBraveh. %E@@é&l@?ﬁﬁf@h@ﬁg twith iron (1)

tetrafluorahasaigreralydraie s teiimids (arauikiiel GeppRIfANREXRIe P hRsPh@ifsproceeded
rapidly and afforded S|mgle products as |nd|cated by 1H NMR gectroscopy The spectra showed the

expected THEARLEEIRSPRRINRPRERPELR LR (I SHaRTakt prepared
analogousheerh@annharad&usaa&ﬁnmﬁsfnot’&ttemmmhduémetm.’amelfyi lowhsekbiligg (metal = nickel)
orp etic nature (met alt).qf th es,, Exampl

151, (pyr‘%cr‘i]“"eis1 20 ) |sg% cﬁP %uﬂ‘a&ﬁ yﬁeﬁffz‘:“?i’d‘é"\?\/ AR obIdtRy I8 ene)iridium(1)

dimer solid was collected on a frit and dried m vacuo (yield 550 mg). NMR

spectroscopy indicated that a mixture had formed. The material was tested

for ammonia borane hydrolysis.

15 Example 21
(a)  bis(2-(ditertiarybutylphosphino)ethyl)methylaminechloro  cyclo-octeny!-
hydridoiridium(if}

PIBUZ
P'Bu,
/\/ 12 [WCKCOERL /H
H;C—N B N———Ir 4
p{BuE 2

PtBUZ

20 A 230 mg (0.257 mmol) sample of chlorobis(cycloociene)iridium(l)
dimer [IrC{COE);}; was added to 210 mg (0.559 mmol) of bis{2-
{ditertiarybutylphosphinojethyhmethylamine in ca. 3 ml of foluene. The
mixture was stirred for 45 minutes and then 10 ml of hexanes was added
dropwise and the precipitate was collected by vacuum filiration and dried in

25  vacuo. 'H NMR (400 Mhz, CsDe): 8 5.32 (d, *Jun = 8.0 Hz, =CHj; 2.76 (m, 2H,
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Bre THF + 0.5 [| HCOE)2002cataiyst thethyla mine Bre To a solution of
1,11-(pyridine-2,6-diy1)bis(3-butyl-1H-imidazol-3-ium) chloride (1.0 g, 2.06 mmol) in tetrahydrofuran
(30 ml) was added 20 chlorobis(cyclooctene)iridium(l) dimer Dr(COE)2C112 (0.92 g, 1.03 mmol) and
triethylaminew@® 240sg 4t mmol). The reaction mixture was then stirred atroomutsnspenatare for 30
minutes, then at 80C overnight. The solvent was then evaporated, and the residue was precipitated by
the addition of hexanes. The precipitate was filtered and then washed with hexanes to obtain an 25

orange bOyly @oldr GoliBY M- 52FT36% {id, NBIR @BR)MH22 CD2C8); §1(B854,90 (m, 7H,
imidazol ridi A H2C H3), - : CH2CH2CH3), -
15,5 (s, %—%Eﬁéﬁ@g’m’ (éc Elpﬁgjl’rgb&%@%%Qﬁﬁ%ﬁ%#ﬁfz%@%ﬁ "é\l@ﬁégreaction of
1,1'-(pyriisizsR &Myl bis(3-buty1-1H-imidazol-3-ium) chloride with chlorobis(cyclooctene)iridium(1)
dimer in presg [ | ; | PtuLE s formed as
indicated Nh%@%%ﬁgggg%@é%@%ﬁgﬁg@ml@89%%%m@@éfﬁ@-1-imidazol-3-ium)
chlofide vigtigafidlt(1) chloride Bre THF + CoCI2 r catalyst triethylamine Br \1/4Bu 10To a solution of
1,11-(pyridine-2,6-diyl)-bis-(3-bu£,yé—u]éH-imidazol-3-ium) chlgsige (0.2 g, 0.41 mmol) in THF (30 ml) was
added cobalt dichloride (0.05g, 0i41°"mmol) and triethyfamin (5.08 g, 0.82 mmol). The reaction
mixture was then stirred at{oom temperature §o1.30 minutes| and then at 80C for 3 hours. The solvent
was then evaporated, and the residue was-thgn I5precipitated intg heXanes. The precipitate was
filtered and washed with hex acpejto oa@lﬁ;&u’é soILd%Yielf‘Q g (48%). The reaction of

1,1'-(pyridine-2,6-diy1)b3|s( bu'tY ~1H-imigaZol-3-ium) cliibritle with cobalt(l1)chloride produced a
paramagnetic blue solid matgrial that was not completely ch tracterized. 20 Example 64
2,6-bis(1-n-butylimidazolium)pyridif&dibromidewithdichloro-T, 842

Upon standing for several days, a solution of the pure compound bis(2-
(ditertiarybutylphosphino)ethyl)methylaminechlorocyclooctenythydridoiridium(l

10 1) (from procedure Example 21(a) above) in benzene deposited X-ray quality
crystals. The NMR data were not obtained and the yield has not been

determined.
(c) Bis(2-{diisopropylphosphino)ethylymethylaminechiorodihydridoiridium(l1i)

PP,
(' 0.5 {ir{coe):Clls

H30’<\l\ Toluens = camhs
F’iPrg
15 A mixture of chioro bis(cyclooctene)iridium(l) dimer [I(COE).Cl}z (0.28

g, 0.31 mmof) and bis{2-(diisopropyiphosphinojethyfimethylamine (0.20 g,
0.63 mmol) was dissolved in toluene {5 ml) and stirred for 4 hours at room
temperature. The solvent was then evaporated and hexanes (20 ml) was
added and then the precipitated pale orange solid was collected by filtration

20 and dried in vacuo. Yield: 0.30 g, 87 %. 'H NMR (400 MHz, CsDe): 6 3.95,
3.50, 1.59, 0.70 — 1.30. *'P{'H} NMR (162 MHz, CesDs): & 21.9. 10 mg of the
product was dissolved in 10 mi of tetrahydrofuran and 10 mi of water in a
scintillation vial to form a red solution. Ammonia borane was added (50 mg,
1.620 mmol) and the hydrolysis rate is very good and is comparable to bis(2-

25  (diisopropylphosphino)-ethyljaminechiorodihydridoiridium(llf) (from procedure
in Example 21(a)).
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cyclooctadieneruthenium(11) polymer The compound was prepared according to the literature
procedure (Poyatos, M.; Mata, J. A.; Falomir, E.; Crabtree, R. H.; Pens, E. 5 Organometallics 2003,
1110- 1114). Yield: 25%. 1H NMR (400 MHz, DM30d6): S 8.39 (s, 2H, imidazole H), 8.30 (t, 1H,
3JH..H = 14WH2H¥#idte H), 7.91 (d, 2H, 3JH-H = 13.5 Hz, pyridine H), PEBL {0®¥40iditlazole H),
4.32 (t, 4H, n-Bu), 1.92 (quintet, 4H, n-Bu), 1.38 (sextet, 4H, n-Bu), 0.92 (t, 6H, n-Bu).
When1,11-(pyridine-2,6-diyObis(3-butyl-1H-imidazol-3-ium) chloride 10and

dichloro(1,5-cycibectig@inth Sy steeni it i Siienéte rdRusce b oprshn dbifiandpidsence of
triethylamyne the kn ﬁﬂﬁn%@%&ug&r %‘Brepare iridium PNP comﬁlexes The

bis(1-n- butyllmldaz |um)pyr|d|ne carbonyDruthenium(11) was formed. The 1H NMR spectrum of the

product d§RSEWRith I8 literRigté-(eperialdphdphprprbno)ethy)methylamine  with

1,1-(pyridierddsthy é)é‘&@ it irh WI@ﬁrﬁ@k3@&%%&1@@/&@%@9&@@%&?%@%%6)Irldlum(l) dim
or THF 051 COE)2 1]2catalyst triet Iamlne To a solution of

1,11%(pyrRARE/S% RISk %’i‘%’*ﬂﬁfﬁf}?‘ﬂ ARSI TY A S LRTINRE IoBPGY RREIRRYST) in
tetrahydrifidrdo(Biunt) vasT addEe [NMWBb&WDOEt&mbGHpM@hdmrrBB(@x@ﬁ)éCl]2 (0.92 g,
1.03 mmog and trlet |ne g%% mmo| actlon mlxty Was l;\hen irred at room
temperatu GRSy @8 m|n s then-at vePn@qu‘ﬁe VeIt Was 'tﬁgn \S/aBOPa e% and the residue
was precipiatadtbyothe addibiociafidigares.id mxdqixtemphd:am b\aamﬁkﬁeredoauamtheatv@ashed with
hexanes ég&%talirl]ija%ﬂoran e brown coloc[fsolld Yield: O. 52%?(—?26%&“2% 400 Hz, CD2CI2): 8
7.63 - 6. DIRAPASETES 4B RRISR .0.14 (m, 14H,
NCH2CH2EEZEH8)ow15.5 (s 1H, 11-1-0, -23.8 (s, 1H, Ir- Example 66 1,1

'-(1,3-phenylenebis(met (jgjene))bls(?; butyl-11-1- |m|dazol 3- |um)chlor|de 10 with
chlorobis(cyclooctenéjiri urﬁ(l) dimer THF + 0.5Ar{CHE)2C0O2 ¢ F%Elethylamlne To a
solution of 1,1'-(1,3- henylen )bis(3-butyl- 1|5||g1|da ol-3-tum) chlaride (1.0 g, 2.36
mmol) in tetrahydrofuvary ebus(ey.c—leeeien@m . .% (1.06 g, 1.18 mmol)
and 15 triethylarfiine, (9. 4§ g, 4721 mol) The r\éac\t,ian mixtureswas thén stirked At room temperature
for 30 minutes, then at 80C overnight. The solvent was then removed in vacuo, and the residue was
precipitated by the additibriF6f hexanes. The precipitd®¥avas filtered amPRashed with hexanes to
obtain an orange brown color solid. Yield: 0.74¢'{8%YyedH NMR (400 MHz, CD2CI2): 8 20 7.14 - 6.12

(m, 7H, lmldaZO|e|&|%%Bﬁé"%o&%r(n%hé"b&%Aei%éhﬁbtn%%b'%HR@H@M1 84 - 0.40 (m,
br, 14H, NCH2CH20H2CH3) -27.2 (s, 1H, | r-H Thes nthesis OP% cor%%@xes by the

reaction GPTRIA, ?'?:fﬁe@‘?ﬂ%ﬁfé‘%ﬂm g@@mﬂ MRFFEPSYAHACEHIBRY with chioro- 25
bis(cyclogatanajingiumihdimerctias aitestyptechdeeeid HidM Redpettenetifthetanodeét showed that a

complex mixpure.nad OrMed. - putative four-coordinate bis(2-(di-tert-butylphosphino)-

ethylymethylaminechloroiridium(l) complex which then activaies a C-H moiety
of the benzene soivent fo form the product.
A  single crystal of bis(2-(di-terf-butyiphosphino)ethy)methyi-
aminechlorohydridophenyiiridium(lil} was obiained and the ORTEP diagram is
20 shown in Figure 8. The PNP ligand is bound in a merdional mode and the
geometry about iridium is pseudooctahedral. The phenyl group is trans 1o the
aminophosphine nitrogen atom.
The reaction of bis(2-(diisopropylphosphino)ethylymethylamine with
chlorobis(cyclooctene)iridium(l) dimer yielded a mixture of products were used
25 insitu

Example 22
(a) Bis(2-(diisopropylphosphinajethyl}aminedichiororuthenium(ll) dimer
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Example 67 1,1 '-(1 ,3-phenylenebis(methylene))bis(3-butyl-1 H-imidazol-3-ium)chloride with cobalt(Il)
chloride 5Cobalt(ll) chloride (0.15 g, 1.18 mmol) was added to a solution of 1,1'-
(1,3-phenylenebis(methylene))bis(3-buty1-1H-imidazol-3-ium) chloride (0.5 g, 1.18 mmol) and 2
equivalents gfdriatiylansne (0.23 g, 2.63 mmol) in tetrahydrofuran (30 mbc/hR s@aetignmixture was
then stirred at room temperature for 30 minutes, then at 80C for 3 hours. The solvent was 10
removed, and the residue was precipitated by the addition of hexanes. The precipitate was filtered and
washed with hexan phtain a pale blue solid. Yield: 0.56 g (92%). When1,

1'-(1,3-phenylene is(methylene))bis(3-buty1-1H-imida};o}-3N»—itl'ﬁﬁ)ohlq,ide and cobalt(l1)chloride
were heated in thg presence of excess 15triethylamin a amagnetic/blue solid was obtained in high
yield. Further characterization was not atte d. le B8 ¢ PPr,

(2-bis(1-n-butylni E’olidd%iﬁ%%ﬁmézwﬂﬁ%ﬁmbis( ?ao"te”ne Biua()20 dimer "13u / NEt3
H2Ncre20 IC)PrCH{COE)232 --I-catalyst THF\ WO 268/1 1%9 CT/CA2 00943 A 105 mg
(0.117 mmol) portton of chlorobis(cyclooctene)iridium(l) dimgr flrCI(CO 2 yvas added to 110 mg of
(2-bis(1-nbutylimid igi@r)ethyl)amine in 10 ml of degassed isopnepano™850 ml of degassed
triethylamine was added afd the mixture was refluxed overnight. 5 The solution was concentrated to
ca. 3 ml and ther\the s3(i@ was rgjlecte(a@ Siltrationmasip driegdmpacuo. NMR SpgigOSCOpy indicated

- ) - The : | o " .
borane ke T Rt B, TR e e B3 B Smethanamine
with dichldPeaerbbenrsAsesipHaTeyittaniiumi(10ime1 ZRU(RhBRHRE swre refluxed

5 in 20 mi of tetrahydrofuran overnight, resulting in the formation of a brown

suspension. The solvent was removed in vacuo and the residue was
triturated with 25 mi of diethyl ether. The solid was collected on a frit, washed
with 5 mi of ether and then dried in vacuo. X-ray quality crystals were
obtained by diffusion of diethyl ether into a dichioromethane solution of the
10 compound. Yield 330 mg, 66 %. 'H NMR (400 MHz, CD,Cla): 6 6.17 (2H):
3.01 (4H); 2.74 (4H); 2.48 (4H); 1.91 (4H); 1.10-1.46 (24H). *'P NMR (162
MHz, CD2Clz): 6 73.5. A solution of the compound in a 1:1 mixture of
tetrahydrofuran and water exhibited a good activity towards ammonia borane
hydrolysis.
15 (b} Bis(2-(dicycloyhexylphosphinajethyllamine  with benzenedichloro-
ruthenium(ll) dimer
PCy,

THE
2 NH  + Ru(n®CgHg)Claly ———— catalyst
A

PCy,

A 220 mg {0.608 mmol) portion of bis(2-
(dicyclohexylphosphino)ethyl)amine HN(CH,CH;PCy,), was added to 150 mg

20 (0.245 mmol) of benzenedichiororuthenium(il) dimer [RuCly(n®-benzene)]; in
10 mi of tetrahydrofuran. The mixture was refluxed for 2.5 hours and then the
solvent was removed in vacuo. The residue was triturated in 5 mi of hexanes

and then collected on a frit and dried in vacuo. Yield 250 mg. NMR
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(note: proposed geometry) Thiophen-2-ylmethanamine (200 ptl, 1.949 mmol) of was added to 15
1.272 g of dichlorotris(triphenylphosphine)ruthenium(ll) [RuOI2(PPh3)31 in 10 ml of tetrahydrofuran.
The mixture was stirred for two hours and then the solvent was removed in vacuo. The residue was
dissolved in & @ridoéatrehydrofuran and then 30 ml of hexanes was adde#ddiropwisgsamdthe mixture
was allowed to stir for 30 minutes. The solid was collected by 20 vacuum filtration and was then dried
in vacuo. Yield 694 mg. 1H NMR (400 Mhz, CD2C12): 6 6.51-7.46 (m, 15H, C6H5); 3.78 (s, 2H, CH2);
3.12 (s, \spEcizis@pivirdaazdathnat @DpEiRyec el Tormmedmatba anatesiad sias fiasterimonia borane
hydroIysism}l'gﬁﬂ,ﬁggﬂg)gd?gﬂyQ{g}a?&-)%—lgl_methanamine to dichlorotris(triphenyl- 25

phosphine)ruthenium (Il) proceeds within two hours and the product isolated had a single 31P NMR
resonancécat esriion ne 1hs(@viditsstiattrhdphespibuetuismtiaaneifesdfaeate-
triphenylphpaiyoemes thiphensy yimethanamine in a 1:1 ratio and accordingly, the structure may
possess trans WO 2008/141439PCT/CA2008/000943 chloride ligands, and the triphenylphosphine
and thiophen-2-yImethanamine-ti Bi¥e in the trigonal plane corresponds to the material formed in the
reaction Example 70 5 Thiophen-2-ylmethanamine with cobalt(11) chloride *-12 Acetonitrile (5
ml) was added to 98.6 mg (k759 mmol) of cobalt(11) chloride and the mixture was warmed gently (ca.
40 C) until the solid dissolved. " ThiophenrR=ymethanamiie (16Qakti560 mmol) of was added 10
slowly (over ca. 3 minutes) regulting in the precipitation 6f a blue solid. The mixture was stirred for one
hour and the solid was collected on a frit and dried in vacuo. Yield 200 mg. The material was tested for
ammonia borane hydrolysis. When two equivalents of thiophen-2-ylmethanamine were added to
a 15splution of cobalt(l1)chloridé™aR¥ue precipitate rapidly formed. The material was readily isolated
and the likely strycture jg indic in th me V. Met@ plexeswith Rylox' Ligands
Example 71 201, -bis(% +)-4-isa(§t]r§ opyl-4,! -dlhydr?(?)&éz [-2-y gﬁéz%ne WﬁL cobgify 1) chloride A
sample ofldiiayRyiNesREyPE IR xarEea:2 Sve)¢30 img, B.100!mnbl) and 20 mg

(0.092 mma-gf arhalihl) chigside wesedeflupged iR g9 mif tetragpdeofur rnight. The material
was tested for ammonia 25borane h droa(sis. Example 72 WO 2008/141439PCT/CA2008/000943
: rEéWu‘ heRf&s

1,3-bis((RYZPRFANT S RRIMDBIEZ oRBURb e AR BR2(cyRIod&erBiri@fum(l) dimer

10  tetrahydrofuran. The mixture was refluxed for 2.5 hours and then the solvent

was removed in vacuo. The residue was friturated in 5 mi of hexanes,
collected on a frit and dried in vacuo. Yield 200 mg. NMR spectroscopy
indicated that a mixture had formed. The material was tested for ammonia
borane hydrolysis.

15 Ruthenium PNP complexes were prepared by two methods. The
reaction of bis(2-(diisopropylphosphino)ethyllamine with dichloro benzene
ruthenium dimer afforded a single compound that has a P NMR resonance
at & 73.5. The 'H NMR spectrum of the new material displays the expected
isopropyl, methylene and NH signals. A single crystal was obtained and the

20  X-ray structure was determined (as seen in Figure 7). The siructure indicates
that a dimeric complex was formed where the bis(2-(diisopropyiphosphino)-
ethyl)amine is bound facially {o the ruthenium center. The matals are bridged
by two chloride ligands and the terminal chloride is invcived in a weak
hydrogen bonding interaction with the NH moiety on the opposite metal

25  center.

Example 23
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00.5 [IrCI(00E)212 catalyst 'Pr A 1 ml sample of perdeutero benzene (C5D6) was added to 10.0 mg 5
(0.0333 mmol) of 1,3-bis((R)-4-isopropyl-4,5-dihydrooxazol-2-yftbenzene and 15.0 mg (0.0167 mmaoft
of chlorobis(cyclooctene)iridium(l) dimer. NMR spectra recorded after one hour showed that mostly
starting matevialzaas qamssent. After three days at room temperature the miktrrexcensieied mostly of
starting material. The material was tested for ammonia borane hydrolysis. 10 PREPARATION OF
METAL COMPLEXES IN SITU. Example 73 Bis-(2-(di-iso-propylphosphino)ethyl)amine with iron
dichloride{2IPr2 Fe B2 (RHiisapatystiihtisAlGmietbidlovicedie o asdttitdh oo 0683e-mmol) was
added to aﬁ%%t%ﬁ)‘ bis-(2-(di-iso-propylphosphino)ethyftamine (0.020 g, 0.0655 mmol) in
tetrahydrofuran ). The reaction mixture was then stirred at room temperature for 30 minutes,

then at 80C for 3 hours. Ther®®©tBu (ca. 10 mg, 20 0.0891 mml) was added followed by ammonium
borane (AB) (ca. 50 mg, 1.62 mmoft at room temperature/ Moderate hydrogen evolution occurred
which ceased rapidly. EXample 74 25 Trichlorooxobis(triphenyl

o]
hasPhine)rhenium(V)withbis(2-
(diisopropylphosphino)eth )@minguﬁﬁ%%g(ﬂiﬁe)zPrZ \-LH (j’_@_fm, 2 ht, catalyst This compound

was prepared in situ analggously to the R'= tertiarybutyl @nalgque above in Example 32 (b). Yield: 0.08
g (57%). 10 ml of water and 10 ml of tetrahydrofuran wa a%% to 10 mg of the material in a

scintillation 5 vials to form\a brown solution. The material was tested for ammonia borane hydrolysis.
Example 75 Bis(2-(diisopropyishosphino)ethyOamine with nickel(lf) bromide

A 200 mg {0.655 mmol) portion of (2-

5 (diisopropylphosphinojethyllamine  HN(CH.CHPPr)2  in 1 mi  of
tetrahydrofuran was added to a suspension of 620 mg (0.647 mmol) of
dichlorotris(iriphenylphosphine)ruthenium(}) in 5 ml of tetrahydrofuran and the
mixture was stirred for two hours. The solvent was removed in vacuo and

then 2 mi of tetrahydrofuran was added, followed by the dropwise addition of

10 20 ml of hexanes. The mixture was stirred for 30 minutes and the solid was
isolated by vacuum filtration. Yield 300 mg, 83 %. 'H NMR (400 MHz,
CD.Cl): & 8.40-7.07 (m, 15H, P(CeHs)a); 3.42 (broad s, 1H, NH); 2.26 (m, 4H,
CHa); 1.74 (m, 4H, CHgz); 2.33 (m, 2H, CH(CHa)z); 1.84 (m, 2H, CH(CHa)2);

0.40 (m, 12H, CH(CHa)s; 0.16 (m, 6H, CH(CHa)z); 0.02 (m, 6H, CH{CHa)2).

15 3P NMR (162 MHz, CD2Clz: d 39.5 (¢, “Jep = 27.5 Hz); 27.5 (d, 2pp = 27.5
Hz). The compound exhibited a good activity fowards ammonia borane

hydrolysis.
(b) Bis(2~(difeﬁiarybutyiphosphmo)ei‘hyi)aminewithdfchioro tris(tri-
phenyiphosphine}ruthenium(il}
PtBUQ
THF .
/N + RuChL{PPhy)y —» catalys!
H
20 P'BuU,

A 235 mg (0.650 mmol) sample of bis(2-
(ditertiarybutylphosphina)ethylamine in 0.5 mi of tetrahydrofuran was added
to 0.600 g (0.626 mmol) of dichlorotris(triphenylphosphine)ruthenium(il) in 5

mi of tetrahydrofuran. After stirring for one hour the solvent was removed In
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'Pr?NpiprNIB r2catalyst 10THF, reflux This compound was prepared in situ. To a solution of bis(2-
(diisopropylphosphino)ethyl)amine (0.20 g, 0.65 mmol) in tetrahydrofuran (20 ml) was added nickel(11)
bromide (0.14 g, 0.65 mmol). The reaction mixture was then refluxed for 5 hours, concentrated to
about 5 ml, & 28ri483precipitated by adding hexanes to obtain a pale aWwascolsnseiid. Yield: 0.28
g. 10 mg of the product was dissolved in 10 ml of tetrahydrofuran and 10 ml of water in a scintillation
vial to form a pale brown solution. The material was tested for ammonia borane hydrolysis. No metal
precipitate/@gipcyd tien. 2o B{daiprngevas added. The mixture was stirred overnight

2,6-bis(7disapgaey IpROSBRINGEIIVE Ry UdincuAt EF tosaaky tigRiRN GrdRRgspRingyhenium(V) CP'
Pr2 Re0C13(Ph3P)2 Ncatalyst THF, rt P'Pr2 Thiscompoundwaspreparedinsitu. 25

TrichlorooS b (Hiphuh AR spRihENeR AL MATY Re OB (BresbioserBp Hdiceteth @) dvas added to a
solution ohgs8ckisHalseRtrRYIPhosphino)methyl)- pyridine (0.20 g, 0.58 mmol) in tetrahydrofuran (20
ml). The reaction mixture WaE then stirred at room tergﬁerature for 15 minutes. The greenish yellow

trichictooX{Bis(tripheny s HERBRMES RSP IRNS sWRIRTe S lvaa B e e g Ereen solution.
After one bertinBreRipiiataRiakAsTerrpAde shdsshivesitoiaiieshand washed with diethyl ether to
remove any triphenylphosphine. Yield: 0.35 g. 5 mg of the product was dissolved in 10 ml of
tetrahydrofuran and 10 ml of watef in & scintillation vial to form a yellow solution. Ammonia 5 borane
was added (50 mg, 1.620 mmal) and the hydrolysis rate was moderate. Example 77
1,3-bis(di-iso-propylphosphinooxy)benzene with iron dis‘:ntl_oride 0 -P Pr2 FeCl2 catalyst THF
100-P1Dr2 Iron dichloride [F8CI2] {7t F0:8552-mmoty weaddded to a solution of
1,3-bis(di-iso-propylphospfiifiogky)benzene (0.020 g, 0.0584 mmol) in tetrahydrofuran (30 ml). The
reaction mixture was then stirred at room 15 temperature for 30 minutes followed by 80C for 3 hours.
The material was tested for amm Qﬁzborane hydrolysis. Example 78
A 0.648 molar toluene solution (0.88 ml, 0.835 mmol) of a of 2-
{diphenyiphosphino)-N-(2-(diphenylphosphinojethyl)-N-methylethanamine
10  was added o 0.600 g {0.626 mmol) of
dichlorotris(triphenylphosphinejruthenium(il} [RuCh{PPhs):] in 5 mi of
tetrahydrofuran and the mixture was stirred for two hours. The solvent was
removed in vacuo and then 3 ml of tetrahydrofuran was added, foliowed by 15
mi of diethy! ether. Afier stirring for 30 minutes the solid was collected by
15  wvacuum filtration and dried in vacuo. NMR spectroscopy indicated that a
mixture had formed.
A related type of ruthenium PNP complex was obtained by the reaction
of bis(2-(diisopropylphosphinc)ethyhamine with dichloro
tris(triphenylphosphine) ruthenium(l). The *'P NMR spectrum of the complex
20 displays a friplet at & 39.5 and a doublet at 27.5 ppm (%Jee = 27.5 Hz). The
triplet cofresponds to the ftriphenyiphosphine ligand whereas the doublet
indicates the presence of the of bis(2-(diisopropylphosphino)ethyl)amine
ligand. The 'H NMR spectrum of the complex shows that the
triphenylphosphine and of bis(2-(diisopropylphosphino)ethyl)amine ligands
25 are present in a 1:1 ratio. The trans orientation of the chioride ligands is
proposed since the cis arrangement wouid cause unfavorable steric
interactions between the triphenylphosphine ligand and the backbone of the
bis(2-(diisopropylphosphino)ethyljamine ligand. Analogous compounds have
been prepared by the reactions of bis(2-(ditertiarybutyl)ethyllamine or 2-
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Trichlorooxybis(triphenylphosphine)rhenium(V)with1,3- 20 bis(ditertiarybutylphosphinooxy)benzene Re
0C12(Ph3P) 2 catalyst OPiBu 2 Et3N , THF Thiscompoundwaspreparedinsitu.
Trichlorooxybis(triphenylphosphine)rhenium(V) Re0C13(Ph3P)2 (0.42 g, 0.50 25 mmol) was added to
a solution ofglg3zhis(difessiarybutylphosphinooxy)benzene (0.20 g, 0.50 mpaal)dR:tietiadipdsofuran (30
ml) with 1 equivalent of triethylamine (0.05 g, 0.50 mmol). The reaction mixture was then stirred at
room temperature for 30 minutes followed by reflux overnight. The product WO

2008/1414B30RETIARRDHOPI043-Washprvifie dprimexipliaioninshdiethghathire Yield: 0.23 g. 5 mg
of the prodyct dissolyed in 10 ml of tetrahvdrofuran.and 10 ml of water in a scintillation vial to form
2 yelion SNEIE 1S R RS SRVor HBrAHEL Dot oS roh SReE e
1,3-bis(ditékiBrpbopdrilessphinooxy)benzene with ruthenium (lll) chloride hydrate  10This compound
was prepared in situ. A suspension containing ruthenium(lll) chloride hydrate (0.13 9), 1,3-
bis(ditertiaryb utylphosp hinooxy)benzene (0.20 g, 0.50 mmol) and triethylamine (0.106 g) in ethanol
(20 nfl) wésgtirpdel $6r 24 at 80C. The solvent was removed in vacuo and the product was extracted
into hexangs 35 (B0:mln,2) hE SARDLIGH ARFAEYRBERR SBhnn AsaRsafid. Yield: 0.1 . 10
mg of the pro(gi(ct was issojI/vEed ﬂ%%r?ﬂ ofgtﬁétrahydréfurgan and 10 ml of water ian scintillation vial to

form a yellow solutioa-PRwmonia borane was added (50 mg,-L#2Q mmol) and the hydrolysis rate was
moderate. 20 Example 80 Bis-(di-iso-propylphosphinooxy)benzene with cobalt dichloride o-PPr2

0-PPr2 CoCI® (0.008 g, 0.0584 mmol) was-gdded tona sol tio/n(
bis-(di-iso25propylphesphinpoexyineazene (0.0?@p,—ﬁ?OSSANnmﬁb in tetrahydrofuran (30 ml). The
reaction mixture was then stirred at room temperature for 30 W % 439PCT/CA2008/000943
minutes, then at 60C for 3 hours. The color of the reactionymixtyre remained blue. The material was
tested for ammonia orgtgaaz hydrolysis. PlEu,

A solution of 135 mg (0.373  mmol} of bis(2-
(ditertiarybutylphosphinojethyllamine in 1 mi of tetrahydrofuran was added io

10 a solution of 106 mg (0.342 mmol) of 1,5-cyclooctadiene-2,4-
pentanedionaterhodium(l) in 5 mi of tetrahydrofuran. The mixture was heated
to refiux for ten minutes and then the solvent was removed in vacuo. ¥p
NMR (162 MHz, Ce¢Dg): & 63.6 (d, ') = 1681 Hz). 'H NMR spectroscopy
indicated that a mixture had formed.

15 A rhodium PNP complex was prepared by the reaction of bis(2-(di-
tertiarybutylphosphinojethylamine with cyclooctadiene(2,4-
pentanedionate)rhodium(l). The *'P NMR spectrum of the product showed a
doublet at & 3.6 (\dree = 161 Hz). Although the *'P NMR spectrum showed
mostly one resonance, "H NMR spectrum of the material indicated that the

20  other species were present.

Example 25
Bis(2-(diisopropylphosphino)ethylyamine with dichioro-
cyclooctadienepalladium(li)
P*Prg
THF
NH  + PGCODICL, —® catalyst
NEt;
25 PPry
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Example 81 5 N1,N3-bis(diisopropylphosphino)benzene-1,3-diaminewithtrichlorooxy-
bis(triphenyiphosphine)rhenium(V) HN-P'Pr2 K-SReOCI4Ph3P)2 HN-PiPr2 This compound was
prepared in situ. To a solution of N1,N3- bis(diisopropylphosphino)benzene-1,3-diamine (0.20 g, 0.58
mmol) in 10 Yedradugdrafizan (30 ml) was added trichlorooxybis(triphenylposphineshesism (V)
Re0C13(Ph3P)2 (0.49 g, 0.58 mmol) and triethylamine (0.4 g, 4.0 mmol). The reaction mixture was
then stirred at MOM temperature for 4 hours. The trichlorooxybis(triphenylphosphine)rhenium(V)
slowly dissolvedAo form@gpale ffy blue(8dBT solutramobhe sobzenplvas theh evapisated, and the

residue was.precipitated by the,addition of dj ther, recipitate, was filteted and then washed
it xR e B8 < e 8 e R o S @veat m 16 mi o
tetrahydrdfuda®amonel) ol dichiter-haoysiedititde vepatakbivmély dheiCEolits. Mh#Omaterial was
tested for ' hydrolysi I . -

Nl,N3-bis(§(;)iﬁr({)¥grg§é@:1p ([J%QP 'in%%t%rﬁzgznﬁ,&gigmaet%![ ”élgga‘i\{adgicﬁgﬁgeaﬁ?\l%?l% HN-PiPr2
CoCl2 (0.087 erixtaresesmefiohaddonddeninotesolidn spectroscopy indicated that a
N1,N3-bistdiinq-propyiahesRhingbenzane: ] feoiRpne {-0atidoRane immalkia terahydrofuran (30

m1). The reaction mixture was then stirred at room temperature for 30 minutes, followed by 60C for 3

hours res(firtgind® 5 deangé Sbkotér Frif Bue Ol wasHe ashratiowdartBsted for ammonia
borane hygdralsiscEXaMpleshia b%é—ﬁgqggy{\g%g@Qg@gﬁ%@)methyobenzene with ruthenium (llI)
chloride 10 hydrate PiPr2 RuCle.3H20 catalyst NEts, 80C pipr2 ethanol, 28 hr This compound
was prepared in situ. A suspension containing ruthenium(lll) chloride hydrate (RuClr3H20) (0.15 g,
0.601mmolx #rgple P dpis((dlisopropylphosphino)methyl)benzene (0.20 g, 0,60 mmol) and 15
triethylamipe (0. , 1.20 mmoi).in ethangl (10 ml) was stirred for 24 hours.at 80C. After the reaction
mixture wé\ésé%'élfé&%%ﬂy 0§ ﬁé!?&%%é’aﬁ'f(@!’éﬁ ‘gf%{%\ﬁgéc %VT'PH’] Fﬁ%%%f@ml x 3), and then dried in
vacuo. The product was purified b faction with hexanes (50 ml x 2), followed by evaporation the
solvent in vacuo to obtain a soligiproduct. Yield: 0.21 g. NMR spectra showed 20 a mixture had

formed. 10 mg of the product w S dissolvednia dfapf tetrar%/drofuran and 10 ml of water in a
scintillation vial to form a brown (i'Tution. TheJmaigrial WasTEY&d for ammonia borane hydrolysis.

Example 84 25 Triphenylphospine with cobalt dichloride
PPrs
in a typical experiment, o a solution of  bis(2-
{diisopropyiphosphino)ethylyamine (0.20 g, 0.65 mmol} in tetrahydrofuran (20
15 ml) was added octacarbonyldicobalt(0) (0.22 g, 0.85 mmeol). The reaction
mixture was then stirred at room temperature overnight. Evolution of bubbles
was observed during the reaction. The solvent was then evaporated, and the
residue was precipitated by the addition of hexanes. The orange precipitate
was then fitered and washed with hexanes under argon o obtain an crange
20 solid. Yield: 0.24 g, 87%. *'P{*"H} NMR (400 MHz, CeDe): & 96.97, 74.32. 10
mg of the product was dissolved in 10 mi of tetrahydrofuran and 10 ml of
water in a scintillation vial to form a yellow solution. Ammonia borane was
added (50 mg, 1.620 mmol) and the hydrolysis rate is very good with metal
deposited after ca. 30 minutes.
25 The reaction of bis(2-(diisopropyiphosphino)ethyllamine  with
octacarbonyldicobalt(0) afforded a mixture which displayed two resonances in

the *'P NMR spectrum. Separation of the compounds was not achieved.

Example 30
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THF catalyst 2 PPhs + COCI2 A mixture of 20 mg (0.154 mmol) of cobalt dichloride and 90 mg
(0.343 mmol) of triphenylphosphine was warmed to 60 C in 5 ml of tetrahydrofuran for 5 minutes and
then 5 ml of water was added. AB (ca. 50 mg, 1.62 mmol) was added at room temperature resulting in
hydrogen ewlnitiers/ Example 85 51,4-bis(diphenylphosphino)butane withrealakdichkekge THE +
CoCl2catalyst Ph2PPPh2 A mixture of 20 mg (0.154 mmol) of cobalt dichloride and 75 mg (0.176
mmol) of 1,4-bis(diphenylphosphino)butane was warmed to 60 C in 5 ml of 10 tetrahydrofuran for 5
minutes aBdé(RaiBomropwalmspbisaxdderd) suBriea. B#img coditimolieradusddbarateroom
temperatu;;?zcy Iting in hydrogen evolution. Example 86 15
N1,N2-bis-(2-(diphenylphosphino)benzyl)cyclohexane-1,2-diamine with cobalt dichloride NHHN
PPh2 Ph2P catalyst CoClI2 (0.0045 §P.115 mmol) was added to a solution of N1,N2-bis-(2- 20
(diphenylphosphino)benzy9cyc|o§§;ne-l,2-diamine (0.076 g, 0.115 mmol) in tetrahydrofuran (3 ml).
The reaction mixture was then heaigd atM@ﬂEo@L&QQ&OIved (<3 minutes), resulting in the
formation of a blue solution. A 1 rﬁrli)rtion of thereaction mixture was taken and water was added,

and the color of the reaction mixture tlé)r'_ged red. Then ammonium borane (AB) (ca. 50
2

The reaction was carried out analogously to 26 above. Yield: 0.42g,
5  58%. Black solid was deposited after a few minutes of hydrolysis of ammonia

borane.

Example 28
Bis(2-(diisopropylphosphinojethyl)amine with molybdenum{ill} chloride
Pipfz

THF
NH + MoCly =3 calalyst

4
LP*PQ

A 202 mg (0.661 mmot) sample of bis{2-
(diisopropyiphosphino)ethylamine [HN(CHzCHZPiPrz)Q] in 2 m of
tetrahydrofuran was added to 125 mg (0.618 mmol} of molybdenum(iit)
chloride. The mixture was stirred overnight and then the soivent was

10

15 removed in vacuo. The brown solid was iriturated in hexanes {5 mi); the
hexanes was decanted and the solid was dried in vacuo to give 280 mg of a
brown solid. NMR spectra were not obtained. The material was tesied for

ammonia borane hydrolysis.
20  Example 29

Bis(2-{diisopropylphosphincjethyliamine  with of iron{ll) tetrafiouroborate
hvdrate
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25mg, 1.62 mmol) was added at room temperature, resulting in extensive hydrogen evolution.
Example 87 1,3-bis(di-iso-propylphosphino)methyl)benzene with [iridium bis(cyclooctene) chloride]
dimer 5The title compound was prepared according to the literature procedure: (Moulton, C. J.; Shaw,

B. L. J. C. SyghainesGamem. Dalton Trans. 1976, 1020 - 1024). 20 mg of therselshansdimng (0.062
mmol) were dissolved in tetrahydrofuran and then 50 mg (1.62 mmol) of ammonium borane (AB) was
added, resulting in the evolution of a large amount of hydrogen. 10 Example 88 (a) Isolation of the free
2-(benzylthio)ethanamine ligand _Feg suspension of the benzylthio ethanamine hydrochloride (0.5 g,
2.4 15 mmol) in dichloromethanef (5 ml) was added sodium hydroxide (0.1 g, in 5 ml of water). The
suspension was stirred vigorously and the@ma dgsers were separated. The solvent was removed under
vacuum at 0C. The ligand was oltdifle foW it c2B)H) 2-(benzylthio)ethanamine with metal
complexes catalyst H2NS catalyst Co CI2 cataryst This compound was prepared in situ as
described above. In a typical expgriment, benzylthio ethanamine (0.2 g, 1.2 mmol) was dissolved in
toluene (5 ml) and the solution was®tR&n added to a suspension of dichloro 1,5- 5 cyclooctadiene

ruthenium polymgr [Rug3g(CODjy in tolgeren(S mihnlhig Mixiyeeras thegrstiregidipder argon at
100C for 2 hours. The solvent volume was reduced in vacuo to approximately 3 ml and a solid was

precipitateRPRERRN I BasEP [AD SIS e FeAdRSE BB dAcR FAMURMHiELES these catalysts
are low fortge(DyabRlysiacf ammaniy berafieurbBdrhteragatiarsiwith eohsltédehtatide (CoCl2) and

chlorobis(cyclooctene)iridium(l) dimer JiCI(COE)212 were performed similarly,, The three catalysts
orepared i1 e SERH e G CRANE) (el IS0 BT, BUrihg FUMIORCR 16

HOMOGEA Y SCpwisk YaNG A Meiing GiRIN Y DROWY SiScicmapld 88ed in

[Co{HN(C 2PRx2)2] 1 catal IS, (il g 0
[Co{HN(CE%%:EH'ZP}?;‘rg z}%%élrﬁvgés )é%i;;ﬁﬂglo\\/gepdg élg%gr{?lﬁf?etréﬁ)%rc}%gr%ﬁﬂﬁ& I218dml of water and
107 mg (0feBDeAMdIe sh#iRNaHTasHesE X stenoaidedranseyasrlssS immersed in a water bath
that 20 was held at 40 C and the temperature was allowed to equilibrate for 5 minutes. AB was added

in portionsO%2.432 , followed by five ca. 1.0 g portions) and the hydrogen evolved was measured in an
invertéd 8 mcéa%ﬁjated cylinder. The first two AS additions were performed under an argon

atmospheg;sad diehsuhaaeMifuNsNyS@Eimaltiakai risraldseivegn)andraigd of water were

added to the mixture prior to the third run. The results are shown in Figure 9. Example 90:
[Co{HN(CH2CH2PPh2)21C12,1 cétalyzed AS hydrolysis

@ THF
NH, + NiBr, ~——> catalyst

C@ friethylamine

PPh,
To a tetrahydrofuran (20 ml) solution of bis(2-(diphenylphosphino)-
ethylyammonium chloride [HN(CH,CH2PPho}*HCI] (0.25 g, 0.5568 mmol} and
15 nickel(i)) bromide (0.12 g, 0.558 mmol) was added dropwise 2 equivaients
triethylamine (0.112 g, 1.12 mmol). The reaction mixture was then allowed to
refluxed overnight. The solvent was then evaporated and hexane was added
to precipitate the product. The orange solid was then washed with isopropanol
(5 mi). Yield: 0.25¢g (81.5%). "H NMR (300 MHz, CD,Cly): 8 8.10 — 7.23 (br, 10
20  H, Ph), 3.80 (s, 14, NH), 2.97 ~ 2.12 (m, 4H, NCH>CHz), 1.30 — 0.77 (m, 4H,
NCH.CHz). 'P{'H} NMR (300 MHz, CD,Cly): & 32.0 {ca. 40 %), 28.0 (ca. 40
%), -20.2 (ca. 20 %).

Example 31
25  (a) Bis(2-(difsopropylphosphino)ethyl)amine with copper(l) chloride
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524 mg (0.042 mmol) of ICO{HN(CH2CH2PPh2)2}C121 was dissolved in 10 ml of tetrahydrofuran and
10 ml of water at 41 C in an argon atmosphere to form a yellow solution. AB was added in ca. 50 mg
(1.620 mmoﬁv ortions §With the initial addition resulting in the formation of a red colored solution) and
the hydroge® 8V8iitidHWas measured with a 100 ml burette. The results &rd’$62HERIPIA*Figure 10.
Example 91: N1,N2-bis(2-(di-p-tolylphosphino)benzyhcyclohexane-1,2-diamine cobalt dichloride.
Asampleof55mgofN1,N2-bis(2-(di-p- 15 tolylphosphino)benzyl)cyclohexane-112-diamine cobalt
dichloride (0.0648 mmol) was dissolved in 10 ml of tetrahydrof arh Al 10 ml of water under an argon
atmosphere and the mixture was warmed to 40 C. AB (945 mg, 30J61 mmol) was added and the
hydrogen that formed Wgﬁsg}gaswe&d\wﬁbq,; Llg¥ackitted cylitttecuThe results are shown in Figure
11. 20 Example 92 pu(binap)(H2NCH2CH2PPh2y@RJd A sample 6f 6 mg (0.00586 mmol) of
[Ru(binap)-(H2NCH2CH2PPh2)C12) was dissolved in 20 ml o ‘ mixture of tetrahydrofuran and
water. The 25 flask was sealed and connected to an inverted 2000 mlgraduated cylinder, and then
placed in a waterfbath 8t%30 40 Cgand tfié 8@ peratmneoljas allpwédiio stabilize faisgaminutes.
Ammonia ixture in Ga, 03s ) portiogs. The first five runs were
performed@ﬁ%ﬁ%@?é@%r@ggﬁwﬁrﬁg thj%aﬁgﬁ%%éﬁégfme@ in aglr. Tmf reglﬁlts are 30shown
in Figure TeirEku#npleras WidsingdeRCHRPEE @22 PAE s1mod) @) pomwpenv(d) chioride in

20081441450 RETH ARG g B FHE JOSTAKIEHBOURIHE RIUIRR 5 ma, 000715

mmol) of [I{HN(CH2CH2P Bu2)2}2(C8H13)(H)(C1)] was added in air to 20 ml of tetrahydrofuran and
then 20 mMESIEIBPVRSSYaEH0 Thafieisk veRiciinnteetsd ading sliEretigjiRRI8E E9finder (ca. 8000

ml) and wagtheeiaeree & ik A2 1a iR Radhnahitl torahegiaipasane (6.00 g, 0.194 mol) was added
rapidly throu?h_a solid addition funnel and the fleisk was sealed and then opened to the hydrogen

measureméhE s ET A HRUN ARSIV RBTIKIRBIRFE/2P GeRRRME 94 10
Chlorocyclooctenylhydridobis(2-(ditertiarybutylphosphino)ethyl)amisgiridium(111) catalyzed ammonia
borane hydrolysis (PtBu2 Pteu2 (Note: the following two expeg’fu:n s are the 25 C and 40 C standards

to which 'std. 1-3' in the following Figures refer) TlﬁSFS;[q 1dard ammo rLila borane hydrolysis conditions
utilizing bis(2- (ditertiarybsty)phosp inﬁjémyb)gm%écjp?omwr octeny/hydridoiridium(l 1)
rir(H)(C1)(C8RIi3){NH(CH2CH2P1Bu2121 at 25 C or40 C: a)iZi ): 1.0 ml (10.0 mg, 0.0143 mmol)
of a 10.0 mg/ml tetrahydrofuran PRU,
solutionofbis(2-(ditertiarybutylphosphino)ethyl)aminechlorocyclooctenyl- 20 hydridoiridium(lil)
Pr(HJ€1)(C8F 1 3){NHPAIECH2BtBU2)oY W addBl R Air to BB H'of a 191 mixtBikiGr
tetrahydrofgigsmaiButfiphbashhesatminerses foHNEMITHER Bua)waten bagh held a6125.0 C.

Ammonia borape was added in three ca, 0,5 g partians (run,1: 0.5000 g,.run 2: 0.4992 g; run 3: 0.4997
g) and thetﬁy &%mﬂﬁ%?&% i@a@gﬁeﬁ%f{) :‘!" acrf's'rggglit?c?nq & gr@scﬂ%rgr%e ’Bé éhown in Table 1.
b) (40 C): m0shtdidhmigofLAdxand3tinennabtofavtasCherjad| tetefhydoferaight and then

T R

pr(H)(C1)( Bu2121 was added in air to 80 ml of a 1:1 mixture of
tetrafpdroRirhaxeacs andtwasl thesrinnvarieda sdiofide 3Olidiniresdh aNiritet Dathhéld at 40.0 C.

Ammonia Boraneag 286N Neas,cr,):  2.86 (m); 1.75 (m); 1.24 (m). > NMR (121
MHz, CD:Cl): & 17.5. The material was tested for ammonia borane
hydrolysis.

Copper complexes containing N(H}{CH.CH.PRz): (R = isopropyl,

20 tertiarybutyl) ligands were readily prepared by the reaction of copper chioride
with a slight excess of the ligand. The *'P NMR spectrum of bis{2-(di-
tertiarybutyliphosphino)ethyl)amine chioro copper (1) displays a resonance at

5 17.5 and the 'H NMR spectrum of the complex shows the expected
resonances. A single crystal of the compiex bis(2-

25 (diisopropylphosphino)ethyl)amine chioro copper (I) was obtained and the X-
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ca. 0.5 g portions (run 1: 0.5000 g; run 2: 0.5004 g; run 3: 0.5002 g) and the hydrogen formation was
measured after each addition. The results are shown in Table 2. The present disclosure demonstrates
that iridium complexes with the 5 (R2PCH2CH2)2NH ligand system (R = tertiarybutyl, isopropyl and
related groups) BRkilited good to remarkably high activities. In particular BCWags fagradodaat the complex
bis(2-(ditertiarybutypethyparninechlorocyclooctenylhydridoiridium(111) is capable of producing a 78 %
yield of hydrogen in 7-8 minutes at 25 C with a catalyst loading of 0.03 mol % (for ca. 1.5 g of 10
ammonia’Byralbigmees tefimieeddpisssgieitdianrapbratbe soucteienfgabidseacatalyst

efﬁCienCy&éﬁﬁ&“@&%@%ﬁﬁﬁ%&’éﬁgﬁﬁmQbﬁ&t“t@:@cdﬁ’ﬁ%@ﬁ found that the catalyst
bis(2-(ditertiarybutylphosphine)- ethypaminechlorocyclooctenylhydridoiridium(111) can effect hydrogen

formation in yields approaching 78 % in 10-11 minutes with a remarkably low catalyst 15 loading of
3x103 M@himphegeans described above at 25 and 40 C are now the standard runs to which all other

catalysts are compared. Higher hydrogen yields can be obtained with, higher purity ammonia borane. A
high urit?)aﬁYrﬁmg%Bfgﬁ%) ﬂ%@?&ﬁgﬂﬁ?gﬂﬂ?ﬂ%@y@%{&%ﬂﬂﬂﬁén yields ranging from 91 to 93 %
within 10 minuteget A0M ROV Hhe catatystis-asded da thenwaterdeicahydrofuran or to neat
methanol or ethanol, a red solution is immediately formed. The red species forms reversibly and upon

removing the solvent the starting material bis(2-
(ditertiarybutylphas piuneeth ydizotioe o gve ayeamc teriy | iyiReDiy diudh (H1) 93 FeebViéred. Indeed,

X-ray qualjty cr; Is_of the starting material bis(2- - :
25(diterti§y‘yi)%t%1p o%ﬁﬁ&e‘?ﬁfﬂa%ﬁ e%ﬁ%jrgc;}%logctgﬁgﬁxydﬁ? (5’°‘|Ir“i"tt |Sr?¥0 Ilsoyve‘fggr%%tained from a
deepled etaeutsdrdisgusiabe nydnpehlatdeacitb(C03nb WasREpeerosesiBbithwasixture in

methanol t . ini ie ese , ibits two 31P
oconanca i B B R e o O i 30

spectrum BRI legireia reett Metis 2 BRe MR RAERNREi e sh ) FostEEHYI ligands.

Hydride amgdhedNiibe spnangreweks observiadahaiigh this Bia beslliedmeseid by
hydrogen/deuterium exchangée wit t?)%golvent meth ct with

spectrum?ﬁ?%‘@@rﬁ‘?\dﬁbﬁﬁ% 43\'}1 & ﬂioﬁ?ﬁﬂ%@ﬂg{&%&‘é&ﬂ'@h%@gﬁ?” ot %ﬁ’é}% 31P NMR

(diterarybutigh evhighesiphirie)amigezhjo(o0gt) oastanylieyociystatinen (rotoiit Fétasium tertiary
butoxide. Tpr?ﬂQ‘P R S&BU&JHHW _()1f7t e product 5 shows two doublets at 8 56.8 and 52.7 (Jpp = 368
Hz) and tt% H shows the presence of cyclooctene and bis(2-

(ditertiarylgbitylphosplihiyettwtyaistine figayidbosphieyimgieionyStal was piffained dris(@ preliminary
X-ray structure indicate | id elimination from the molecule had been
10eﬁecte(§gﬁ%fﬁ%'g§r%géé%%g%i@ﬁr‘g%%ﬂ@?phosphine)- ethyDamine(cyclooctene)iridium(1) had
formed. Without being bound by theory, it is gbssible thai(ggergg%cggp proceeds via formation of
intermediate bis(2-(ditertiarybytylphesphine)dthytiaminecyctooctenyinydffastidium(111) species (B in

the scheme below) which then reductively eliminates 15 ¢ octene to, f e product. The
asyrfifetry indic&é‘ﬁ“@%ﬁ@fﬂrﬂﬂaﬁjgﬁﬁ'ﬁm'ﬁ?%?@%% a[%l? ‘n‘a&gﬁfct%? tation of the
7-12-cyci goatesn extigandaaused bydire- fadiyutyipbpphirsshetiplaeriiery(Butyl grolss. not observed
Synthesis of bis(2-(ditertiarybutylethy)amine(cyglooctene)iridi O;,.. I ed that a
solution omﬁ%? - (ﬁtig@%%fﬁgfﬁ)gggﬁé?gy B ﬁ}?agr)nr?ﬁ*fe %ﬁ%d%ﬁﬁ@oz{féhsymﬁﬂggiﬂ%m(lII) in either
tetrahydrofotiah b aivberizeferDé dpontansaiutiylosbe mﬂu@iohldv@%ﬁ‘n@moat&mq%éq 12- cyclooctene
complex upg ignding QueriaN PG BOA5AAN AIMGRASI S BIRD88RR Kb acge below). This
e this complex is thermody

indicates that ormation of namically favorable.That

bis(25ditevtitrybetiyretbenine)e cthjf anan o rdtoel B h YRS EWIoIRIRART13 )RER be isolated
from these, sQlveatsindisatesothatthe rRactions REsINMDY esce Y el TRVSPIS.00
(m, 2H, CH2}, 2.15 (m, 2H, CHy), 1.20 (vt, 18H, CHs), 1.11 {(vt, 18H, CHj).
P NMR (CeDe), 8: 20.8. 10 mi of water and 10 mi of tetrahydrofuran was
added to 10 mg of the material in a scintillation vial to form a brown solution.
36 The materia%rwas tested for ammonia borane hydrolysis.
Reactions of aminodiphosphine ligands with various other transition

metal sources such as molybdenum(ill} chloride, iron(ll) tetrafiuoroborate
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WO 2008/141439PCT/CA2008/000943 Accordingly, it is proposed that the red complex formed in
alcohol or tetrahydrofuran/water solvents is the 12-cyclooctene complex and that it forms immediately
in these solvents due to the highly favorable solvation of the liberated hydrochloric acid by the polar
solvent envikgamerltassseen in the 5 scheme below). PtBu2 P u2 *HCBgetverbhikisipalieved that the
differences in 31P NMR shifts in the benzene or tetrahydrofuran and tetrahydrofuran/water are due to
solvent effects. We also note that the 31P NMR spectra obtained in methanol-Da and

10tetrahydhetatatimsder arichmoskyiia(tiHbetidantyptied)eHiiaid ogudidhloro(1,5-

(ditertiarybutylphosphino)-N-(2-(ditertiarybutylphosnhino)ethyl)-Nmethylethanaminechlorocyclooctenyl
hydridoirio%fﬁ]{?fqﬁgﬁ%ee?ﬁ%éﬁ;WrﬂTgL carnr?(‘)}ék%]sj ﬁ?;r ror%éé%r}zéeé'%ida#gam %an%ﬂg;ﬂ?%s?ashion, shows a
singlet onheacthes iFMddRedects froopoiidis soigindmprethds eldba nbb S slatgid koimplex from the
tetrahydrof / | isolat t of ammonia borane was hydrolyzed.
The mate%‘iﬁﬁs%@;%rgaﬁ%’ﬁw&%arse%é%ﬁéar%g cﬁ% %ﬁ%%ﬁédichloromethane-D2) and the 1H NMR
specttum of the complex shows resonances due to the bis(2- (ditertiarybutybethybamine ligand in
addition toﬁg(gwﬁ'ggggnal at 8 -23.99. 20We obtained an X-ray structure of the complex which
indicated that the co_mplexbisléz-(diterjiarybutybethybaminechlorodih idridoiridium(111)had formed. The
structure (B SEEAGHIIGRI e 5P RANIRMP P BEARISRE{ARETRIY Pyricine with cobali(l
ligandarrapggmgatwithameridionallycoordinatedbis(2- (ditertiarybutybethyl)amine ligand.The hydride
ligands are bound to the 25metal center in a cis orientation. Example 95
Effectofammoniaboranepurityupgnttifizingbis(2- PPz
(ditertiarybutylphosphino)ethyljaiinechlordesetooctenyi ﬁ@ﬁ@ﬁjm(uo
fir(H)(C1)(C81-43){NH(CH2 tBu212treatalyzed ammotia boréhe hydrolysis The reaction
was carried out as described in preegdure Ib above. The 5Srestitsrare shown in Table 3. Example 96
Solvent effects upon i -
bis(zi@ditertialybupfﬁp?wé&ﬁmﬂB)8%r?yﬁahﬂ%@l&ﬁf&%%ﬁ&8§%'ﬁ{)ﬁ?%?f&%I}Pdf[lﬂiﬂﬁ)ff?(%B(%|)(c38Fi|a)(1VH(

CH2CH2PBIR2)Rriptalyzeahydrofuran (30 ml) was added cobalt(ll) chioride (CoClz)
(0.08 g, 0.58 mmol). The reaction mixiure was then stired at room

temperature for 2 hours and then refiuxed for 2 hours. The solvent was then
evaporated, and the residue was precipitated by the addition of hexanes. The
15 precipitate was filtered and then washed with hexanes to obtain a blue solid.
Yield: 0.16 g. 10 mg of the product was dissolved in 10 mi of tetrahydrofuran
and 10 ml of water in a scintillation vial to form a pink solution. The material
was tested for ammonia borane hydrolysis.
The reaction of 2,6-bis{(diisopropyiphosphinoimethylpyridine with
20 cobalt{il)chloride proceeded smoothly fo afford the paramagnetic blue
complex 2,S-bis((diisopropy!phosphino)methy!)pyridinedichioroccbalf(H).
(b} 2,6-bis{(diisopropylphosphino)methyl)pyridine with chorobis(cyclooctensg)-

iridium(1} dimer

PPr,
== [ir{eoe),Cll
A\ /N — catalyst
PPr,
25 To a solution of 2 6-bis((diisopropylphosphino)methyl)pyridine (0.20 g,
0.58 mmol) in tetrahydrofuran (30 ml} was added

chlorobis(cyclooctene)iridium(l) dimer [Ir(COE):Cl]; (0.26 g, 0.28 mmol). The
reaction mixture was then stirred at room temperature for 2 hours until all of

the solid dissolved. The soivent was then evaporated, and the residue was
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10 ammonia borane hydrolysis The reaction was carried out as described in procedure la (25 C)
or Ib (40 C) above except that the solvent mixture utilized was a) 1:1 diglyme/water at 25.0 C or b) 1:1
triglyme/water at 25 C or c¢) 1:1 ethanol/water at 40.0 C. The results are shown in Tables 4 and 5. 15
The catalyticireaction tascribed above was performed in a 1:1 mixture oftetrahydeefusass and water.
The anticipated environmental concerns regarding the utilization of a solvent such as tetrahydrofuran
led to the examination of a variety of other solvents. Diethylene glycol dimethyl ether and triethylene

glycol dimRiBGIRaHEH @)y m adsitian g rxaaspe diveR prisiate sver ditates anmdbas ether substitutes
owing to theisiay vatatibxdhyefoudinalibe \parion Bracessis iR aiposkidentical rate in a

1:1 mixtursg of diglyme and water and with a significantly lower rate in triglyme/water. The potential of

ethanol a8V itk Spédied 18 ma etk RedudhyphaiEspliedimdfaifbact than

tetrahydrogstranyireiahamend 3D alg G ribatxaminashiStititearty @ denCaitavpsduad, that substituting
tetrakgdrofuran/wate%ig 1:1) with (?%gnol/ atggr_éZS:?Sﬁ results in ng change in the rate of the reaction. If
307 25 3tﬁ

the slvert TR BSARNG S # R AFE6 %0 Harmak- 38808 rBdEPR4Se "B ct on reactivity
was obseved rtheldsateogen yield was increased to 98% after 10 minutes (as compared to 72% 30
after 10 minutes [n,our §t Odarrd ralil,g)l.nj i L%ngl%e eIhanoAh%hF )r(atecofntcla(ﬂgog%Heelyoal%gon was
increased furthef &17d INe reaCtion Was comprete%n@@o% yleﬂgo?%yarogen i Ga. $6UF minutes. In the
latter case2tBebieiidiidaoipritimiip prspbidiydipdiogtidipsis, thtwestiiourd Hydiolpiitreaction. Example
97 Effect of @m(g?@}qmg@nsga rateyef bis(2-(ditertiatybutylphosphino)-
ethyffaminechlorocyclooctenylhydridoiridium(BO flr(H)(C1)(i71-C8F113)(NH(CH2- CH2PtBuzhi
catalfzed &phmonid BorSHEISRIrBIPSTE 2 RO BTREE RN RGas deddfibed RGRZE&bove except the
solvent cogpnsiipMEsBiNer da&thanol:water 25:75; (b) ethanol.water 19:81; (c) ethanol:water
12.5:87.5 or (d) ethanol:water 75:25. The results are shown in Table 6. 10 Example 98 Effect of added
inorganic salts (i.e. sodium chloride’ fiteium chloride or tet@@ﬁ)ﬁ%{mmonium chloride) in

bis(2-(ditertiarybutylphosphin0)e yI)-aI‘ﬁﬁ%ﬁ&ﬁﬂﬁloW@ﬁwoiridium(lII)

ffr(H)(C1)(771-C6H73)(NH(C1-¥2CH2P Burstzkttatalyzecdtatimonidborane hydrolysis 15The reaction
was carried out as described in (i e except water was replated with either (a) 40 ml of saturated

aqueous sodium_chloride, (b) lithium chloride (548 dissolved in 40 ml. of w or (c) two
equivalents (4.6 %fo??&ﬁg&ﬁglgﬁﬁ?ﬁf@ﬁ?e T8HM?§£§%°J "(heﬁé’ ﬁ%@v&gﬁ%& results are
shown in Tebte 7. 20The effectdf a limitedattahpeérodfizdditii@on th bis¢as  added
(ditegtiaryhutylphosphi m| I CW%@ thydride-indi 1)) I eaction was also
exaratlér?ed%ﬁ/m%rr\} ?hé)écﬁ]gge:%%?gg% r orSrLr%e ina 1:f?%1ix§gfg§52% ggfﬁgt d (ggtfe)éﬁgg%dium chloride
and tetrahydeofeantitmeraitivity wes thapsstimed plonem RRpKkeliguand thendeiti@dier 25

concentraignn i S1oAnI® ALASE BUE. 1A Ui SSRRHEHABL LR ekl aliaske wadsrdhese conditons.

In a 1:1 water/tetrahydrofuran that contained either 0.162 M lithium chloride or two equivalents (based

on iridiumpyRRaratafy RIFHvHIGSIdRONER RigeRfiRiacLPvtRs addiiinT atdHareBsERfed. 30 Example
g? (Esz%f;t rBY %%i%rﬁ\(ﬁéfﬁﬁ&%ﬁj%ﬁ?-tﬁ@ihyh%_ _dwtﬁ Hé%ﬁ@gweﬁm?w@a@wg )
is(2-(ditettiatybutylphosphino)ethyl)amine type iridium complexes in catalyti ia borane
hydré sisSW% gb% UR 4488 MEASeio8i0D 0043 (T 1?'1‘@5" stléﬁ'éi%}/tgﬁ%wg@as described in
procedure:Ddb abaue; &mh of &0.@3 Pry/mHsnlotem -of124(HiteriseybutyipdasphiftyRH-
(ditertiarybutylphosphing)ethyl)-N-methylethanamingchlorogyclooctenyl- 5 hydridoiridium(lll) was
added 80 M aqé%ngfﬁi‘ re}%ﬁ"ll’\érra %?ﬁugﬁ@atgr thit iﬁd 'Bgeﬁepp\r/%%e%'é%é’%%?iﬁaé for five
minutes. Adriseinidharapenvasteddeddintaan.argl pdrtionst (uatst ilbaGSimitia b 9BSng; 3: 500.0 mg)
and the hydrogen evolution was measured. The results i i ubstituent
effects on i%]@%éata{ﬁ/?icsg)é%{g%n V{,’é’}"é’g%%‘?ﬁ%‘&? %%ﬁ&@%ﬁ@%%iﬁﬁ]?@%%g bis(2-
(ditegtiary ity petirglphospimeremimetstiocy clooctenyl hydridoiridium(lll) for a N(CH3) group in
2'(ditertiaryb“tylwm,@'@EISEQBX;E.QWWEHB%WéW yﬂ&ﬁ@r@@é@iqggg{g_gpwﬁ\ooctenylhydridoi
[ e

ridium(111) (as seen’in structu scheme above) résults in a slight drop in activity in catalytic

ammonia 9B hisranbarnzae sihamigmditire SrRIif TR RURE Se B tsssiaiaddPeEkcellent catalytic

activities aqdaml adovdiagibe sudmrl asananddl inands phere the N-HuRmeipissubstituted for N-R
groups (R = alkyl, aryl, etc.).
of the complex showed only resonances due to the metal bound 2,6-
30  bis{{diisopropylphosphinoymethyl)pyridine ligand. Although the material was

not characterized via X-ray crystallography, the compound 26-
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Example 100 20 Bis(2-(diadamantylphosphino)ethyOaminechlorodihydridoiridium(111) catalyzed
ammonia borane hydrolysis at 25 C or 40 C | H + AB Cl PAd 2 Ad = adamantylnote: proposed
strudure WO 2008/141439PCDC42008/000943 a) 25.0 C: A 14.8 mg (0.0158 mmol) sample of
bis(2- (diada¥faAtFors&Bhino)ethypaminechlorodinydridoiridium(111) wabEdta /8% of a 1:1

mixture of tetrahydrofuran and water that had been equilibrated in a 25.0 C water bath for five minutes.

Ammoni : ' . il 0. 5.4;.run 2. 0.4982 g; run 3:
05026 o) I I R B e bR henal, e &
40.0C:Antbthagivtsotutbnetoisgs -ndisidivelsienpiedsphino)ethyl)aminechlorodihydridoiridium(ll) (1.0
ml, 1.5 mg/ml, 1.60x10-3 mmol) was added to 80 ml of a 1.1 mixture of 10 tetrahydrofuran and water
that had been equilibrated in a 40.0 C water bath for five minutes. Ammonia borane was added in
three ca. Emé%éfftions (run 1: 0.4995 g; run 2: 0.5001 g; run 3: 0.5002 g) and the hydrogen evolved
was measungd¢pHae i aleceiaBisithé dipropanV¥heniee sukgtitugptagnphosphorus are
changed from tertiarybutyl to 15adamantyl, then the catalytic reaction proceeds at a very similar rate at
25 C to the"@4A8ard test run. At 40 C, the adamantyl substituted catalyst showed a slightly lower
activity than the standard test run. E 2,101 20

Bis(2-(dicyclohexylphosphino)et?l minechl_or@%@doggdi%m(llo catalyzed ammonia borane
hydrolysis at 25 C or 40 C 25a)25.0§:A10.2mgsamrpleofbis(Z-
(dicyclohexylphosphino)ethyl)aminechoNsdih Y dridoiridium(lll) was added to 80 ml of a 1:1 mixture of

tetrahydrofuran anasvaieydhed hathiiges-espidibiedan@ 2ehbadwaied hat du {vegsinutes. Ammonia
borane (500.0 ;ng) was added. in portions and the hydragen eyolved was measured.
30b)4o.oé’?ﬁ}ﬂg:hanocffolutiﬁ&%@%ﬁ"@ﬁF&%?Bﬁ‘é&%%ﬁ’é%&?ﬁgﬁé’t‘ﬁ{}ﬁ%dn'ﬁﬁ%%%’l*araa&riﬂ@‘&ridoiridium(l||)
(2.010l, 1Bhﬁ(@’ﬁﬂﬁﬁ‘ﬁ@)@l@a&nmﬂédmm%CHMddtht?ahydf@Ewanmiimmegmﬁménahydmfuran and water
that had Rj?eﬁe@eﬁqu TPLALRC VOSSR DRR R MR BRSOV RNERBRRANES00.0 M) was

added an rogen evolved was measured. The results are shown in Tables 11 and 12. 5For the

cyclohexytasideetues cateapsedairigriintnt atoprinidatagtibraswht-ails ahselran fthoth 25 C and 40
C. Example, 102 wa%’@éﬁi%giﬁsmr}@ax&)ﬂpéﬂ@%ﬁé%‘:hﬂﬁpwﬁéinﬁgiehmr@am@%&iﬂwm(ﬂl) 10

catalyzed ammonia borane hydrolysis.
ammonia horane hydrolysis.

15
Example 35
Bis(di-m-isopropylphosphino-di-p-tolyljamine with chiorobis(cycio-
octene)iridium(l) dimer
0.5 Br(coe,Clls N_\k/ﬁ
N-H .
— Benzene, 1 ) cl
\ / P'-Prz F”Pr2
20 Bis(di-m-isopropylphosphino-di-p-tolyljamine (0.2 g, 0.46 mmol) and

chlorobis(cyclooctens)iridium(l) dimer [Ir(COE).Cl2 (0.2 g, 0.23 mmol) and
toluene (10 ml) were placed into a schienk flask. The solution was stirred
overnight at room temperature and then the volatiles were removed in vacuo.
Hexanes was added and then the orange solid was then filtered off and the
25 green filtrate was evaporated to dryness to obtain a dark green solid {(0.23 g,
75%). 'H NMR (400 MHz, CsDs): 6 8.28 (i, 1H, Jpu = 8 H, NH), 7.66 (dd, 1H,
PhH), 6.98 (d, 1H, PhH), 6.50 (dd, 1H, PhH), 2.18 (d, 8H, PhCHj), 1.75 (m,
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p'Pr2 THF/H20 + 0.5 [IrCI(COE)2]2 catalyst AB 25.5C P'Pr2 This reaction was performed under
an argon atmosphere. 1.0 ml of a ca.0.8mg/m1ltetrahydrofuransolutionof2,6- 15
bis((diisopropylphosphino)methyl)Pyridinedichlorohyd ridoiridium(ll 1) was added to 80 ml of a 1:1
mixture of tefr@wgafyian and water that had been immersed in a 25.5 Cppaigh Rathdgsa minutes.
0.5027 g of ammonia borane was added the hydrogen evolution was measured. The results are
shown in Table 13. 20 Example 103 Catalytic ammonia borane hydrolysis by catalyst derived from

bis(2- (diistiropMpksPhing)4: ety PR y)aniAoand, ciigrobis(CHEfenteddyridign(1) dimer 25
The reactigpn was.perfor described in procedure Example 94h above ept 0.95 mg in 1 ml of
tetrahydro (IF4n gfstﬁé irigiﬁgrr‘:’]?g()nfgn%% C%F':a y%t S %%%H" gRa e Feaction v?)@cs 'é)%érf%?rmed under an
argon atmespdterércdsa0 4gdot Giminsfniatzo rmne yeisitakind dabtthevadved Sdiwtitegen was

measured., The results are shown.in. Table.14. er PNR ligand,containing iridium complexes that
we have t&%@?ﬁﬁu%%ﬁ%?by‘s’?(%i?sé;dp?gp{gglr%gp h1| r%%png?mﬂ%y%dsl‘l n g‘(ﬁc 5155%)}1)85 Fid g-{g
iridiunfi(lII)mﬁthebmﬂ-(di@ubropﬂmmphiﬂo)-mmethﬁtph@fyl)dhﬁne G@I"Rlédﬁridibiﬁ?{%atalyst. The
!S'gﬁgil&% TSR e SR RISINBE - RG§Mjlar magnitude to the

ammonia %@gﬁg&
bis(2-(dicyclo exgl sphino)- éthyl)amine derived iridium catalyst.  Example 104
Bis(2-(ditertiarybutyphestinibjemiioRrihesplinseAta iR molmang1) Shoelstal§8ed ammonia

borane hygrolysigaleA@ifichiBdZaihfel EHE48:38 B OpiBidene’ @RBKEGOE asu3me/ml
tetrahydrofuran solution of bis(2- (ditertiar butyIph_osphino{eth%Da,rnine-%,‘:ll@)eb%anedionaterhodium(l)
d

was addeFERENTDOL PR BB RRGIPOR AP AR HARINE i B¥&Ff equilibrated in a
39,5 @ watgsbath forddesaicisas of.4894igeipropyishbepiiroadispadtdhanc:theittydrogen
evolution was measured. The results are. shown in Table 15.. . . A PP ligand, contajning rhodium
complex hﬁgﬁé@g‘ S@&ﬁ%@&%%ﬁ ?ﬁgdilgpi@/ "ROHS eaer$ Sak!}?riﬁgﬁ%ltyb%reaaﬁégh?/% ro??/%lg Fate that was
comparable tr@bibavfithe dig(@ysiaycleh Vi hessinaodetgiDARME.iridiben ¢atNi4R Example 105

Bis(2-(dialkyl %os hi %th Namine. (alkyl = i vl Cyclohex dD i .
bis(diphenis/ﬁ)% Eup'%in% ?ﬁ%a%nﬁ%nes %%ogjé%%%t%gcg@@zgggarﬁpr%%%iaoélg%or! ﬁg%/’grolysis

addition to a hydride resonance at § —27.00. Although the complex has not

15 been characterized crystallographically we propose the tentative structure

shown in scheme above,

Example 36
Bis(di-m-isopropylphosphino-di-p-tolylyaminedichiororuthenium(il)

QNPJPFQ Per,
[(CODIRUCIH, 1

N~ S N
o toluene, 80°C HN F!mCl;;
' overnight - )
o/ PP ° N P,

20
This compound was prepared according fo the literature procedure

(Celenligil-Cetin, R.; Watson, L. A.; Guo, C.; Foxman, B. M.; Ozerov, C. V.

Organometallics, 2005, 24, 186 — 189). Yield: 0.23 g, 88%. 10 mg of the

product was dissolved in 10 ml of tetrahydrofuran and 10 mi of water in a

25  scintillation vial to form a red sclution. Ammonia borane was added (50 mg,
1.620 mmol) and the hydrolysis rate was moderate. |

The reaction of bis{di-m-isopropylphosphino-di-p-tolyhamine with

dichloro(1,5-cyclooctadiene)ruthenium(ll) polymer cleanly produces the
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WO 2008/141439PCT/CA2008/000943 a) 100{HN(CH2CH2P/Pr2)2iC121 catalyzed ammonia
borane hydrolysis: A 319 mg (0.732mmol)sampleofBis(2- 5
(diisopropylphosphino)ethyl)aminedichlorocobalt(ll) 1Co{HN(CH2- CH2PiPr2)2)C12] was dissolved in
20 ml of tetrghyei@fnianand then 20 ml of water and 107 mg (0.350 mmaly-ek- 426081000943
bis(2-(diisopropylphosphino)ethyl)amine HN(CH2CH2P/Pr2)2 were added. The flask was immersed in
a water bath that was held at 40 C and the temperature was allowed to equilibrate for 5 10 minutes.
Ammoniam@m@@stryasr@qﬁ@wﬂn poljiaasd2.48Amleiollowad-ay- E@@y@ﬁ@mﬂmband the hydrogen
evolved was measuy d.i dnan | erted (800 ml graduated cylinder. The first two ammonia borane
additions W aﬁ%‘ﬁ%ﬁﬁ E) § n atmosphere and the subsequent runs were in air. 5 ml of
tetrahydrofuran and 5 ml of water were added to the mixture prior to 15the third run. The results are
shown mg%%ﬁé% b) Bis(2-(diphenylphosphino)ethyl)aminedichlorocobalt(ll) I"Co{HN(CH2-
CH2PPh catalyzed ammonia borane hydrolysis: 24 mg (0.042 mmol)
ofbis@-(diBlsédiymtierpraippitagpiantrddiciabibrobedetipsefebai(F 12- CH2PPh2)2}C121 was
dissolved in 10 ml of tetrahydrofuran and 10 ml of water 2Q at 41 C in an argon atmosphere to form a
yellow solution. Ammonia b rage was added in 50 mg (1.62-mmol) portions (with the initial addition
resulting in the formation o E¥ered solution) and the hydro§é&r: evolution was measured with a

100 ml burette. The results are §hgwn in Tabfeo®7. C) | ¢l

Bis(2-(dicyclohexylphosphi thyhaminedighjosggobalt(11 ao@IZ{NH(CHZCHZPCyZ)Zl]
catalyzed ammonia boran Iysis utilizing standard 4 gitions: A 1.0 ml sample of a 0.98
mg/m1 (0.98mg, 0.002 mm;?dichloromethane solution was-added to a 500 ml three-necked flask

under an argon atmosphere and the solvent was removed with an argon flush. 80 ml of a 1:1

tetrahydrofuran/afekkiguaesobe il chiardaH&Pte @RS ad cohneeeid #¢hdi#drogen
measurerigsi BRBIRAAIHE QLIRS R0 Walet e o IuearYakReA 5999 0 (16,2 o

of ammonla orane was added and then t e en evolved was measured. The results are shown

dro

in Table 185¥8# @QQ@%@E‘QP&%&QQ)@S@OF&% ﬁggﬂl{ﬁ)(’&flt?iéﬂ@ﬁﬁﬂﬁel §%lr‘f8§ (B2 tertiarybutyl,
isopngpyl, @wabt@wc@h%d)twaemﬁam@mamwmm msRxAddadaffbrinzoghactive. The
tertiarybut bstlt ex proyed tg have activity. In contrast, the.iSQpr phenyl and
cyclohexy ?t?a %beﬁr%%xﬁgv?g % ni% gc‘#&ﬁ% ‘%@/8 18 Bu? acrﬁa o?gaug%)ér)td these latter 10
exmples ttadainynimfamatn/mm &Dcnbcﬂwmm:nTaldeuﬁﬁldmm:&hm ﬁ@rrlnla(Zed solution.
(dllSOpl’Opwg?ﬁ&@‘n&)ﬁ}g '@‘?8':‘ QQQ%I Qéasborane could be added in multi-gram

tstl reta

guantities and the catalys Ined activity. Ta Ie 1 hows that the complex
bis(2- (d|pheny|pwobanm@)@mwomﬁiﬂém&mm@mm@%awﬁr@wﬁ%tawmﬁg%aﬁmoma borane

wheg:l WHPIBRHIONS. SRfhil A8 HOWR (BEAGHYHYORY IDRRPMIA Y -p-
bIS(2 (dlcy %ﬁg%yﬁghosrﬁnow §l()l{}Da[r%illnedlchloro cobalt@tl Exgmoglfgqo P

Bis(2-(diisEYBaY s HineEM A RTNRES 5 ctdbt(11 %Eﬂ%ﬁ\’ﬁﬁ'(@ﬁ&’dﬁo*%%%rz)z}l VS,
bis(2- (d||s%g|:9@/|phoaﬁag;ﬁé%thg{@mmeggpﬁgggnlckemgmim&gﬁwgwuaﬁdar&)] catalyzed

ammonia orane hydr Eﬁls with standard zedsgr%gddpgqg 2x5 e(z)c dc%nglg\agg gégPtgPrZ + AB(note Ni
complex pfY o5 P g
that of bis(2- (dllsopropyiphosphmo)ethyl)amined|chiorocobalt(i§).
20
Metal Complexes with (-P-N-N-) Ligands
Example 38
(a) (Diadamantyiphosphinojethyl-(diethylamino)ethy! amine with
chiorobis{cyclooctene)iridium(i) dimer
NEt, —NEt,
(NH— 0.5 {ir(coe)Cl, /(M_frii_ H
& Toluene H /Cl/i
25 PAd; PAd;
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a) Bis(2-(diisopropylphosphino)ethyhaminedichlorocobalt(10: 6.8 mg 25(0.0156 mmol) of
bis(2-(diisopropylphosphino)ethyl)aminedichlorocobalt(ll) in ca. 3 ml of tetrahydrofuran was added to
80 ml of a 1:1 mixture of tetrahydrofuran and water (equilibrated in a 25.0 C water bath for five
minutes). 503 m@/efijagemonia borane was added and the hydrogen evglggarwasdagasured. 5b)
Bis(2-(dlisopropylphosphino)ethyl)aminedibromonickel(l1): 8.0 mg of
bis(2-(diisopropylphosphino)ethyDaminedibromonickel(IOwas dissolved in 40 ml of water and 40 ml of

Letrﬁhyddroflljran gao@;m@ﬂmbl e @@ﬁ%ﬁfﬁ?ﬂﬂiﬂﬁdﬁ&@éhﬂ@ﬁeﬁ@@h%ﬂ@faﬁ?@@&iﬁeﬁ 25.0 C water
ath an ed to equjliprate for. five minutes. 498.4 mg of ammonia baorane was added and the
10hydrog@1%§/oll9t’ionamgmgggaped.“f'hetf) SIS arégk]lo )in Tiie ﬁgoaede éﬁoro
Thecompiezig¢h:(ditese idpyipiospinieo) diMyaEmuiddibfoidd- g, £.06 mmol). The
nickel(11)wasslightlylessactivethanbis(2- (dijsopropylph ino)eth inedichbrocobalt(11). 15
Example @%ﬁ(%ﬁ%p&r’ggyﬁgﬁgsﬁ%ﬁégth&#ﬁrﬁ%@&% %)brf)erl}ﬁ}l%%nﬁ%%h ?mseark?vcga%glyzed ammonia
borafie hyurelyibrraetemoratadl mhdainglcasidue. 8vasyrtcipileied dhbitie-ailditprogylphosphino)- 20
ethyDamiggglichlorofyheniym(l L, fimeL wasAdded ok of Al g ierldeyRydrofuraniater.

The flask was sealed and connected to an inverted 2000 ml grﬁndupted %/Iinder and then placed in a
water batheaneuty chist Ry e adlidre pld QibvBd18%tabMzé&tio BirlGe Midgamonia borane

(0.5013 gcl6 2 meeh wasagddaaie Hiedutwssanddhedy tioaemyeluge-diwasuepsorded at one
minute intervals. The results are shown in Table 20. The complex

bis(2-(diis®fopyI PHIEpHRE et yB) S5 RO MR IR A1 PERMB! SRAY RS AT IR the standardized
conglfionsothesaGiMiy sidke casalyaids quisdhigintyl istewendhadhensdiumtstandard bis(2-
(di-tertiarybutylphosphino)ethyDaminechlorocyclooctenyl-hydridoiridium(lIl). Example 108
2,2'-Bis(d|Bﬂg% ?Tosphino)-l,1'-binaphthylz-(diphenylphosphino)- ethanaminedichlororuthenium(ll)
(Ru(binap)(H2N Chi2 Gid2fRivh@) Gld addatzrdyl Fhaspmonigthgtahethyidnoipsisthyl arminsample of 6 mg
(0.0059 mmaol) of. 2.2'-his(di In9Y-1L:1 - bi I :

2-(diphen‘)jl{i&[}[)%oé}zf)I fé&%@%\%ﬁ%ﬁ?ﬁ%@héﬁ%ﬁ(ﬁ?@v@%i§s8|?/%i§yins%'?éif o?rg\%;:}l mixture of
tetrahydrofiateniainel weestionab askrily wasstgie geatdwanmbeed e 4n ihoerRMNMIB0 mi graduated
cylinder, and thep piaced imauRieLbath Alaa, A0GRRANS GERerauEaslguiad to stabilize for 5

minutes. Ammonia borane was added to the mixture in ca. 1.0 g (0.0324 mol) portions. The first five
runs wereNRS B OBIGINRS We REPPaEMIBSIRIIRLYR SHEHHeE NANE RPN EHFSir. The results
are shownygpddTable 21. Arutheniumdiphosphineaminophosphinecomplex2,2'-

U NI S erm() v

chioride
NEt, NEt,
e

NH = N Co\
Ci

! THF H/&
LPAelz PAd,

The cobalt complexes were prepared analogously in situ and the

20

reaction mixture was refluxed for 1 hour in tetranydrofuran under refiux. Yield:

0.2g, 78%. 10 mg of the product was dissolved in 10 mi of tetrahydrofuran

and 10 m! of water in a sciniillation vial to form a pink solution. The material
25  was tested for ammonia borane hydrolysis.

A cobalt complex of (di-adamantylphosphino)ethyl(diethylamino)ethyl
amine was readily obtained by reaction with cobalt(ll)chioride as depicted in
the scheme above. The complex was not characterized owing to its
paramagnetic nature.

30
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borane can be added repeatedly with the catalyst retaining significant activity 20 over time. Example
109 1,3-Bisaditertiarybutylphosphino)methyl)benzenecarbonylchloro-ruthenium(10 catalyzed ammonia
borane hydrolysis A7.8mg(0.0140mmol)sampleofl,3-
bis((ditertiarybatypinasphino)methyl)benzenecarbonylchlororuthenium(ll) weascdisarlveddn 80 ml of 1:1
tetrahydrofuran/water and the reaction vessel was placed in a water bath at 25.0 C. 500.3 mg of
ammonia borane was added 5 and the hydrogen evolution was measured. The results are shown in
Table 22. WiataichoitypitheP @Pihir{dérCoPy lkidatds
bis((ditertig%tmgféog@sphine)methyl)benzenecarbonylchIoriderutheniumo I) towards ammonia borane
hydrolysis was determined and was found to be of a 10similarmagnitudetobis(2-
(dicyclohel@)|ghdspivbisyethanariAedithirtytisocteoniip/arridiitil diohpB xabpte 110  Catalytic
ammonia gatape hydrolysis by catalyst derived from bis(2- 15 (ditertiarybutylphosphino)ethyljamine
and trichlorooxybis(triPhenylphosphine)- rhenium(V) 171THF, reflux, 2 hr ReOC13(Ph3P)2 + catalyst
P 'Bu-13u TI-IF /1-120 AB RHefam catalyzed ammenia’Berane hydrolysis: 10 ml of 20 tetrahydrofuran
and 10 ml of water were ?dded to 22 mg of of the@r\ial formed in the reaction of
trichlorooxybis(triphenylphosphinerheniumygl) wittsbis(dialkylphosphino)ethylamine (where alkyl =
tertiarybutyl or isopropyl) above 8%mg (1. 745 mmBi) 0%8 mdhiaBoRine was added and the

hydrogen evolution was recorded. A black solid agpeargd in the reaction 25mixture after ca. 14
minutes. The results are shown in Table 23. Examile 111 Solvent effects upon
bis(25(ditertiarybutylphosphinofﬁhybaminechlorocycloopc:fenylhydridoiridium(JII)
fir(H)(CI)(C8H13XNbi(BbReH2R Biz(d aamiyrag B anmensibermaadydrodigibrl@olvolysis under
pressure .  These reaction carried out in a_similay fashjon and only the tetrahydrofuran/water
Cample i SRR TSR TSR 0 (R ) S b TONA GIHARE WS AOCER 10 150 mi of a
1:1 mixturie oh tetuahgdsidarani/\V@dtenp &c26B00mbiPart pobwit Thehblwidb wasisedlesf and 5 sealed

d th ized to 24 nsi.wi . th
Process vk SRR KSR HRESH A PR AR 88 R AR 0 SRS o, 15103
mrnd of Biereoeradrifbuagphosprensdlichwisniiiesiest doyz ol @t hngkarrISMENAES(11) was added
via syringg-and-rRde PSSRt WAS SRaIeHIALIBE IRIPIPESHEE B(R8,10 measured as a function of

time. (b) For the ethanol/water run the ammonia borane mass was 2.00109 (0.0648 mol) and the
catalyst mEBAwa b Rifassie-giiikeN st HeNTY e A6 A8 EHfmonia borane mass

was 1,999g{%0648 moo ) and the catalyst mass was 1.0 mg (1.4x1e mmol). The results are shown in
Table 24, 1 Gty A O B T QY Sisy IP L LSRR A Iy SR Uaaied i
15  fert-butylphosphine) O(CHzCH2P'Bug); in 5 mi of tetrahydrofuran was added
to a mixture of 32 mg (0.246 mmol) of cobalt dichloride and § ml of
tetrahydrofuran. The mixture was refluxed for 30 minutes and then the
solvent was removed in vacuo. The solid was triturated in 5 mi of hexanes,
collected on a frit and dried in vacuo. Yield: 85 mg, 77 %.
20
Example 40
(a) 2,2-oxybis(ethane-2, 1-diviibis(diisopropylphosphine] with bis{cyclooctene)

iridium(l) dimer

P'Pr,
: 0.5 [INGOE),CHs

O - catalyst

</ Toluene, B0°C, 2 hours
PPy,
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usingbis(2-(ditertiarybutylphosphine)ethyl)aminechlorocyclooctenylhydrido indiurn(111) as the catalyst.
The ethanol/water (1:1) and tetrahydrofuran/water (1:1) runs afforded similar results. In absolute
ethanol the reaction proceed faster than in either ethanol/water (1:1) or tetrahydrofuran/water (1:1).
20Table 25 provides: asismmary of the catalysts tested and their respectiye-catalybigoagsimvity with
respect to ammonia borane hydrolysis. Example 112: Effect of alcohol solvents on the production of
hydrogen from ammonia borane IHSolvent NH3BH3 40.0C 25PtBu2 Experimental procedure: An 80
ml sample of the 30Ivent wadedere torasSGRiddB-tecked flask{andyasmhediedftoxa-40 C for 5

inutes. ' il taini . 500 ' ted t
the flaok Ao e S P i e B B e
solvent)ofthiddiataiysigisyzigactens)bahminsptimeye fiyOaim)elhandc yoo ooteaythydesloiridium(111)
was added,chedgsivasiapaledand Wi WancRYRAST SRUGEY iNeRIkagit'as Aglonia borane to

the reaction mixture. The gas volume was then recorded 5at one minute intervals. a) Solvent = 100 %
ethan8l. ARRARES Wﬁﬁrﬁfgﬂs%omh%er@mgo(mwmﬁm%emwm fren the sclvent '

bis(2-(di-tezautyiRhesaiing) eladiamineshlaery claaste fydhy dgideridiam () .Gy mgr (0.0014 mmol);
T=40.0 C. b) Solvent = 50 % ethanol, 50 % water. Amount of ammonia borane; 500.0
10mg(16.§8f[ﬁ?|l? rﬁmfﬁfhﬁi?gig(f-‘tcﬁftmie“ The addition of ca. 50 mg (1.62 mmal) of
butylphospkib e ethtgiamthedblonatiyel e el emyenyaivdol ishuydiyaR9 mg (0.0014 mmol); T =40.0 C.
c¢) Solvent =z 100 % n:bytanol.. unt mpnia borane: 501,7,mg (16.25 mmol); gmount of
bis(z-(di-te(r‘?-butylphoésjgﬁﬁfo")%%ﬁ ?r%ti'l i ’8f§§8€€ﬁ9f?5€%’|’ﬁ/6‘?%7 Rshmany: %98 mg (0.0015
mmdlf} T b&jaydoodieBeivigidivrg0 eénmebutanol, 50 % water. Amount of ammonia borane 500.7
mg(16.29mmol);amountofhis(2q{di-tert-

butylphosphino)ethyDa nechIorf)cyclooctenyl-hydridoiridium(lll): 0.98 mg (0.0014 mmol); T=41.0
C. 20 e) Solvent = 100 %, isopropanol. AxiaGRERERMMOonia borane: 503.3 mg (16.30mmol);
amountofbis(2-(di-tert- b A Iphosph|np()lgépéflgggalgtﬁgﬁorocyéﬁ%ﬁenyl-hydridoiridium(lII):1.02 mg

(0.0015 mmol); T = 40.7.
P8y,

30 mi of toluene was added to 50 mg (0.138 mmol) of 2.2-
oxybis(ethane-2,1-diybis{di-fert-butyiphosphine) and 82 mg (0.082 mmol) of
firidium bis{cyclooctene) chioride] dimer [ir(COE}).Ci}; and the mixture was

15  heated to 80°C for 2 hours. The solvent was removed in vacuo and 30 m! of
hexanes was added. The hexanes solution was filtered and then the solvent
was removed in vacuo. The solid was then dissolved in 2 mi of
tetrahydrofuran and 2 ml of water, The addition of 50 mg ('1.62 mmol) of AB
resulted in the formation of a large amount of hydrogen.

20 The reaction of the 'POP’ ligands OQ{CHCH»PR2)z (R = isopropyi,
tertiarybutyl) with iridium and cobalt sources was examined. Thus, the
reaction chlorobis(cycliooctene)iridium(l) dimer with the ligands produced
mixtures of compounds which could not be separated (R = isopropyl; R =
tertiarybutyl). Reaction with cobalt(l)chloride (R = isopropyl;, R = tertiary

25  butyl) afforded uniform looking materials which were not fully characterized

due to the paramagnetic nafure of the material.

Metal Complexes with {-P-O-phenylene-0-P-) Ligands
Example 41
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f) Solvent = 75% isopropanol, 25% water. Amount of ammonia borane: 499,9 25 mg (16.19 mmol);
amount of bis(2-(di-tertbutylphosphino)ethyhaminechlorocyclooctenyl-hydridoiridium(111): 1.00 mg
(0.0014 mmol); T=41.0 C. g) Solvent = 50% isopropanol, 50% water. Amount of ammonia borane:
500.0mg(16Rommei)emountofbis(2-(di-tert- PCT/CA2008/000943
30butylphosphino)ethyl)aminechlorocyclooctenyl-hydridoiridium(lll):1.02 mg (0.0015 mmol); T = 42.0
C. h) Solvent = 25 % isopropanol, 75 % water. Amount of ammonia borane: 500.8mg(16.22mmol);
amountoftfig( 2L@libisraiBenyiphopkiieEtwiiamibethos eyeiqoaiém | higdrnddaddiend)(): 0.99 mg
(0.0014 gt ideTdh8.C- i) Solvent = 100 A) methanol. Amount of ammonia borane: 502.8 mg
(16.29 mmog; amgunt of bis(2-(di-tert-butylphosphino)ethyl)aminechlorocyclooctenyl-
5hydridoiridium(lll): 1.00 mg (0.0004-n#rRal); T = 40.3 C. j) Solvent = 75 % methanol, 25 % water.
Amount of ammonia borane; 502/7 mg(16.28mmol);amountofbis(2-(di-tert-
butylphosphino)ethyl)aming ocyclooctenyl-hydridoiridium(111): 1.06 mg (0.0015 mmol); T = 40.0
C. 10 k) Solvent = 50% mé} 0/ WREEO RefrbunTor ammora&!drane: 499.6 mg(16.18mmol);
amountofbis(2-(di-tert- buty hosphino)ethyl)aminechlorocyclooctenyl-hydridoiridium(111):1.07 mg
(0.0015 mmol); T = 40.0 C. Results: 15Theeffectofn-butanolconcentrationinbis(2-(di-tert-
butylphosphino)ethyl)aminechIoro&'é'l"d%%rt’enylhydridoiridium(lIl)catalyzed hydrogen generation (40 C)

is shown in Figurgd 6. dherbiewpfisaniepaisotyenessigationinbiz(@} (distert{ir(COE)Cl:
butylphosphino)ethyhaminechlorocyclooctenyl-hydridoiridium(111)catalyzed 2Qhydrogen generation
(40 CY'is s%o&n% in Ifiétfpg'f?ﬁ u'l‘hdee eséc’t%(frﬁ‘secfﬁ'g c%#cé%rgl Isom%%)i%%-%éi-?e?@ m{on o
butylphosphib)ettiBerimesiiprosptiveceenzdango{fdiutnP 2 1myvalalyz ésbhy@irarel generation (40

©) Is shown in fiouisd figrie/ Wis Lkesenbainciasiie s renidiessrited wigeference to what
are presently considered to

e the preferred examples, it Is to be understood that the disclosure is not

limited to t°GidoodBdninaieplaadTingly thiay aht18ise By mtdhePivRd VeV arious

modificatiqps ngREWRIRNRTBNGRMABIGIRSUAEY Wil the tRintarrlsconeafdherppended
30claims. All publications, patents and patent ap Iicati&%?s are herﬁ[in incorporated by reference in
ha ol Ji

their Bhtirdfyard @xa8sm S SRERPIYD ifEREASH dRAJ0H foReheER 5P fication was
specificallyigpadngaddralyoinsisatesiobafiaearadraed ki refitentelin dbentiget§sSWhere a term in

reference, 1O I0H MEfoGebiordi 16 Sbi Lk e atntiad o eons ave o
CH(CHa)a), 1.50 — 0.80 (m, 12H, CH(CHs)2), -20.89 (d, 1H, Ir-H), -36.66 (s, br,
1H, ir-H). *'P{*H} NMR (400 MHz, C¢De): & 169, 145, 121.
15  (The H & ¥p NMR data is different from the lterature reported value:
Morales-Morales, D.: Redon, R.; Yung, C.; Jensen, C. M. Inorganica Chimica
Acta 2004, 357, 2953 — 2956).
(b) 1,3-bis(di-tert-butyiphosphinooxyjbenzene hydrido chioro iridium

e
O—P'Bu, Q= PBu,
J‘\\H
+ 0.5 IHCOE),CY, =~ Ir
g
S ]
20 O—P'Bu, O—FBu;

The compound was prepared according fo the literature procedure
(Gotiker-Schnetmann, |, White, P.; Brookhart, M. J. Am. Chem. Soc. 2004,
126, 1804 — 1811) Yield: 0.30 g (87%). "H NMR (400 MHz, CD:Clz): 8 .78 (1,
3jun = 8.0 Hz, 1H, 4-H3, 6.54 (d, *Jun = 8.0 Hz, 2H, 3- and 5-H), 1.35 (m,
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TABLE 1 Bis(2-(ditertiaryputylphosphino)ethyl) minechlorocyclooctenylhydridoiridium(lll) catalyzed
ammonia borane hydrolysis at 25 C. Time (mm) VolH2 (run 1,m1) Vol H2 (run 2,m1) VolH2 (run 3,m1)
0000198240240 2 285490510 3515675 7104 705 800 835 5 830 860

WO 2008/141439 PCT/CAZO08/000943

36H, 4 x fB), -41.39 (t, 2Jpw = 13.1 Hz, 1H, IrH). *'P{'H} NMR (400 MHz,
CD;Ch): 8 175.8.

(¢} 1,3-bis(diethylphosphinooxy)benzene hydrido chioro iridium
O-—PEt,
+ 0.5 I{COE),Cl, ——> cataiyst

5 O——PEt,
To a solution of [iridium bis(cyclooctene) chloride] dimer [Ir(COE):Cl]2
(0.38 g, 0.435 mmol) in degassed jso-propano! (25 mi) was added a solution
of 1,3-bis(diethylphosphinooxy)benzene {0.25 g, 0.87 mmol) in iso-propanal
(10 mi). The mixture was stirred at room temperature for 30 minutes, then at
10 B0°C for 30 minutes, and finally refluxed at 110°C for 2 days. The solvent was
then removed in vacuo and hexanes was added to the residue. The
precipitate was filtered off and was washed with hexanes to obtain a greenish
brown solid. Yield: 0.21 g (47%). 'H NMR (400 MHz, CD,Cly): § 7.00 - 6.00
(m, 3 H, Ph-H), 2.50 — 1.00 (m, 8H, CH2CHa), 1.00 - 0.50 (m, 12H, CHzCHa),
15 -20.50 (d, 1H, Ir-H). *'P{*H} NMR (400 MHz, CD,Cly): & 147, 112, 64.
(d) 1,3-bis{diphenylphosphinooxy)benzene hydrido chioro iridium

O——=PPh,
+ 05 {I(COEYCl, ——> cataiyst

O~PPh,

To a solution of Jiridium bis(cyclooctene) chioride] dimer {I{COE)2Cljz

20  (0.23 g, 0.261 mmol) in degassed iso-propanol (20 mi) was added a solution
of 1,3-bis(diphenyiphosphinooxy)benzene (0.25 g, 0.52 mmol} in iso-propanot

(10 mi). The mixture was stirred at room temperature for 30 minutes, then at

60°C for 30 minutes, and was then refluxed at 110°C for 2 days. The solvent

was then removed in vacuo, and the residue was precipitated by adding

25 hexanes. The precipitate was collected by filtration and was then washed with
hexanes to obtain a green sofid. Yield: 0.3 g (82%). 'H NMR (400 MHz,
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CD;Cly): d 8.00 — 6.00 (m, 23 H, Ph-H), -19.02 (dd, *Jpr = 15.2 Hz, 1H, Ir-H).
*1IpH) NMR (400 MHz, CDLClo); d 115, 86.
Transition metal complexes of ‘PO or 1,3-CsHa(OPR,); ligands (R =
ethyl, isopropyl, phenyl or tertiarybutyl) were prepared. For R = tertiarybutyl,
5 the known complex 1,3-bis(ditertiarybutyloxyjbenzenechlorohydridoiridium(iil}
was obtained. For all other R groups aftempted, mixtures were obtained
which were used as catalysts in situ. These ligands were aiso reacted with
trichlorooxybis(triphenylphosphinejrhenium(V) and ruthenium(lll} chloride
hydrate. Complex mixtures formed.

10
Example 42
1,3-bis(diisopropylphosphinooxy)benzenebromonickel{fl)
0 ——P'Pr, 0—PPr,
] triethyiamine rli-—--—Br
* N LB ’
o—PrPn 0—PPr,

The compound was prepared with a slight modification to the literature

15 procedure: (Pandarus, V.; Zargarian, D. Chem. Commun. 2007, 978-980),
Yield: 0.66 g (85%). 'H NMR (400 MHz, CDCh): 86.96(t, Jun = 8.0 Hz,
1H, PhH), 8.42 (d, Jun = 8.0 Hz, 2H, PhH), 2.48 (m, 4H, PCH(CHa)z), 1.43 (dt,
Jin = 7.1 Hz, Jpp = 7.8 Hz, 12H, CH3), 1.33 (dt, Iy = 7. Hz, Jup = 7.1 Hz,
12H, CHa). P NMR (162 MHz, CDCl): 8 188 (8).

20 The reaction of 1,3-bis(diisopropyiphosphinooxy)benzene with nickel(i)
bromide in the presence of triethylamine proceeded with elimination of
tristhylammonium chloride to afford the known complex
bis(diisopropyiphosphinooxy)benzenebromonickel(il).

25 Example 43
1,3-bis{diisopropyiphosphinooxy)benzene with iron(ll) chloride
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o0—pP'Pr,

FeCl,
THE

= catalyst

O—PPr,

tron{ll) chloride (FeCly) (7 mg ¢, 0.0552 mmol) was added to a solution
of 1,3-bis(diisopropylphosphincoxy)benzene (0.020 g, 0.0584 mmol} in
tetrahydrofuran (30 mi). The reaction mixture was then stirred at room
5 temperature for 30 minutes followed by 80°C for 3 hours. Sciid potassium
tertiary butoxide (ca. 10 mg, 0.0891 mmol) was added followed by ammonia
borane (ca. 50 mg, 1.62 mmol) at room temperature, no gas evolution was

observed.

10  Example 44
Bis(diisopropylphosphinooxy)benzene with cobalt{ll) chioride

O—P'Pr,
Colly
\ / B catalyst
THF, 80°C
O=—FiPr,

Cobalt(l) chloride (0.008 g, 0.0584 mmol) was added {o a solution of

bis{diisopropylphosphincoxy)benzene  (0.020 g, 0.0584 mmol) in

15 tetrahydrofuran (30 ml). The reaction mixture was then stired at room

temperature for 30 minutes, then at 60°C for 3 hours. The color of the reaction

mixture remained blue. Then potassium tertiary butoxide (ca. 10 mg, 0.0881

mmol) was added foliowed by ammonia borane (ca. 50 mg, 1.62 mmol) at
room temperature. No gas evolution was observed.

20 The reaction of bis(diisopropyiphosphinooxy)benzene with both ron{H)

chloride and cobalt(ll) chioride were attempted but the products were not fully

characterized.
Metal Complexes with (-P-phenylene-P-) Ligands

25  Example 45
1,3-bis((ditertiarybutylphosphinojmethyl)benzenechlorohydridoiridium(ili)
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PBu, P'Bu,
toluene antH
+ 0.5 [I{COE),Clj;~—3 ir
of
P'Bu, P'Bu,

The compound was prepared according to the literature procedure

(Moutton, C. J., Shaw, B. .. J. C. S. Chem. Comm. Dalfon Trans. 1976, 1020

— 1024). Yield: 0.60 g (38%). "H NMR (400 MHz, CD,Cly): 6 7.00 (d, %Jin =

5 8.0 Hz, 1H, 4-H), 6.98 {m, 2H, 3- and 5-H), 3.14 (m, 4H, CHy), 1.39 (m, 36H,

t-Bu), -43.0 (¢, “Jps = 12.0 Hz, 1H, IrH). *'P{'H} NMR (162 MHz, CD>CL): 8

68.0.

Pincer complexes containing 'PCP' (1,3-CgHs(CH:PR2)2) (R =

isopropyl, tertiarybutyl) ligands have been synthesized. The reaction of 1,3-

10 bis{(ditertiarybutylphosphino)methyl)benzene with

chlorobis(cyclooctenejiridium(l) dimer affords the known compiex 1,3-
bis{{ditertiarybutylphosphino)methyhbenzene chlorohydridoiridium(l11).

Exampie 46

15 1,3-bis{(diisopropyiphosphino)methyllbenzene with
chiorobis(cyclooctene)iridium(l) dimer

PPra

isopropanol
+ 0.5 [I(COE),CH, e catalyst

PPr

The compound was prepared according to the literature procedure:

20  (Moulton, C. J.; Shaw, B. L. J C. 8. Chem. Comm. Dalton Trans. 1976, 1020

- 1024). 20 mg of the solid and 7 mg (0.062 mmol) of potassium tertiary

butoxide were dissolved in tetrahydrofuran and then 50 mg (1.62 mmol) of

ammonia borane was added, resulting in the evolution of a large amount of
hydrogen.

25 This reaction resulted in a mixture of compounds.
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Example 47
1,3-bis(ditertiaryb utylphosphine)methyl}benzenechlorotriphenyi-
phosphinerutheniumli)

{
P'Bu, FBu,
RUCH{PPhy), - PPh;
Ru
" g
CH,Cl, :
5 P'Bu, PBus

This compound was prepared in a similar fashion to the phenyl
analogue: Karien, T.; Dani, P.; Grove, D. M.,; Steenwinkel, P., van Koien, G.
Organometallics 1998, 15, 5687 — 5694. Yield: 0.448 g. *'P{'H} NMR (162
MHz, CeDs): 8 32.6 (ca. 65 %), -7.3 (ca. 35 %). 10 mg of the product was
10 dissolved in 10 ml of tetrahydrofuran and 10 mi of water in a scintiliation vial to
form a yellow solution. Ammonia borane was added (50 mg, 1.620 mmol) and
the hydrolysis rate was moderate.
The reaction of 1,3-bis{(diterfiarybutyiphosphincimethyijbenzene with
dichlorotris(triphenyiphosphine)ruthenium(il) provided the previously reported
15 complex 1,3-bis((ditertiarybutylphosphino)methyl)benzenechlorotripheny!-
phosphineruthenium(il).

Example 48
1,3-bis((diterfiarybutyiphosphino)methyllberizene with ruthenium(ifl) chioride
hydrate
pruz ptSUZ
P— RuCla.3M,0 i /CO
\ / RU\
NEt, 80°C [ Gl
20 BB, ethanol, 28 hr P!Bu,

The compound was prepared according {o the literature procedure

(Gusev, D. G.; Madoft, M.; Doigushin, F. M.; Lyssenko, K. A.; Antipin, M. Y.
Organometaliics 2000, 19, 1734 - 1739). Yieid: 0.05 g. 10 mg of the product

was dissolved in 10 mi of tetrahydrofuran and 10 ml of water in a scintillation

25 vial to form a red solufion. The material was tested for ammonia borane
hydrolysis. '"H NMR (400 MHz, CsDs): & 7.06 (m, 3H, Cefs), 3.13 (overlapped,
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4H, CHp), 110, 1.34 (v, J = 8.5 Hz, 36H, CHa). >'P{'"H} NMR (162 MHz,
CeDs): 6 69.0.
Refluxing 1,3-bis({ditertiarybutylphosphinoymsthybbenzene with
ruthenium(lilychloride hydrate in ethanol produced the known complex 1,3-
5  bis({ditertiarybutylphosphino}methylbenzene{carbonyl}chiororuthenium(ll).

The carbonyl ligand is formed by decarbonylation of the ethanal solvent.

Example 49
1,3-bis{di-t-butyiphosphine)methyl)benzenechiorohydridoruthenium(il}
P'Bu, | R'Bus
[RuCl{p-cymene)l, H \
3 = 2 ”'Ru;\g[
IPrOM, 85°C, 45 hr
10 PiBuz P:BUQ

The compound was prepared according o the literature procedure
(Gusev, D. G.; Madott, M.; Dolgushin, F. M.; Lyssenko, K. A.; Antipin, M. Y.
Organometallics 2000, 19, 1734 — 1739). Yield: 0.126 g. 10 mg of the product
was dissolved in 10 mi of tetrahydrofuran and 10 mi of water in a scintillation
15  vial to form a red solution. Ammania borane was added (50 mg, 1.620 mmol)
and the hydrolysis rate is moderate. H NMR (400 MHz, CD2Cl): 8 7.07 (m,
2H, pheny)-H), 6.93 (m, 1H, phenyl-H), 3.06 {m, 4H, CHz), 1.27, 1.34 (v, J =
9.4 Hz, 36H, CHs), -15.53 (t, 2Jup = 13.0 Hz, 2H, RuH). *'P{'H} NMR (162
MHz, CsDg): 6 83.7.
20 A complex was prepared by the reaction of 1 3-bis((di-tert-
butylphosphino)methyl)benzene with dichloro(p-cymenejruthenium(il) dimer.
This reaction resulted in the formation of the previously reported pincer
complex where the coordination sphere of the metal is taken up by two
phosphine groups, a hydride and chloride ligand and an agostic interaction
25  with a phenyi C-H bond

Metal Complexes with (-P-N-phenylene-N-P-) Ligands

Example 50

N’ N-bis(diisopropylphosphino)benzene-1,3-diamine with
30 chlorobis(cycloocteneliridium
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HN"""PiPFE HiN- Plpr2
+ 0.5 [if{COE),Cl] = er\
HNH_P PFZ HN—P iprz

To a solution of chlorobis(cycloocteneliridium(l) dimer [r(COE)Cll

(0.025 g, 0.0294 mmol) in tetrahydrofuran (20 ml) was added N’ N°-

bis(diisopropylphosphino)benzene-1,3-diamine (0.02 g, 0.0587 mmol). The

S mixture was stirred at room temperature for 30 minutes, then at 80°C for 3

hours. The solvent was then removed in vacuo, and the residue was

precipitated by the addition of hexanes. The precipitate was isolated by

filtration and was then washed with hexanes o obtain a solid product. Yield:

15 mg (46%). The compound appears to be moisture sensitive. 'H NMR {400

10 MHz, CDoCly): 8 7.6 - 6.80 (m, 3 H, Ph-H), 3.10 (s, br, 2H, NH), 2.30 — 1.80

 (m, 4H, CH{CHa)z), 1.80 — 1.00 (br, 12H, CH(CHs)2), -24.6 (dd, 2Jpy = 15.2
Hz, 1H, trH). *'P{'H) NMR (162 MHz, CD,Cly): & 84.0.

The reaction of the ligand with chiorobis(cyclooctens)iridium(l) dimer

afforded a single compound that has a *'P NMR resonance at 6 84.0. The 'H

15 NMR spectrum of the product shows the presence of the P-N-phenyiene-N-P

ligand and also a hydride signal at 6 -24.6. We propose the tentative structure

in the scheme above for the complex.

Example 51
20 N N -bis(diisopropylphosphino}benzene-1, 3-diamine with cobalt(ll) chloride
HN~PPr,
CoCl,
————e— - catalyst
THF, 60°C
HN~PIPr,

Cobalt(ll) chloride (CoCly) (0.0076 g, 0.0587 mmol) was added to a

solution of N1,N3~bis(diisopropylphosphino)beﬂzene-'1,Smdiamine (0.020 g,
0.0587 mmol) in tetrahydrofuran (30 mi). The reaction mixture was then

25  stirred at room temperature for 30 minutes, followed by 80°C for 3 hours
resulting in a change of color from blue to biuish green. The material was

tested for ammonia borane hydrolysis.
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The reaction of N',N*-bis(di-iso-propylphosphino)benzene-1,3-diamine
with  cobalt(lychloride or  trichlorooxybis(triphenylphosphine)rhenium(V)
produced mixtures of products

Metal Complexes with (-P-N-N-P-} Ligands

Exampie 52

N’ N-bis(2-(diphenyiphosphino)benzyiidene)cyclohexane  with  cobalt{l})
choride

RR)-
{ ) _— CoCla

r==N N ———— catalyst
CHaCN
O PPh, Ph,P

An 835 mg (1.268 mmol) sample of N',N*-bis(2-(diphenylphosphino)-
benzylidene)cyclohexane-1,2-diamine and 150 mg (1.155 mmol} of cobalt(i)
chioride were stirred in 5 ml of acetonitrile for one hour. 40 m! of diethyl ether
was added dropwise and then the mixture was stirred for 30 minutes io
complete precipitation. The solid was collected by vacuum filtration, washed
with 5 mi of diethyl ether and then dried in vacuo. Yield 0.900 g. NMR
specira were not abtained.

The reaction of this ligand system with cobalt(if)chlioride in acefronitrile

proceeds smoothly to afford a brown material
Example 53

Bis(acetonitrite) N’ NP-bis(2-(diphenylphosphino)benzylidens)cyclohexane-
1,2-diamine iron (Ii) tetrafluoroborate

P
R.R)y Q U"E(OHz)s][BFdz Q
o =N_ Nz [BF sl
CHSCN

L = CHCN
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Acetonitrile (5 ml) was added to 210 mg (0.319 mmol) of N' N*bis(2-
(diphenylphosphino)benzylidene)cyclohexane-1,2-diamine and 102 mg (0.302
mmol} of iron (i) tetrafluoroborate hexahydrate [Fe(OHa)sliBF 4]z and the
mixture was stirred for one hour. The solution was concentrated to ca. 1 ml

5 and then 20 mi of diethy! ether was added dropwise. The mixture was stirred
for 30 minutes and then the solid was collected on a glass frit and dried in
vacuo. Yield 240 mg, 82 %. 'H NMR (300 Mhz, CD3CN): 8 8.24 (s); 6.67-
8.08 (m); 3.55 (m}; 2.80 (m); 2.15 (m); 1.55 (m). *'P NMR (121 Mhz, CD3CNj):
& 52.7. The material was tested for ammonia borane hydrolysis.

10 The addition of N’,Nabis(z-(diphenylphosphino)—
benzylidene)cyclohexane-1,2-diamine  to iron (I} tetrafluoroborate
hexahydrate in acetonitrile resulted in the immediate formation of a red
soiution. The dicationic compound was readily isolated via crystallization.
The tentative structure indicated in the scheme above consists of a

15 psueodooctahedral complex with a coordinated P:N; ligand a two coordinated
acetonitrile ligands. The 'H NMR spectrum of the maiterial shows the
expected resonances, and features a two proton signal at & 9.24 which
corresponds to the N=CH moiety. The *'P NMR spectrum of the complex has
a single resonance at 6 52.7.

20
Example 54
N'.N°-bis(2-(diphenyiphosphino)benzylidenejcyclohexane-1,2-diamine  with
nickel(ll) bromide

RR- Q NiB#
=N N== ——&  catalyst
CH3CN
PPhy PhoP

25 Acetonitrile (10 mi) was added to 751 mg (1.140 mmol) of N* N*-bis(2-
(diphenylphosphino)benzylidene)cyciohexane-1,2-diamine and 249 mg (1.140
mmol} of nickel(ll} bromide. The mixture was heated to reflux for one hour
and then was cooled to room temperature. 40 mi of diethy! ether was added
dropwise and the precipitate was collected on by vacuum filtration and was

30 dried in vacuo. Yieid 1.003 g, 78 %. NMR spectra were not obtained due to
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the low solubility of the compound. The material was tested for ammonia
borane hydrolysis.
A nickel complex of N’ N%-bis(2-(diphenyiphosphino)-
benzylidenejcyclohexane-1,2-diamine was prepared. The material has not
5  been fuily characterized owing to its extremely low solubiiity.

Example 55
N NZ-bis(2-(diphenyiphosphino)benzylidenejcyclohexane-1,2-diamine  with
tetrakis{acetonitrile)copper(l) hexafluorophosphate

(R.R) Q [CUNCCH3)e]PF g

=== N

N =N PES
== - Nz [
CHyCN @
Cu
POh, PhP O p” p
Ph Ph
10 2 2

To a solution of N'N*-bis(2-(diphenyiphosphino)benzyijcyclohexane-

1,2-diamine {0.7g, 1.06 mmol) in acefonitrile {20 ml) was added
tetrakis(acetonitrile)copper(l) hexafluorophosphate (0.38 g, 1.01 mmol}. The
reaction mixture was then stirred at room temperaiure for 4 hours. The solvent
15  was removed in vacuo, and the residue was precipitated by the addition of
hexanes. The precipitate was filtered and was washed with hexanes and dried
in vacuo. The material was used without further purification for ammonia
borane hydrolysis experiments. 'H NMR (300 Mhz, CD,Clp): § 8.47 (s}; 7.07-
7.72 (m); 3.06 (s); 2.32 (m}; 1.83 (m); 1.05 (m). *'P NMR (121 Mhz, CD:Ch):
20 §-3.0. The material was tested for ammonia borane hydrolysis.
A copper containing PN, complex was prepared by the reaction of
N’ N-bis(2-(diphenylphosphino)benzylidene)cyclohexane-1,2-diamine  with
tetrakis(acetonitrile) copper (1) hexafluorophosphate as depicted in the
scheme above. The *'P NMR spectrum of the complex displays a single
25 resonance at & -3.0. The 'H NMR spectrum shows a signal for the N=CH
group at b 8.47.

Example 56
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N' N?-bis(2-(diphenyiphosphino}benzyljcyclohexane-1,2-diamine with
chlorobis{cyclooctene)iridium(l) dimer [Ir(COE);Clj2

NH HN
PRy RZP e CATALYSE

+ 0.5 [ICOE),CI, R = Ph, Tol, Xyl
R = pheny!

5 To a solution of N‘,Nz—bis(2-(diphenylphosphino)benzyl)cyciohexane—
1,2-diamine (0.300 g, 0.417 mmol} in tetrahydrofuran (20 mil) was added
chiorobis(cyclooctene)iridium(l) dimer [I{COE).Cl}, (0.180 g, 0.208 mmol).
The reaction mixture was then stirred at room temperature for 30 minutes,
and then at 80°C for 3 hours. The solvent was removed in vacuo, and the

10 residue was precipitated by the addition of hexanes. The precipilate was
fillered and was washed with hexanes to obtain a solid product. The material
was used without further purification for ammonia borane hydrolysis
experiments. Yield: 0.28g (70%). *H NMR (400 MHz, CD;Clz): 8 7.58 — 6.80
{m, 20 H, Ph-H), 4.40 -3.50 (m, 4H, NCHy), 2.23 (m, br, 24H, CH?z), 1.90 —~

15 0.20 (m, br, 8H, cyclohexane-H), -21.05 (dd, 2Jpi = 20.5 Hz, 1H, ItH). *'P{'H}
NMR (400 MHz, CD.CL): & -7.0 {ca. 50 %), -17.5 (ca. 50 %). (The *'P NMR
data is different from the literature reported value: Li, Y. -Y.; Zhang, H., Chen,
J. -S.; Liao, X. -L.; Dong, Z. -~ R.; Gao, J. —X. Journal of Mofecular Catalysis
A Chemical 2004, 218, 153 - 156).

20 The reactivity of diamine diphosphine ligand N‘Nz—bis(2~
{diphenylphosphino)benzyljcyclohexane-1,2-diamine towards
chiorobis(cyclooctenegliridium(l) dimer was investigated. This reaction
produced a mixture of two compounds with resonances in the *'P NMR
spectrum at 8 -2.7 and -15.1. Separation of the compounds was not

25  achieved.

81



605 485 540 580 500 5 670 710 570 660 670 590 6 745 765 645 740 750 670 7 810 810 710 820 810
745 8 855 850 760 870

WO 2008/141439 PCT/CA2008/000943

Example 57
{a) N’NQ-»bis(2~(diphenylphosphino)benzyDcyciohexane-1, 2-diaminedichloro-

cobalt(li)
NH  HN—
CoCji
7\ 2 = catalyst
PPh, PhgP

5 Cobalt(ll) chioride (0.0015 g, 0.12 mmol) was added to a solution of
N"N?-bis(2-(diphenylphosphino)benzylicyclohexane-1,2-diamine  (0.076 g,

0.115 mmol) in tetrahydrofuran (3 ml). The reaction mixture was then heated

at 80°C untii all cobalt{li) chioride dissolved (<3 minutes). A 1 ml portion of the

reaction mixture was taken and water was added, followed by ammonia
10 borane (ca. 50 mg, 1.62 mmol), resulting in extensive hydrogen evolution.

(b} N’ N?-bis(2-(di-p-tolylphosphino)benzylicyclohexane-1, 2-diamine

dichiorocobalt(il)

NH HN
Y \ CoCh . catalyst
PA?Q Arzp /

Ar= para-Ca H4CH3

Tetrahydrofuran (3 ml) of was added with stirring to 230 mg (0.320

15  mmol) of N*Nbis{2-(di-p-tolylphosphinc)benzyl)cyclohexane-1,2-diamine

and 38 mg (0.283 mmol) of cobali{li) chioride. The mixture initially turned pink

and after stirring for 1 hour had turned dark green. The solvent was removed

in vacuo and the soiid was friturated with 2x5 mi of hexanes and was then
dried in vacuo to afford an olive green powder. Yield: 230 mg, 93 %.

20 The compounds N“N2~bis(2—(dEphenyiphosphino)benzyi)cyciohexane~

1,2-diamine  and  N*N%bis(2-(di-p-tolylphosphino)benzyl)cyclohexane-1,2-

diamine were reacted with cobali(li)chloride. The dark green compiexes were

readily obtained by removal of the solvent in vacuo and triturating the material
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in hexanes. The compounds are paramagnetic and were not characterized
further.

Metal Complexes with (-N-N-N-N-) Ligands

5 Example 58
N N?-bis(pyridin-2-yimethylene)cyclohexane-1,2-diamine  with  iron (I}
fetrafluorchorate hexahydrate

NCCH
=Ny
< ? [Fe(OHy)ellBF k2 N _Q
o \

— g-N
‘ - =N N\@ CHiCN N/:Fle\N BF4l2
N RRE Nz <

NCCH3
Degassed acetonitrile (10 ml) of was added to 200 mg (0.684 mmol} of
10 N' N%-bis(pyridin-2-yimethylene)cyclohexane-1,2-diamine and 210 mg (0.622
mmol) of iron(ll) tetrafluoroborate hexahydrate [Fe(OHg)s]|BF4l. resulting in
the formation of a deep purple solution. The mixture was stirred for one hour,
filtered through Celite and then concentrated in vacuo to ca. 1 mi. 10 mi of
diethy! ether was added dropwise resulting in the formation of a purple solid
15 tha't was collected by vacuum filtration and dried in vacuo. H NMR (300 Mhz,
CD,Cla): & 9.41 (m, br); 7.17-8.33 (m, br); 3.81 (br); 3.24 (br); 2.96 (br); 2.35
(bri: 1.11-1.83 (m). Yield 270 mg, 73 %. The material was tested for

ammonia borane hydrolysis.

20  Example 59
N N2-bis(pyridin-2-yimethyiene)cyclohexane-1, 2-diamine with
tetrakis(acetonitrile)copper(l) hexafluorophosphate

Q [CUNCCH)4PFs NJ’Q
N N CH3CN > Q \c o &)
== a u
Sl S
2N mRr N\ ﬂ

(note: proposed structure}

Degassed acetonitrile (10 ml) was added to 100 mg (0.342 mmol
25 N N%bis(pyridin-2-yimethylene)cyclohexane-1,2-diamine and 110 mg (0.285
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mmol) tetrakis(acetonitrile)copper(l) hexafluorophosphate [Cu(NCCH3)4]PFs
and the mixture was stirred for one hour. The solution was fitered through
Celite and then the solvent volume was reduced in vacuo to ca. 1 ml. 10 ml of
diethy!l ether was added dropwise and the red precipitate was collected on a

5 frit and dried in vacuo. Yield 110 mg, 75 %. 'H NMR (300 Mhz, CD:Ch): &
8.51 (s), 7.91 (m); 7.74 (m); 7.35-7.43 (m); 3.88 (m); 2.05 (m); 1.18-1.81 (m).
The material was tested for ammonia borane hydrolysis.

Example 60
10 NT,Nz-bis(pyridin-2-y!methylene)cyciohexane-1 2-diamine  with  coball{ll)

Q CoCl,
s N N
= (R.R)- N =

Tetrahydrofuran (10 ml) of was added to 220 mg (0.752 mmol) of
N',N%-bis(pyridin-2-ylmethylene)cyclohexane-1,2-diamine and 80 mg (0.616

chloride

catalyst

15  mmol) of cobalt{ll) chloride. The mixture was heated 1o reflux for three hours
and was then cooled to room temperature and the solid that had formed was
collected by vacuum filtration and then dried in vacuo. Yield 259 mg, 99 %.
NMR spectra were not obtained. The material was tested for ammonia borane
hydrolysis,

20
Example 61
N N?-bis(pyridin-2-yimethylene)cyclohexane-1,2-diamine with nickel{ll)
bromide

NiBrz
—_ e CAtAlYSE

=N i
7 (R,R)- N #

25 A 0700 g (2.394 mmol) sample of N’ N%bis(pyridin-2-
yimethylene)cyclohexane-1,2-diamine and 0.455 g {2.082 mmol) of nickelll)
bromide were refluxed in 10 mi of degassed acetonitrile for one hour. 40 mi of
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diethy!l ether was added dropwise and then the solid was collected by vacuum
filtration. Yield 850 mg, 80 %. NMR spectra were not obtained due to the low
solubility of the compound.
Complexes containing the ‘N-N-N-N' ligand N*,NZ-bis(pyridin-2-
5  yimethylene)cyclohexane-1,2-diamine were also prepared. The reaction of
the ligand with iron (1l) tetraflucroborate hexahydrate or tetrakis(acetonitrile)
copper {I) hexafluorophosphate proceeded rapidly and afforded single
products as indicated by "H NMR spectroscopy. The spectra showed the
expected resonances for the “N-N-N-N" adducts. Cobalt and nickei
10 complexes were prepared analogously. Further characterization was not
attempted due to the very low solubility (metal = nickel) or paramagnetic
nature {metal = cobait) of the complexes.

Example 62
15 1,1'-(pyridine-2,6-diyl)bis(3-butyl-1H-imidazol-3-ium) chioride with

chlorobis(cyclooctene)iridium(l} dimer

—
N ~rgy

N 7 ©
— Bre
THF
\ /N 0.5 [lf{COE)zCI]gW catalyst
Br®
N/\ss,ﬁﬁu

.y

To a solution of 1,1-(pyridine-2,6-diyibis{3-butyl-1H-imidazol-3-ium)
chioride (1.0 g, 2.06 mmol) in tetrahydrofuran (30 ml} was added
20  chiorobis(cyclooctene)iridium(l) dimer [INCOE),Cljz (0.92 g, 1.03 mmol) and
triethylamine (0.40 g, 4.1 mmaol). The reaction mixture was then stirred at
room temperature for 30 minutes, then at 80°C overnight. The solvent was
then evaporated, and the residue was precipitated by the addition of hexanes.
The precipitate was filtered and then washed with hexanes fo obtain an
25 orange brown color solid. Yield: 0.52g (36%) 'H NMR (400 MHz, CD.Cly):
8 7.63 — 6.90 (m, 7H, imidazole & pyridine H), 4.30 {t, 4H, NCH.CHCH2CHa),
1.84 — 0.14 (m, 14H, NCHaCH:CH,CHs), - 15.5 (s, 1H, Ir-H), -23.8 (s, 1H, Ir-
H).
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The reaction of 1,1'-(pyridine-2,6-diyl)bis(3-butyl-1H-imidazol-3-ium)
chioride with chiorobis(cyclooctene)iridium(l) dimer in the presence of excess

riethylamine was performed. A complex mixture was formed as indicated by

NMR spectroscopy.
5
Example 63
1, 1'-(pyridine-2, 6-diy)bis(3-butyl-1H-imidazol-3-ium) chloride with cobalt(l])
chioride
9
o \/I%S--nBU
m— Bre
N THF
\ / + CoCl, e Cataly st
e triethylamine
Br
N/\!? "By
St o
10 To a solution of 1,1-(pyridine-2,6-diyl)-bis-(3-butyl-1H-imidazoi-3-ium)

chioride (0.2 g, 0.41 mmol) in THF (30 m!) was added cobalt dichioride (0.05
g, 0.41 mmol) and triethylamine (0.08 g, 0.82 mmol). The reaction mixiure
was then stirred at room temperature for 30 minutes, and then at 8C°C for 3
hours. The solvent was then evaporated, and the residue was then

15 precipitated into hexanes. The precipitate was filtered and washed with
hexanes to obtain a pale blue solid. Yield: 0.12 g (48%).

The reaction of 1,1-(pyridine-2,6-diyl)bis{3-butyl-1H-imidazoi-3-ium)
chloride with cobalt(il)chioride produced a paramagnetic blue solid material
that was not completely characterized.

20
Example 64
2 6-bis({1-n-butylimidazolium)pyridine dibromide with dichiforo-1,5-
cyclcoctadieneruthenium(ll) polymer
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Ne f & P NN ~rge
- B® - i “\\Br
N t o [Ru{CODMCiy), = N———p—gr
7 N/ -
8re o
N/\\g/nBU N ABU
S —

The compound was prepared according to the literature procedure

(Poyatos, M., Mata, J. A.; Falomir, E.. Crabiree, R. H.. Peris, E.

5  Organometallics 2083, 1110 ~ 1114). Yield: 25%. '"H NMR (400 MHz, DMSO-

ds): B 8.39 (s, 2H, imidazole H), 8.30 (t, 1H, *Jun = 14.0 Hz, pyridine H), 7.91

(d, 2H, }nn = 13.5 Hz, pyridine H), 7.61 (s, 2H, imidazole H), 4.32 (t, 4H, n-
Bu}, 1.92 (quintet, 4H, n-Bu), 1.38 (sextet, 4H, n-Bu), 0.92 (1, 6H, n-Bu).

When  1,1-(pyridine-2 6-diyNbis(3-butyl-1H-imidazol-3-ium) chloride

10 and dichloro{1 5-cyclooctadiene)ruthenium(li) polymer were refiuxed in

ethanol in the presence of triethylamine the known compound 2,6- dibromo

bis(1-n-butylimidazolium)pyridine(carbonylyruthenium(il} was formed. The 'H

NMR spectrum of the product agreed with the literature report.

15  Example 65
1, 1~(pyridine-2, 6-diyl)bis(3-butyl-1H-imidazol-3-ium) chioride with
chiorobis(cyclooctene)iridium(l) dimer

—

et

N\/% Bu
— o®

N + 05 {EE(COE}QC[]Q———IEF—-!'- catalyst
\ Y/ triethylamine

cl1®

N/\N@/f‘Bu

T

To & solution of 1,1-(pyridine-2 8-diyl)bis(3-butyl-1H-imidazol-3-ium)

20  chloride (1.0 g, 2.06 mmol) in tetrahydrofuran (30 ml) was added [iridium
bis(cycloociene) chloride] dimer [I(COE),Cl. (0.92 g, 1.03 mmol) and
triethylamine (0.4 g, 0.412 mmol). The reaction mixture was then stirred at
room temperature for 30 minutes, then at 80°C overnight. The solvent was
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then evaporated, and the residue was precipitated by the addition of hexanes.
The precipitate was filtered and then washed with hexanes fo obtain an
orange brown color solid. Yield: 0.52g (36%) 'H NMR (400 MHz, CD.Ch): &
7.63 - 6.90 (m, 7H, imidazole & pyridine H), 4.30 (t, 4H, NCH;CH2CH,CHa),

5 1.84 - 0.14 (m, 14H, NCHCHCH.CHs), - 15.5 (s, 1H, Ir-H), -23.8 (s, 1H, Ir-
H).

Example 66
1,1-(1,3-phenylenebis(methylene})bis(3-butyl-1H-imidaz ol-3-ium) chloride
10 with chlorobis{cyclooctene)iridium(l) dimer

[//\N@\ﬂau

Cie

THF
+ 0.5 [Ir(COERCY, »——3=s catalyst
triethytamine
a®

I\{/\g/"lﬁu
—/

To a solution of 1,1-(1,3-phenylenebis(methylene))bis(3-butyl-1H-
imidazol-3-ium) chioride (1.0 g, 2.36 mmol) in tetrahydrofuran (30 mif) was
added chiorobis(cyciooctene)iridium{}) dimer (1.06 g, 1.18 mmol) and

15  triethylamine (0.48 g, 4.72 mmol). The reaction mixture was then stirred at
room temperature for 30 minutes, then at 80°C overnight. The solvent was
then removed in vacuo, and the residue was precipitated by the addition of
hexanes. The precipitate was filtered and washed with hexanes to obtain an
orange brown color solid. Yield: 0.74g (48%)). 'H NMR (400 MHz, CD,Ch): &

20  7.14 - 86.12 (m, 7H, imidazole & pyridine-H), 5.61 (m, 4H, CHy), 4.24 (1, 4H,
NCH>CH2CH,CH3), 1.84 — 0.40 (m, br, 14H, NCH,CH,CH,CHa}, -27.2 (s, 1H,
ir-H).

The synthesis of pincer compiexes by the reaction of 1,1-(1,3-
phenylenebis(methylene))bis(3-butyl-1H-imidazol-3-ium) chloride with chloro-

25  bis(cyclooctene)iridium(l) dimer was attempted. The "H NMR spectrum of the
product showed that a complex mixture had formed.
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Example 67

1,7'-(1,3-phenylenebis(methylene))bis(3-butyl-1H-imidazol-3-ium) chioride
with cobali(ll} chloride

THF
+ Coll, ————® catalyst
triethylamine

5 Cobalt(ll) chloride (0.15 g, 1.18 mmol) was added fo a solution of 1,1"-

(1,3-phenylenebis(methylene)}bis(3-butyl-1H-imidazol-3-ium) chioride {0.5 g,

1.18 mmol) and 2 equivalents of friethylamine (0.23 g, 2.83 mmol) in

tetrahydrofuran (30 ml). The reaction mixture was then stired at room

temperature for 30 minutes, then at 80°C for 3 hours. The solvent was

10  removed, and the residue was precipitated by the addition of hexanes. The

precipitate was filtered and washed with hexanes fo obtain a pale biue solid.
Yield: 0.56 g (92%;).

When 1,1'-(1,3-phenyienebis(methylene))bis{3-butyl-1H-imidazoi-3-

ium) chloride and cobalt(il)chloride were heated in the presence of excess

15  triethylamine a paramagnetic blue solid was obtained in high yield. Further

characterization was not attempied.

Example 68
(2-bis(1-n-butylimidazolium)ethyl)amine with chlorobis(cyclooctene)iridium(l)
20  dimer

B npyy

@/23

NEt,
NE o© 201® &+ [IfCHCOE)), —=  catalyst
THF

L

"B

5
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A 105 mg (0.117 mmol) portion of chlorobis{cyciooctene)iridium(l)
dimer [IFCH{COE);l» was added to 110 mg of (2-bis(i-n-
butylimidazolium)ethyhamine in 10 mi of degassed isopropanol. 350 ml of
degassed triethylamine was added and the mixture was refluxed overnight.

5  The solution was concentrated to ca. 3 ml and then the solid was coliected via
filtration and dried in vacuo. NMR spectroscopy indicaied that a mixiure of
compounds was present. The mixiure displayed a low reactivity towards

ammonia borane hydrolysis.

10 Metal Complexes with (N-8) Ligands
Example 69

Thiophen-2-yimethanamine with dichlorotris(triphenylphosphine)jruthenium (i}
Ci

[ |

+ RUCl{PPha)y =% PhPp—Ruy
s l \3 =
Ny =

Ci
{note: proposed geomeiry)

Thiophen-2-yimethanamine (200 ul, 1.949 mmol) of was added to

15  1.272 g of dichlorotris(triphenylphosphinejruthenium(i) [RuCk(PPhz)s} in 10

mi of tetrahydrofuran. The mixture was sfired for two hours and then the

solvent was removed in vacuo. The residue was dissolved in § ml of

tetrahydrofuran and then 30 ml of hexanes was added dropwise and the

mixture was allowed to stir for 30 minutes. The solid was coliected by

20  vacuum filtration and was then dried in vacuo. Yield 694 mg. H NMR (400

Mhz, CD,Ch): & 6.51-7.46 (m, 15H, CeHs); 3.78 (s, 2H, CHy); 3.12 (s, 2H,

NHa). 3P NMR (162 Mhz, CD:Chk): § 45.7. The material was tesied for
ammonia horane hydrolysis.

The addition of thiophen-2-yimethanamine to dichlorotris(triphenyl-

25  phosphine)ruthenium (l) proceeds within two hours and the product isolated

had a single *'P NMR resonance at & 45.7. The 'H NMR spectrum of the

product showed the presence of triphenyiphosphine and thiophen-2-

ylmethanamine in a 1:1 ratio and accordingly, the structure may possess trans
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chloride ligands, and the triphenyiphosphine and thiophen-2-ylmethanamine
ligands in the trigonal plane corresponds to the material formed in the reaction

Example 70
Thiophen-2-yimethanamine with coball(ll) chloride

/N oo

2 . e CARIYSE
(<

N,

Acetonitrile (5 ml) was added to 98.6 mg (0.758 mmol) of cobalt(l)
chioride and the mixture was warmed gently (ca. 40 °C) until the soiid
dissolved. Thiophen-2-yimethanamine (160 ul, 1.560 mmol) of was added
slowly (over ca. 3 minutes) resuiting in the precipitation of a blue solid. The
mixture was stirred for one hour and the solid was collected on a frit and dried
in vacuo. Yield 200 mg. The material was tested for ammonia borane
hydrolysis.

When two equivalents of thiophen-2-ylmethanamine were added to a
solution of cobatt(ll)chloride a biue precipitate rapidly formed. The material

was readily isolated and the likely structure is indicated in the scheme above.

Metal Compilexes with 'Pybox’ Ligands
Exampie 71
1, 3-bis{(R)-4-isopropyi-4, 5-dihydrooxazol-2-y))benzene with cobali(ll} chioride

ipF

A sample of 1,3-bis((R)-4-isopropyl-4,5-dihydrooxazol-2-yl)benzene (30

mg, 0.100 mmol) and 20 mg (0.092 mmol} of cobalt(ll} chioride were refiuxed
in 10 ml of tetrahydrofuran overnight. The material was tested for ammonia

borane hydrolysis.

Example 72
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1,3-bis((R)-4-isopropyl-4,5-dihydrooxazol-2-yl}benzene with chiorobis-
(eycloocteneliridium(l) dimer

05 IMCICORYS o

A 1 ml sample of perdeutero benzene (CeDg) was added to 10.0 mg

5 {0.0333 mmol) of 1,3-bis((R)-4-isopropyl-4,5-dihydrooxazol-2-yhbenzene and
15.0 mg (0.0167 mmol} of chlorobis(cyclooctene)iridium(l) dimer. NMR
spectra recorded after one hour showed that mostly starting material was
present. After three days at room temperature the mixture consisted mostly of

starting material. The material was tested for ammonia borane hydrolysis.

10
PREPARATION OF METAL COMPLEXES IN SITU.
Example 73
Bis-{2-(di-iso-propylphosphinojethyl}amine with iron dichlcride
(—P‘Prz
NH Fech = cataiyst
THF
PP,
15

iron dichloride [FeClg] (0.008 g, 0.0631 mmol) was added to a solution

of bis-(2-(di-iso-propylphosphino)ethyljamine (0.020 g, 0.0655 mmol) in
tetrahydrofuran (30 ml). The reaction mixiure was then stirred at room
temparature for 30 minutes, then at 80°C for 3 hours. Then KOBu (ca. 10 mg,

20  0.0891 mmol} was added followed by ammonium borane (AB) (ca. 50 mg,
1.62 mmol) at room temperature. Moderate hydrogen evolution occurred

which ceased rapidly.
Example 74

25  Trichlorooxobis(triphenylphosphine)rhenium(V) with bis(2-
(diisopropylphosphinojethyl)amine

g2
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H

|
] N ] THF, refiux, 2 hr
ReOC;S(PhEP)Z + Iprzp/\/ \/\PJPFZ

= cafalyst

This compound was prepared in sifu analogously to the R = tertiarybutyl
analogue above in Example 32 (b). Yield: 0.08 g (57%). 10 mi of water and
10 ml of tetrahydrofuran was added to 10 mg of the material in a scintillation

5 vials to form a brown solution. The material was tested for ammonia borane

hydrolysis.
Example 75
Bis(2-(diisopropylphosphino)ethyl}amine with nickel(1i) bromide
H
iprzp/\\/ ‘i‘!\/\Pipgz m% catalyst
10 THF, reflux

This compound was prepared in sifu. To a soiution of bis(2-
(diisopropylphosphinojethyhyamine (0.20 g, 0.65 mmol) in tetrahydrofuran (20

ml) was added nickel(ll} bromide (0.14 g, 0.685 mmol). The reaction mixiure

was then refluxed for 5 bhours, concentrated to about 5 ml, and then

15 precipitated by adding hexanes to obtain a pale brown color solid. Yield: 0.28
g. 10 mg of the product was dissolved in 10 m! of tetrahydrofuran and 10 mi of
water in a scintillation vial to form a pale brown solution. The material was

tested for ammonia borane hydrolysis. No metal precipitate was observed.

20 Example 76

2,6-bis{{diisopropylphosphino)methyli)pyridine with trichiorooxybis-
(triphenylphosphine)rhenium(V)
prfz
- REOCI3(Ph3F’)2
NN = catalyst
THF,
PP,
This compound was prepared in situ.

25 Trichlorooxybis(triphenyiphosphine)rhenium(V) ReOCI3(PhsP). (0.50 g, 0.60
mmol) was added to a solution of 2 6-bis{{diisopropylphosphino)methyl}-
pyridine (0.20 g, 0.58 mmo!) in tetrahydrofuran (20 mi). The reaction mixture
was then stirred at room temperature for 15 minutes. The greenish yellow

irichlorooxybis(triphenylphosphine)rhenium(V) slowly dissclved to form a clear
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dark green solution. After one hour, precipitates start to form. The product
was isolated and washed with diethyt ether to remove any triphenylphosphine.
Yield: 0.35 g. 5 mg of the product was dissolved in 10 ml of tetrahydrofuran
and 10 ml of water in a scinfillation vial to form a yellow solution. Ammonia

borane was added (50 mg, 1.620 mmol) and the hydrolysis rate was
moderate,

Example 77
1,3-bis(di-iso-propylphosphinooxy)benzene with iron dichloride

O~PPr,

FeC 12

»  catalyst
THF

o—PPr,

Iron dichloride [FeClz] (7 mg g, 0.0552 mmol} was added to a solution
of 1,3-bis(di-iso-propyiphosphinooxyibenzene (0.020 g, 0.0584 mmol) in
tetrahydrofuran (30 ml). The reaction mixture was then stired at room
temperature for 30 minutes foliowed by 80°C for 3 hours. The material was
tested for ammonia borane hydrolysis.

Example 78
Trichlorooxybis(triphenyfphosphine}rhenium( V) with 1,3-
bis(ditertiarybutylphosphinooxy)benzene

ReOC Ia( Ph3P) 2
—n  Catalyst
‘Bu,PO OPBu, EtN, TriF

This compound was prepared in situ.
Trichlorooxybis(triphenylphosphine)rhenium(V) ReOCl3(PhsP): (0.42 g, 0.50
mmol) was added to a solution of 1,3-bis(ditertiarybutylphosphinooxy)benzene

(0.20 g, 0.50 mmol) in tetrahydrofuran {30 mi) with 1 equivalent of
triethytamine (0.05 g, 0.50 mmol). The reaction mixture was then stirred at

room temperature for 30 minutes followed by reflux overnight. The product
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was purified by precipitation into diethy! ether. Yield: 0.23 g. 5 mg of the
product was dissolved in 10 mi of tetrahydrofuran and 10 ml of water in a
scintillation vial to form a vyellow solution. The material was tested for
ammonia borane hydrolysis.

5
Example 79
1,3-bis(ditertiarybutylphasphinooxy}benzene with ruthenium(lll)  chloride
hydrate
O_PIBUQ
RuCls 3H,0
= catalyst
NEts, 80°C
0-P!BU, gthanol, 28 hr
10 This compound was prepared in sifu. A suspension containing
ruthenium(lif) chloride hydraie (0.13 a), 1,3-

bis(ditertiarybutyiphosphinooxy)benzene (0.20 g, 050 mmol} and
triethylamine {0.106 g) in ethanol (20 ml) was stirred for 24 at 80°C. The
solvent was removed in vacuo and the product was extracted into hexanes
15 (50 mi x 2). The solvent was then evaporated to obtain a red sofid. Yield: 0.1
g. 10 mg of the product was dissoived in 10 m! of tetrahydrofuran and 10 mi of
water in a scintillation vial to form a yellow solution. Ammonia borane was

added (50 mg, 1.620 mmol) and the hydrolysis rate was moderate.

20  Example 80
Bis-{di-iso-propyiphosphinocoxy}benzene with cobalt dichioride

O——PPr
CoCiy
B catalyst
THF, 60°C
O—FPr,

CoCl, (0.008 g, 0.0584 mmol) was added to a solution of bis-(di-iso-
25  propylphosphinooxy)benzene (0.020 g, 0.0584 mmol) in tetrahydrofuran (30

ml). The reaction mixture was then stimed at room temperature for 30
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minutes, then at 60°C for 3 hours. The color of the reaction mixture remained
blue. The material was tested for ammonia borane hydrolysis.

Example 81
5 N N-bis(diisopropylphosphino)benzene-1,3-diamine  with  trichlorooxy-
bis(triphenyiphosphine)rhenium{V)

HN-PfF’rg
- RGOC§3{Ph3P}2
THF, 1t
HN—PiPr,

This compound was prepared in situ. To a solution of NN
bis(dilsopropylphosphino)benzene-1,3-diamine  (0.20 g, 0.58 mmol} in

10  tetrahydrofuran (30 mi) was added
trichlorooxybis(triphenylphosphine)rhenium(V) ReOCl(PhaP). (0.49 g, 0.58
mmol) and triethylamine (0.4 g, 4.0 mmol). The reaction mixture was then
stirred at room femperature for 4 hours. The
trichlorooxybis{triphenylphosphine)rhenium(V) slowly dissolved to form a paie

15  biue color solution. The solvent was then evaporated, and the residue was
precipitated by the addition of diethyl ether. The precipitate was filtered and

then washed with hexanes to obtain a brown color solid. Yield: 0.19 g. 5 mg of

the product was dissolved in 10 ml of tetrahydrofuran and 10 mi of water in &
scintillation vial to form a yellow solution. The material was tested for

20 ammonia borane hydrolysis.

Example 82
N’ NE-bis(di-iso-propylphosphino}benzene-1,3-diamine with cobalt dichloride
HN~—PPr,
CoCly
B catalyst
THE, 60°C
HN_W_PiPrz

25
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253710404 770555790706 857 1008 1159 12510 140 TABLE 12:
Bis(2-(dicyclohexylphosphino)ethyl) aminechlorodihydridoiridium(lIl) catalyzed ammonia borane

hydrolysis at 40 C. Time (min) Vol H2 (Ml,
WO 2008/141439 PCT/CA2008/000943

CoCl; (0.0076 g, 0.0587 mmol) was added to a solution of N',N3-bis(di-
iso-propylphosphinojbenzene-1,3-diamine {(0.020 g, 0.0587 mmol) in
tetrahydrofuran (30 mi). The reaction mixture was then stirred at room
temperature for 30 minutes, followed by 60°C for 3 hours resulting in &

5 change of color from blue to bluish green. The material was tested for
ammonia borane hydrolysis.

Example 83
1, 3-bis({diisopropylphosphino)methylibenzene with ruthenium(lll) chioride
10  hydrate

Pier,
RuCl3.3H:0

cafalyst

NEt;, 80°C
pipr, ethanol, 28 fr

This compound was prepared in sifu. A suspension containing
ruthenium(lll) chioride hydrate (RuCls-3H,0) (0.15 g, 0.60 mmol}, the 1,3-
bis{(ditsopropylphosphino)methyl)benzene (020 g, 0.60 mmol) and

15  triethylamine (0.12 g, 1.20 mmol) in ethanol {10 mi) was stirred for 24 hours at
80°C. After the reaction mixiure was cooled down, the solids were filtered off,
washed with ethanol (5 mi x 3), and then dried in vacuc. The product was
purified by extraction with hexanes (50 ml x 2}, followed by evaporation the
solvent in vacuo to obtain a solid product. Yield: 0.21 g. NMR spectra showed

20 a mixture had formed. 10 mg of the product was dissolved in 10 mi of
tetrahydrofuran and 10 ml of water in a scintiltation vial to form a brown
solution. The material was tested for ammonia borane hydrolysis.

Example 84
25  Triphenyiphospine with cobalt dichioride

THF
2PPhy + CoCl,  — > cafalyst

A mixture of 20 mg (0.154 mmol) of cobalt dichloride and 90 mg (0.343
mmof} of triphenylphosphine was warmed to 60 °C in 5 m! of tetrahydrofuran
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std. 1) Vol H2 (ml, run 1) 0 0 120 10 2 290 22 3 440 45 4 565 65 5 670 80 6 745 100 7 810 115 8 855
1309

WO 2008/141439 PCT/CA2008/000943

for 5 minutes and then 5 mi of water was added. AB {(ca. 50 mg, 1.62 mmol)
was added at room temperature resulting in hydrogen evolution.

Example 85
5 1,4-bis(diphenylphosphinojbutane with cobalt dichloride

THF
+ CoCl, e catalyst

PhypP PPh,

A mixture of 20 mg (0.154 mmol) of cobalt dichloride and 75 mg (0.176

mmol) of 1,4-bis(diphenylphosphinc)butane was warmed to 60 °C in 5 ml of

10 tetrahydrofuran for 5 minutes and then 5 ml of water was added. AB {ca. 50

mg, 1.62 mmol) was added at room temperature resulting in hydrogen
evolution.

Example 86

15 N’ N -bis-(2-(diphenylphosphino)benzyljcyclohexane-1,2-diamine with cobalt
dichloride

NH HN CoCly

= Caiatyst
THF, 80°C

PPh, Ph,P

CoCl; (0.0015 g, 0.115 mmol} was added to a solution of N1,N2-bis-(2-

20  (diphenylphosphino)benzylicyciohexane-1,2-diamine (0.076 g, 0.115 mmol} in

tetrahydrofuran (3 mi). The reaction mixture was then heated at 80°C until all

CoCl, dissolved (<3 minutes), resulting in the formation of a blue solution. A

1 mi portion of the reaction mixture was taken and water was added, and the

color of the reaction mixture furned red. Then ammonium borane (AB) (ca. 50

25 mg, 1.62 mmol} was added at room temperature, resulting in extensive
hydrogen evolution.
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WO 2008/141439 PCT/CA2008/000943

Example 87
1,3-bis(di-iso-propylphosphino)methylibenzene with [iridium bis(cyclooctene)
chloride] dimer

PP,

isopropanol
+ 0.5 I(COE),Cl, — > catalyst

P.!Prz

5 The title compound was prepared according to the literature procedure;
(Moutton, C. J.; Shaw, B. L. J. C. S. Chem. Comm. Dalton Trans. 1976, 1020
- 1024). 20 mg of the solid and 7 mg (0.062 mmol) were dissolved in
tetrahydrofuran and then 50 mg (1.62 mmol) of ammonium borane (AB) was
added, resulfing in the evolution of a large amount of hydrogen.

10

Example 88
(a) Isolation of the free 2-(benzylthic)ethanamine ligand

@
e

. HoMN S
HaN 8 1 eguiv. NaOH . N
CHyCls

To a suspension of the benzylthio ethanamine hydrochioride (0.5 g, 2.4

15 mmol) in dichloromethane (5 mi) was added sodium hydroxide (0.1 g, in 5 mi
of water). The suspension was slirred vigorously and the two layers were
separated. The solvent was removed under vacuum at 0°C. The ligand was

obtained as a yellow liquid.

20 (b) 2-(benzyithio)ethanamine with metal complexes
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260 20 270 TABLE 13: 2,6-Bis((dlisopropylphosphino)methyl)pyridinedichlorohydridoiridium(111)
catalyzed ammonia borane hydrolysis at 25 C. Time (min) Volume H2 (M) 0101102 153204255
3063574084294510

WO 2008/141439 PCT/CA2008/000943
[RuCl(CODIn
o catalyst
{oluene
HaN S
o/ 0.5 [Ir{coe),Cllo
w» catalyst
foluene
CoCl,
catalyst
THF

This compound was prepared /n sffu as described above. In a typicai

experiment, benzylthio ethanamine (0.2 g, 1.2 mmol} was dissoived in toluene

(5 ml) and the solution was then added to a suspension of dichloro 1,5-

5 cyclooctadiene ruthenium polymer [RuClL(COD)}, in toluene (5 ml). The

mixture was then stired under argon at 100°C for 2 hours. The soivent

volume was reduced in vacuo to approximately 3 mi and a selid was

precipitated by adding ether (10 ml) to obiain a reddish brown product. The

10 The reactions with cobalt(ll) chioride (CoCia) and

chlorobis{cyclooctene)iridium(l) dimer [IrCI(COE)2}, were performed similarly.

The three catalysts prepared in the section (section b} were all tested for
ammonia borane hydrolysis.

15  HOMOGENEQUS CATALYTIC AMMONIA BORANE HYDROLYSIS
Example 89: FCO{HN(CH2CH2P Prs)2)Cly] catalyzed AB hydrolysis
319 mg (0.732 mmol) of [Co{HN{CH;CH2PPr;)7)Cly] was dissolved in
20 mi of tetrahydrofuran and then 20 mi of water and 107 mg (0.350 mmol) of
HN(CHQCHQPIPTZ)Q were added. The flask was immersed in a waier bath that
20 was held at 40 °C and the temperature was allowed to equilibrate for 5
minutes. AB was added in portions (2.432 g, followed by five ca. 1.0 g
portions) and the hydrogen evoilved was measured in an inverted 8000 mi
graduated cylinder. The first two AB additions were performed under an

argon atmosphere and the subsequent runs were in air,. 5 ml of
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5_0 15 65 30 150 TABLE 14: Catalytic ammonia borane hydrolysis by catalyst derived from
bis(2-(diisopropylphosphino)-4 methylphenyl)amineand 5chlorobis(cyclooctene)iridium(l) dimer. Time
(min) Vol(ml) 00 102303454605 756180 7908 1009

WO 2008/141439 PCT/CA2008/900943

tetrahydrofuran and 5 mi of water were added to the mixture prior {o the third
run. The results are shown in Figure 9.

Example 90: [Co{fHN(CH>CH:PPhy)2}Cly] catalyzed AB hydrolysis
5 24 mg {0.042 mmol) of [Co{HN(CHCH,PPh2)2}Clo] was dissoived in 10
mi of tetrahydrofuran and 10 ml of water at 41 °C in an argon atmosphere to
form a yellow solution. AB was added in ca. 50 mg (1.620 mmol) portions
(with the initial addition resuiting in the formation of a red colored sclution) and
the hydrogen evolution was measured with a 100 ml burette. The results are
10 shown in Figure 10,

Example 91: N' N°-bis(2-(di-p-tolylphosphino)benzyl)cyclohexane-1,2-diamine
cobalt dichloride.
A sample of 55 mg of N, NZ-bis(2-(di-p-
15  tolyiphosphino)benzylicyclohexane-1,2-diamine cobalt dichloride (0.0648
mmol) was dissoived in 10 ml of tetrahydrofuran and 10 mi of water under an
argon atmosphere and the mixture was warmed to 40 °C. AB (945 mg, 30.61
mmol) was added and the hydrogen that formed was measured with a 2 L
graduated cylinder. The results are shown in Figure 11,
20
Example 92
[Ru(binap)(HsNCHCH2PPh2) Cla]
A sample of 6 mg (0.00586 mmol) of [Ru(binap)-(Hz2NCH2CHPPR)Clz)
was dissolved in 20 mi of a 1:1 mixture of tetrahydrofuran and water. The
25  flask was sealed and connected to an inveried 2000 mi graduated cylinder,
and then placed in a water bath at ca. 40 °C and the temperature was allowed
to stabilize for 5 minutes. Ammonia borane was added to the mixture in ca.
1.0 g (0.0324 mol) portions. The first five runs were performed under an
argon atmesphere and the last run was performed in air. The results are
30 shown in Figure 12.

Example 93
[IFHN{CH2CHP'Bu3) 2 2(CeH13) (H)(CI}]
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105 10 110 TABLE15:Bis(2-(ditertiarybutylphosphino)ethypamine-2,4- 10pentanedionaterhodium(l)
catalyzed ammonia borane hydrolysis at 40 C. Time (min) Volume 1-12 (ml) 001202 25 354405 40

640745855 60106511
WO 2008/141439 PCT/CA2008/000943

0.5 ml of a2 10 mg/m! tetrahydrofuran solution (56 mg, 0.00715 mmol) of
[I{HN(CH.CHP'BU) 2} CaHisHYCI] was added in air to 20 ml of
tetrahydrofuran and then 20 mi of water was added. The flask was connected
to an inveried graduated cylinder (ca. 8000 m!) and was then immersed in a

5 water bath at 41 °C. Ammonia borane (6.00 g, 0.194 mol} was added rapidly
through a solid addition funnel and the flask was sealed and then opened to
the hydrogen measurement apparatus. The resuits are shown in Figure 13.

Example 94
10 Chlorocyclooctenylthydridobis(2-(ditertiarybutylphosphino)ethyllamine-
iridium(ill) catalyzed ammonia borane hydrolysis

PBu,
( , ” THFH,0
N—i A DeC
vy .Dor400°
i

PBu,
(Note: the following two experiments are the 25 °C and 40 °C standards to
which ‘std. 1-3 in the following Figures refer)

15 Standard ammonia borane hydrolysis conditions utilizing  bis(2-
(ditertiarybutyiphosphino)ethyi)aminechiorocyclooctenyihydridoiridium(lII)
HE(HYC{CeHaa){NH(CH,CHP'Bug)s] at 26 °C or 40 °C:

a) (25 °C): 1.0 ml (10.0 mg, 0.0143 mmol} of a 10.0 mg/m! tetrahydrofuran
solution of bis(2-{ditertiarybutylphosphino)ethyl)aminechlorocyciooctenyi-

20  hydridoiridium(l) [Ir(H}(CH(CeH13}{NH(CH2CH2P'Bua}s] was added in air to 80
mi of a 1:1 mixture of tetrahydrofuran/water that had been immersed for five
minutes in a water bath held at 25.0 °C. Ammonia borane was added in three
ca. 0.5 g portions (run 1: 0.5000 g; run 2: 0.4992 g; run 3: 0.4897 g} and the
hydrogen formation was measured after each addition.  The results are

25  shown in Table 1.

b) (40 °C): 1.0 mi (1.0 mg, 1.43%10 mmofl) of a 10.0 mg/mi tetrahydrofuran
solution of  bis(2-(ditertiarybutylphosphino)ethyl)aminechlorocyciooctenyl-
hydridoiridium(lll) Nr(H)(CH{CeH13){NH(CH2CH2P'Bus),] was added in air to 80
ml of a 1:1 mixture of tetrahydrofuran/water that had been immersed for five
30  minutes in a water bath held at 40.0 °C. Ammonia borane was added in three
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2008/141439PCT/CA2008/000943 TABLE [Co{HN(CH2CF12P)Pr2)2}C12] catalyzed ammonia

WO 2008/141439 PCTICAZ008/600943

ca. 0.5 g portions (run 1: 0.5000 g; run 2: 0.5004 g; run 3: 0.5002 g) and the
hydrogen formation was measured after each addition. The results are shown

in Table 2.
The present disclosure demonstrates that iridium complexes with the
5 (R:PCH:CHg)2NH ligand system (R = tertiarybutyl, isopropyl and related
groups) exhibited good to remarkably high activities. In particular, it was
found that the complex bis(2-(ditertiarybutyl)ethylyaminechlorocyclooctenyi-
hydridoiridium{lil) is capable of producing a 78 % yield of hydrogen in 7-8
minutes at 25 °C with a catalyst loading of 0.03 mol % (for ca. 1.5 g of

10  ammonia borane). Since a PEM fuel cell is expected to operate at 60 °C or
higher the catalyst efficiency at a higher temperature was determined. At 40
°C, it was found that the catalyst bis(2-(ditertiarybutylphosphine)-
ethyl)aminechlorocyclooctenylhydridoiridium(lll) can effect hydrogen formation
in yields approaching 78 % in 10-11 minutes with a remarkably low catalyst

15  loading of 3x107° mol %. The runs described above at 25 and 40 °C are now
the standard runs to which all other catalysts are compared. Higher hydrogen
yields can be obtained with higher purity ammonia borane. A high purity
ammonia borane sample, prepared in house gave hydrogen yields ranging
from 91 to 93 % within 10 minuies at 40 °C.

20 When the catalyst is added to the waterftetrahydrofuran or to neat
methanol or ethanol, a red solution is immediately formed. The red species
forms reversibly and upon removing the soivent the starting material bis(2-
(ditertiarybutylphosphine)ethylyaminechlorocyclooctenyihydridoiridium(il) was
recovered. Indeed, X-ray quality crystals of the starfing material bis(2-

25  (ditertiarybutylphosphine)ethylyaminechlorocyclooctenylhydridoiridium(ili)
were obtained from a deep red ethanol solution of the compound at ~45 °C.
P NMR spectroscopy of the mixture in methanol-Ds shows that a new
phosphorus containing species is present that exhibits two >'P resonances at
5 45.9 and 41.2 which display a large P-P coupling of 325 Hz. The 'H NMR

30 spectrum shows the presence of the bis(2-(ditertiarybutyl)ethyi)amine and
cyciooctenyl ligands. Hydride and the N-H resonances were observed
although this may be due to rapid hydrogen/deuterium exchange with the

salvent methanol.
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16:Bis(2-(dlisopropylphosphino)ethyDaminedichlorocobalt(11) borane hydrolysis at 40 C. Time (min)
Total Vol. H2 (MI) Amount ammonia borane Time (min) Total Vol. H2 Amount ammonia borane 00

2.423 g 9.510940
WO 2008/141439 PCT/CA2008/000943

A product with a similar *'P NMR spectrum (as seen in Figure 14) has
been obtained via the reaction of bis(2-
(ditertiarybutylethyiphosphine)aminechiorocyclooctenylhydrido iridium(ill)
with potassium tertiary butoxide. The *'P NMR spectrum of the product

5 shows fwo doublets at 8 56.8 and 52.7 (Jer = 368 Hz) and the 'H NMR
spectrum  shows the presence of cyclooctene and  bis{2-
{ditertiarybutyiphosphine)ethyl)amine ligands.
A single crystal was obtained and a preliminary X-ray structure
indicated that hydrochloric acid elimination from the molecuie had been
10 effected and the complex bis(2-(ditertiarybutylphosphine}-
ethyl)amine(cyciooctene)iridium(l) had formed. Without being bhound by
theory, it is possible that the reaction proceeds via formation of intermediate
bis(2-(ditertiarybutylphosphine)ethyljaminecyclooctenylhydridoiridium(ii)
species (B in the scheme below) which then reductively eliminates
15  cyclooctene to form the product. The asymmetry indicated by the *'P NMR
spectrum is presumably a resuit of restricted rotafion of the nz-cyclooctene

ligand caused by the bulky phosphorus-bound tertiary butyl groups.
P8y, ™ P'Buy B} P'BU;,
a @ (]
/N"—-ir/ m N*—ir/ — e N
LD L

piBu2 PlBuz P!Buz

B
not observed

Synthesis of bis(2-(ditertfarybutyl)ethyhamine(cycicoctenejiridium
20
It was observed that a solufion of bis(2-(ditertiarybutylphosphine)-
ethylamine chiorocyclooctenyihydridoiridium(ill) in either tetrahydrofuran-Og
or behzene-Ds spontaneously loses hydrochioric acid to form the -
cyclooctene complex upon standing overnight under an argon atmosphere (as
25 seen in the scheme beiow). This indicates that the formation of this complex
is thermodynamically favorable. That bis(2-(ditertiarybutylphosphine}-
ethylyaminechlorocyclooctenylhydridoiridium(lif) can be isofated from these

solvents indicates that the reactions occurring are completely reversible.
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WO 2008/141439 PCT/CA2008/000943

Accordingly, it is proposed that the red complex formed in alcohol or

tetrahydrofuran/water solvents is the n’-cyclooctene complex and that it forms

immediately in these soivents due to the highly favorable solvation of the

liberated hydrochloric acid by the polar solvent environment {as seen in the
5 scheme below).

("FE"BUZ ('F"Buz (-P‘Suz

O
P‘BUZ

It is believed that the differences in P NMR shifis in the benzene or

P'Bu,

+ HCl{soivant)

tetrahydrofuran and tetrahydrofuran/water are due to solvent effects. We also
note that the *'P NMR spectra obtained in methanol-D, and

10  tetrahydrofuran/water are very similar. Significantly, the N-CHz analogue 2-
{ditertiarybutylphosphing)-N-(2-(ditertiarybutylphosphino)ethyl)-N-
methylethanaminechlorocyclooctenyihydridoiridium(lll)  (vide infra), which
cannot lose hydrochloric acid in an analogous fashion, shows a singlet only in
the 3P NMR spectrum upon dissoclution in methanol-Da.

15 A single complex from the tetrahydrofuran/water mixture was isolated
after a large excess of ammonia borane was hydrolyzed. The material
displays a ¥'P{"H} NMR resonance at & 64.0 (in dichloromethane-D») and the
'H NMR spectrum of the complex shows resonances due to the bis(2-
(ditertiarybutyllethyljamine ligand in addition to a hydrido signal at 6 -23.99.

20 We obtained an X-ray structure of the complex which indicated that the
complex bis(2-(ditertiarybutyljethylyaminechlorodihydridoiridium(iil) had
formed. The structure (as seen in Figure 15) features a pseudooctahedral
ligand arrangement  with a meridionally coordinated bis(2-
(ditertiarybutyDethylamine ligand. The hydride ligands are bound fo the

25 metal center in a cis orientation.

Example 95
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11511775 36010954 mg 12 11900 3.56625 12.512000 46925 13.512150
WO 2008/141439 PCT/CA2008/006943

Effect of ammonia  borane  purity  upon  ulilizing  bis(2-
(ditertiarybutylphosphino)ethyllaminechiorocyclooctenythydridoiridium(iil)
[Ir(H){(C)(CsH13){NH{CH2CHP'Bu,}o] catalyzed ammonia borane hydrolysis
The reaction was carried out as described in procedure 1b above. The
5 results are shown in Table 3.

Example 96
Solvent effects upon bis(2-(ditertiarybutyiphosphino)ethyf)aminechioro-cyclo-
octenylhydridoiridium(lll)  [IfH}(C)(CsH1) {NH(CH.CH2PBug}s]  catalyzed

10  ammonia borane hydrolysis

The reaction was carried out as described in procedure 1a (25 °C) or
1b (40 °C) above except that the solvent mixiure utilized was a) 1.1
diglyme/water at 25.0 °C or b) 1:1 triglyme/water at 25 °C or ¢} 11
ethanol/water at 40.0 °C. The resulis are shown in Tables 4 and .

15 The catalytic reaction described above was performed in a 1:1 mixture
of tetrahydrofuran and water. The anticipated environmental concerns
regarding the utilization of a solvent such as tetrahydrofuran led to the
examination of a variety of other solvents. Diethyiene glycol dimethyl ether
and friethylene glycol dimethyl ether (diglyme and ftriglyme, respectively) were

20 chosen as suitable ather substitutes owing to their low volatility. it was found
that the reaction proceeds with an almost identical rate in a 1:1 mixture of
diglyme and water and with a significantly lower rate in triglyme/water. The
potential of ethanol as a solvent, which is expected to have a significantly
lower environmental impact than tetrahydrofuran or diglyme, was also

25 examined. Significantly, at 40 °C it was found that substituting
tetrahydrofuran/water (1:1) with ethanol/water (25:75) results in no change in
the rate of the reaction. If the solvent composition was changed to a 75:25
ethanol:water ratio, a remarkable effect on reactivity was observed: the
hydrogen yield was increased to 98% after 10 minutes (as compared to 72%

30 after 10 minutes in our standard run). in absolute ethanol, the rate of
hydrogen evolution was increased further and the reaction was completed (99
% yield of hydrogen) in ca. four minutes. In the latter case the reaction is
likely proceeding by alcoholysis, rather than a hydrolysis reaction.
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4.57488 980 mg 14 12338960 mg 58445 14512713 5.58738 1513030 6 8800
WO 2008/141439 PCT/CA2008/000943

Example 87
Effect of ethanol concentration on rate of bis(2-(ditertiarybutylphosphino)-
ethyf)aminechiorocyciooctenylhydridoiridium(ill)  [irfH)(Cl(n-CeH 1 {NH(CHo-
CH2P'Buy}s] catalyzed ammonia borane hydrolysis at 40 °C

5 The reaction was described as in (i) above except the solvent
composition was either (a) ethanol:water 25:75; (b) ethanol:water 19:81; (¢)
ethanot:water 12.5:87.5 or (d) ethanolwater 75.25. The results are shown in
Table 6.

10 Example 98
Effect of added inorganic salts (ie. sodium chioride, fithium chloride or
tetrasthyl ammonium chforide) in bis(2-(ditertiarybutylphosphino)ethyl-amine-
chlorocyclooctenylhydridoiridium{ill) [Ir(H)(Cﬁ(n’-CgHm){NH(CHchgP‘Buz}ZI
catalyzed ammonia borane hydrolysis

15 The reaction was carried out as described in (i) above except water
was replaced with either {a)} 40 ml of saturated aqueous sodium chioride, (b)
lithium chloride (648 mg) dissolved in 40 mi of water, or (¢) two equivalenis
(4.6 mg) of tetraethylammonium chloride dissolved in 40 m! of water. The
results are shown in Table 7.

20 The effect of a limited number of additives on the bis(2-
(ditertiarybutylphosphino)ethyhaminechiorocycicoctenythydrido-iridium(ii)
catalyzed reaction was also examined. When the reaction was performed ina
1:1 mixiure of saturated agueous sodium chloride and tetrahydrofuran the
activity was substantially lower. This likely due to the lower water

25  concentration in the organic phase due to the separation of two liquid phases
under these conditions. In a 1:1 water/tetrahydrofuran that contained either
0.162 M lithium chioride or two equivalents (based on iridium) of

tetraethylammonium chioride little effect on the reaction rate was observed.

30 Example 99
Effect of hydrogen (structure [) vs. methyl (structure ) substituents on
nitrogen in bis(2-(ditertiarybutylphosphino)ethyllamine type iridium complexes
in catalyfic ammonia borane hydrolysis
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WO 2008/141439 PCT/CAZ008/600943

Used standard conditions as described in procedure 94b above: 1 mi
of a 103 mg/ml solution of 2-(ditertiarybutylphosphino)-N-(2-
(ditertiarybutylphosphino)ethyl)-N-methylethanaminechiorocyclooctenyl-

5  hydridoiridium(Ill) was added 80 mi of a 1:1 mixture of teirahydrofuran/water
that had been preheated to 40 °C for five minutes. Ammonia borane was
added in ca. 0.5 g portions (run 1: 500.3 mg; 2: 499.5 mg; 3: 500.0 mg) and
the hydrogen evolution was measured. The results are shown in Table 8.

Ligand substituent effects on the catalytic reaction were examined. For

10  example, substituting the NH in bis(2-
(ditertiarybutyhethyiphosphine)aminechlorocyclooctenyt hydridoiridium(illy for
a N(CHa) group in 2-(diterfiarybutyl)-N-(2-(di-tertiarybutylphosphino)etnyl)-N-
methylethanaminechiorocyciooctenylhydridoiridium(lil) (as seen in structure 1
in the scheme above) resulis in a slight drop in activity in catalytic ammonia
15 borane hydrolysis. This indicates that the NH moiety is not essential for
excelient catalytic activities and will allow for the study of a range of ilgands

where the N-H moiety is substituted for N-R groups (R = alkyl, aryl, etc.).

Example 100
20  Bis(2-(diadamantylphosphino)ethyl)aminechlorodihydridoiridium(ill) catalyzed
ammonia borane hydrolysis at 25 °C or 40 °C

(\PAd;g
] M THF H,0
H i A8 25 or 40 *°C
C‘ ar 40
PAd.

Ad = adamantyi note: proposed sfructure
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810200 17.513800 8.510400 1813850 910640955mg 19 14000 WO
2008/141439PCT/CA2008/000943 TABLE 17: Bis(2-(diphenylphosphino)ethy))aminedichlorocobalt(ll)

[Co{HN(CH2 CH2PPh2)2}C12] catalyzed ammonia borane hydrolysis (41 C).
WO 2008/141439 PCT/CA2008/000943

a) 250 °C: A 148 mg (0.0158 mmol) sample of bis(2-
(diadamantylphosphino)ethyl)aminechlorodihydridoiridium(ill) was added fo
80 mi of a 1:1 mixture of tetrahydrofuran and water that had been equilibrated
in a 25.0 °C water bath for five minutes. Ammonia borane was added In three

5 ca. 0.500 g portions {run 1: 0.5005 g; run 2: 0.4982 g; run 3: 0.5026 g) and
the hydrogen evolved was measured. The results are shown in Table 2.

b) 40.0 °C: A methanol solution of bis(2-
(diadamantylphosphino)ethyllaminechiorodihydridoiridium() (1.0 ml, 1.5
mg/ml, 1.80x10° mmol) wes added to 80 ml of a 1.1 mixture of

10 tetrahydrofuran and water that had been equilibrated in a 40.0 °C water bath
for five minutes. Ammonia borane was added in three ca. 0.500 g portions
(run 1: 0.4985 g; run 2: 0.5001 g; run 3: 0.5002 g) and the hydrogen evolved

was measured. The resulis are shown in Table 10.
When the substituents on phosphorus are changed from tertiarybutyl to
15  adamantyl, then the catalytic reaction proceeds at a very similar rate at 25 °C
to the standard test run. At 40 °C, the adamanty! substituted catalyst showed

a slightly lower activity than the standard test run.

Example 101
20  Bis(2-(dicyclohexyiphosphino)ethyl)aminechlorodihydridoiridium(lll} catalyzed
ammonia borane hydrolysis at 25 °C or 40 °C

PCyz
f H THFH 0
— e T

o 25.0 or 40.0 °C

25 aj 25.0 °C: A 10.2 mg sample of bis{2-
(dicyclohexyiphosphino)ethyl)aminechlorodihydridoiridium(!l¥) was added o
80 ml of a 1:1 mixture of tetrahydrofuran and water that had been equilibrated
in a 25.0 °C water bath for five minutes. Ammonia borane (500.0 mg) was
added in portions and the hydrogen evolved was measured.

30 b) 40.0 °C: A methano! solution of bis(2-
(dicyclohexylphosphino)ethylyaminechiorodihydridoiridium(ili) (1.0 mi, 15
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TABLE18:Bis(2- (dlcyclohexylphosphlno)ethyl)amlned|chlorocobalt(11) [COCI2{NH(CH2CH2PCy2)21]
catalyzed ammonia borane hydrolysis utilizing standard 40 C conditions. Time (min) Vol (ml) 00 1 15
20 30 4 30 ¥AWHPEH2 8 45950 1055 5 PCT/CA2008/000943

mg/ml, 1.60%x10° mmol) was added to 80 ml of a 1:1 mixture of
tetrahydrofuran and water that had been equilibrated in a 40.0 °C water bath
for five minutes. Ammonia borane (500.0 mg) was added and the hydrogen
evolved was measured. The results are shown in Tables 11 and 12.

5 For the cyclohexyl substituted catalyst, a significant drop in catalytic
activity was ohserved at both 25 °C and 40 °C.

Example 102
2,6-Bis((diisopropylphosphinc)methyl)pyridinedichlorohydrido-iridium({iil)
10  catalyzed ammonia borane hydrolysis.

Pinz
4 THF H,0
N 4 0.5[CHCOE),  —®= calalysi ———
e AB 255°C

P!Prz

Thls reaction was performed under an argon atmosphere. 1.0 mi of a

ca. 0.8 mag/mli tetrahvdrofuran soiufion of 2.6-

15  bis{(diisopropylphosphino)methyl)pyridinedichiorohydridoiridium(i!l) was

added to 80 ml of a 1:1 mixture of tetrahydrofuran and water that had been
immersed in a 25.5 °C water bath for 5 minutes. 0.5027 g of ammonia borane
was added the hydrogen evolution was measured. The results are shown in
Table 13.

20
Example 103
Catalytic ammonia borane hydrolysis by catalyst derived from bis(2-

(diisopropyiphosphino)-4-methyiphenylamine and
chlorobis(cyclooctene)iridium(l) dimer
25
PP,
0.5 fir(coe)Cliz THF/HL0
N--H = catalysi =

Benzene, it 40.6°C
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TABLE19:Bis(2-(diisopropylphosphino)ethyl)aminedichlorocobalt(11)
[COC12{NH(CH2CH2P'Pr2)2}1vs.bis(2- (diisopropylphosphino)ethyDaminedibromonickel(11)
[NiBr2{NH(CH2CH2Ppr2)2}] catalyzed ammonia borane hydrolysis with 10standardized conditions
(25.0 C). TineP(FA6#H2 (M1, cobalt) Vol H2 (ml, nickel) 00 0 1 5 0 2 PET/E3MW/RI%S 5 30 12 6 40
20

The reaction was performed as described in procedure Example 94b
above except 0.95 mg in 1 ml of tetrahydrofuran of the iridium containing
catalyst was used and the reaction was performed under an argon
atmosphere. 0.5004 g of ammonia borane was added and the evolved

5 hydrogen was measured. The resuits are shown in Table 14.

Other PNP ligand containing iridium complexes that we have tested
include 2,6-bis((ditsopropylphosphino)methyljpyridinedichiorohydrido-
ridium(lily and the bis(2-(diisopropylphosphino)-4-methyiphenyl)amine
derived iridium catalyst. The ammonia borane hydrolysis rate for these

10 catalysts were of a similar magnitude fo the bis(2-(dicyclohexylphosphino)-
ethyhamine derived iridium catalyst.

Example 104
Bis(2-(ditertiarvbutylphosphinojethyl)amine-2,4-pentanedionate-rhodiumii}
15  catalyzed ammonia boranse hydrolysis at 40 °C

<—»P‘Bu2
\ A0 THFIH,0

~N—RH ) AR —
PBU,

One ml of a 83 mg/ml tetrahydrofuran solution of bis(2-
(ditertiarybutylphosphinolethylamine-2,4-pentanedionaterhodium(l) was
added to 80 mi of a 1:1 mixture of tetrahydrofuran/waier mixture that had

20 been equilibrated in a 39.5 °C water bath for five minutes. 04894 g of
ammonia borane was added and the hydrogen evolution was measured. The
results are shown in Table 15.

A PNP ligand containing rhodium complex has alsc been tested. This

catalyst also had an ammonia borane hydrolysis rate that was comparable to
25  that of the bis(2-(dicyclohexyiphosphino)ethyllamine iridium catalyst.

Example 105

Bis(2-(dialkylphosphino)ethylliamine (alkyl = isopropyl, cyclohexyl) and

bis(diphenyiphosphino)ethyllaminedichiorocobalt(ll)  catalyzed  ammonia
30  borane hydrolysis

A1
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N—tocsy + p T,
H 40 °C

PR, R =Pr,Ph, Cy

a) Bis(2-(diisopropyiphosphino)ethyl)aminedichiorocobalt(ll)
[COofHN(CH.CH»P'Pra) ) Cly] catalyzed ammonia borane hydrolysis: A 319 mg
(0.732 mmol) sample of Bis(2-

5 (diisopropylphosphino)ethyliaminedichlorocobalt(}) [CO{HN{CH_~
CH2P'Pr2)2)Clo] was dissolved in 20 mi of tetrahydrofuran and then 20 mi of
water and 107 mg {0.350 mmol) of bis(2-(diisopropylphosphinojethylamine
HMN(CH.CH2P'Pra), were added. The flask was immersed in a water bath that
was held at 40 °C and the temperature was allowed to equilibrate for 5

10 minutes. Ammonia borane was added in portions '(2‘432 g, followed by five
ca. 1.0 g portions) and the hydrogen evolved was measured in an inverted
8000 mi graduated cylinder. The first two ammonia borane additions were
performed under an argon atmosphere and the subseguent runs were in air.
5 ml of tetrahydrofuran and 5 mi of water were added to the mixture prior to
15  the third run. The resulis are shown in Table 16.

b} Bis(2-(diphenyiphosphinojethyl)aminedichlorocobalt(ll} [Co{HN(CH-
CH2PPh3)2}Cly] catalyzed ammonia borane hydrolysis: 24 mg (0.042 mmol)
of bis(2-(diphenylphosphino)ethylaminedichiorocobalt(il) [Cof{HN(CH..
CH2PPh2)2}Cle] was dissolved in 10 mi of tetrahydrofuran and 10 ml of water

20 at 41°C in an argon atmosphere to form a yeliow solution. Ammonia borane
was added in 50 mg (1.62 mmol} portions (with the initial addition resuiting in
the formation of a red colored solution) and the hydrogen evolution was
measured with a 100 ml burette. The results are shown in Table 17.

c) Bis(2-{dicyclohexyiphosphino)ethyl)aminedichiorocobalt(ll)

25  [CoCl{NH(CH»CHPCy2)z}] catalyzed ammonia borane hydrolysis utilizing
standard 40 °C conditions: A 1.0 mi sample of a 0.98 mg/m! (0.98mg, 0.002
mmol) dichioromethane solution was added to a 500 ml three-necked flask
under an argon atmosphere and the solvent was removed with an argon flush.

80 ml of a 1:1 tetrahydrofuran/water mixture was added and then the flask
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Bis(2-(diisopropylphosphino)ethypaminedichlororuthenium(11) dimer vs. iridium standard catalyzed

ammonia borane hydrolysis at 40 C. Time (min) Vol H2 (std 1) Vol H2 (std 2) Vol H2 (std 3) Vol H2 (Ru
complex) 0 V6 @0g#/141439 PCT/CA2008/000943

was connected fo the hydrogen measurement apparatus and equilibrated in a
40.0 °C water bath for five minutes. 0.5003 g (16.2 mmol) of ammonia borane
was added and then the hydrogen evolved was measured. The results are
shown in Table 18.

5 For base metai complexes containing N(H}(CH2CH2PR2); ligands (R =
tertiarybuty!, isopropyl, phenyl, cyclohexyl), the cobalt containing catalysts
proved io be the most active. The tertiarybutyl substituted complex proved to
have low activity. In contrast, the isopropyl, pheny! and cyclohexyl substifuted
complexes were more active than the tertiarybutyl analogue and these [atter

10 exmples had similar activities to one another. Table 16 shows that for bis(2-
(diisopropylphosphino)athylaminedichiorocobali(ll}, ammonia borane couid
be added in multi-gram quantities and the catalyst still retained activity. Table
17  shows that the  complex  bis{2-(diphenylphosphinojethyl)-
aminedichlorocobali(ll) is capable of hydrolyzing ammonia borane when

15  added in multiple portions, and Table 18 shows the activity of the complex
bis(2-(dicyciohexylphosphino)ethyl)aminedichioro-cobait(il).

Example 108
Bis(2-(diisopropylphosphino)ethyllaminedichlorocobali(ll) [COCHLINH(CH -
20  CHaPPrjadl  vs. bis{2-(diisopropylphosphino)ethylyaminedibromonickel{ll}
[NIBrogNH(CH2CHoF Pra)2}]  catalyzed ammonia borane hydrolysis  with
standardized conditions (25.0 °C)
Pipr, PiPr,
dixdi

N—=CoCl vs. N—Ni—Br g

u-‘/& H/Q\/
P'Pry PiPY,

+ AR (note Ni complex proposed structure)

THF/HO | o5 0

a) Bis(2-(diisopropyiphosphino)ethyllaminedichlorocoball(ll}; 6.8 mg
25  (0.01586 mmol) of bis(2-({diisopropyiphosphino)ethyllaminedichioracobalt(il} in
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ca. 3 ml of tetrahydrofuran was added to 80 ml of a 1:1 mixture of
tetrahydrofuran and water (equilibrated in a 25.0 °© C water bath for five
minutes). 500.2 mg of ammonia borane was added and the hydrogen
evolufion was measured.
5 b) Bis(2-(diisopropylphosphino)ethyl)aminedibromonickel(il}: 8.0 mg of
bis(2-(diisopropylphosphino)ethylaminedibromonickel{il)was dissolved in 40
mi of water and 40 mi of tetrahydrofuran and placed in a 500 ml three-necked
flask. The vessel was placed in a 25.0 °C water bath and allowed to
equilibrate for five minutes. 498.4 mg of ammonia borane was added and the
10 hydrogen evolution was measured. The results are shown in Table 19.
The complex bis(2-(di-iso-propylphosphino)ethylaminedibromo-
nickel(il) was slightly iess active than bis(2-
{diisopropylphosphinc)ethyl)aminedichlorocobalt(il).

15  Example 107
Bis(2-(diisopropylphosphino)ethylyaminedichiororuthenium(ll) dimer catalyzed
ammonia borane hydrolysis at 40 °C

ProP. ! Ci / P'Pr THF/
O N /> 2, aB H20

40 °C
PP o

A 1 ml sample of a 6.8 mg/ml solution of bis(2-(diisopropylphosphino)-
20 ethyhaminedichiororuthenium(ll) dimer was added fo 80 mi ofa 1:1 miixture of
tetrahydrofuran/water. The flask was sealed and connected to an inverted
2000 ml graduated cylinder, and then placed in a water bath at ca. 40 °C and
the temperaiure was allowed to stabilize for 5 minutes. Ammonia borane
{0.5013 g, 16.2 mmol) was added to the mixture and the hydrogen volume

25  was recorded at one minute intervals. The results are shown in Table 20.

The compiex bis(2-(diisopropylphosphino)ethyhaminedichioro-
ruthenium(ll) dimer was tested under the standardized conditions. The
activity of the catalyst is quite high but is lower than the iridium standard bis(2-
(di-tertiarybutylphosphino)ethyllaminechlorocyclooctenyl-hydridoiridium(iil).
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TABLE?21:2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl2-
(diphenylphosphino)ethanaminedichlororuthenium(ll) [Ru(binap)(H2NC12C1-12PPh2)C12] catalyzed
ammonia boYdheR/iti¥sis. Time (min) Volume (ml) O PCT/CA2008/006943

Example 108

2,2-Bis(diphenylphosphino}-1, 1-binaphthy! 2-(diphenylphosphino)-

ethanaminedichiororuthenium(tl) [Ru(binap)(H>NCHCH-PPho}Clo] catalyzed
5 ammonia borane hydrolysis

PRh, ‘

N
\ o :I + AB THFWater

l N 40 °C
th th

A sample of 6 mg (0.0059 mmol) of 2,2-bis(diphenylphosphino)-1,1'-
binaphthy! 2-{diphenyiphosphino)ethanaminedichiororuthenium(il) was
dissolved in 20 mi of a 1:1 mixture of {etrahydrofuran and water. The flask

10  was sealed and connected to an inverted 2000 ml graduated cylinder, and
then placed in a water bath at ca. 40 °C and the temperature was allowed {0
stabilize for 5 minutes. Ammonia borane was added to the mixture in ca. 1.0
g (0.0324 mol) portions. The first five runs were periormed under an argon
atmosphere and the last run was performed in air. The results are shown in

15 Table 21.

A ruthenium  diphosphine  aminophosphine  complex 2,2
bis{diphenylphosphino)-1,1-binaphthy 2-(diphenylphoesphino)ethanamine-
dich}oridéruthenium(li) was also tested. As indicated in Table 21, ammonia
borane can be added repeatedly with the catalyst retaining significant activity

20  over time.

Example 109
1,3-Bis({ditertiarvbutylphosphino)methyl)benzenecarbonylchloro-ruthenium(li)

catalyzed ammonia borane hydrolysis

25
Py,
cC THF/H,O
Ru< + AB 5.0 °C
i '
P\BUQ
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A 7.8 mg {0.0140 mmof) sample of 1,3-
bis((ditertiarybutylphosphino)methyl}benzenecarbonyichlororuthenium(ll) was
dissolved in 80 mi of 1.1 tetrahydrofuran/water and the reaction vessel was
placed in a water bath at 25.0 °C. 500.3 mg of ammonia borane was added

5 and the hydrogen evoiution was measured. The results are shown in Table
22.

The activity of the ‘PCP pincer complex 1,3
bis({ditertiarybutylphosphine)methyl)benzenecarbonyichlorideruthenium(il)
towards ammonia borane hydrolysis was determined and was found to be of a

10 similar magnitude o bis(2-
(dicyclohexylphosphino)ethyl)aminechlorocyclooctenythydridoiridium(li).

Example 110
Catalytic ammonia borane hydrolysis by catalyst derived from bis(2-
15 (ditertiarybutylphosphino)ethyllamine and trichlorooxybis(triphenylphosphine)-

rhenium(V)
H THF, reflux, 2 h
By N By Bhalstinid catalyst
ReOCK(PhyP), + , P~ > ~""pl
‘Bu Bu
THEM,0|
s | 40

Rhenium catalyzed ammonia borane hydrolysis: 10 mi  of
20  tetrahydrofuran and 10 mi of water were added to 22 mg of of the material
formed in the reaction of trichlorooxybis{triphenyiphosphinerhenium(V) with
bis(dialkylphosphino)ethylamine (where alkyl = tertiarybutyl or isopropyi)
above. 54 mg (1.749 mmol) of ammonia borane was added and the
hydrogen evolution was recorded. A black solid appeared in the reaction

25  mixture after ca. 14 minutes. The results are shown in Table 23.

Example 111
Solvent effects upon bis(2-(diterfiarybutyiphosphino)ethyljaminechlorocycio-
octenylhydridoiridium(l)  [Ir(H)(C)(CsH1{NH(CH.CH.P'Buz},]  catalyzed

30 ammonia borane hydrolysis or solvolysis under pressure
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These reactions were carried out in a similar fashion and only the
tetrahydrofuranfwater sample is described: (a) A 1.980 g (0.641 mol) sample
of ammonia borane was added to 150 ml of a 11 mixture of
tetrahydrofuran/water in a ca. 800 ml Parr bomb. The bomb was sealed and

5 sealed and the solution was pressurized to 24 psi with argon and then vented
to atmospheric pressure (this process was repeated four times). A 1.03 mg {1
ml of a 1.03 mg/mi tetrahydrofuran solution, 1.5x10° mmol) of bis(2-
{ditertiarybutylphosphino)ethyl)aminechlorocyclooctenylhydridoiridium(llil) was
added via syringe and then the vessel was sealed and the gas pressure was

10 measured as a function of time. (b) For the ethanol/waler run the ammonia
borane mass was 2.0010 g (0.0648 mol) and the catalyst mass was 1.02 mg
1.5%x10™ mmol). {c) For the 100% ethanol run the ammonia borane mass was
1,999 g (0.0648 mol) and the catalyst mass was 1.0 mg (1.4x107° mmol). The
results are shown in Table 24.

15 Catalytic ammonia borane hydrolysis under pressure was investigated
using bis(2-{ditertiarybutylphosphineg)ethyhaminechlorocyslooctenylhydrido
iridium(ill} as the catalyst. The ethanoliwater (1:1) and tetrahydrofuranfwater
{1:1) runs afforded similar results. in absolute ethanol the reaction proceed
faster than in either ethanol/water (1:1) or tetrahydrofuran/water (1:1).

20 Table 25 provides a summary of the catalysts tesied and their
respective catalytic activity with respect to ammonia borane hydrolysis.
Example 112: Effect of alcohol solvents on the production of hydrogen from

ammonia borane

PtBUQ
(d Solvent
N——- lr ¥ NHBHy ——— %
Q 40.0 °C

25 PBu,
Experimental procedure:
An 80 mi sample of the solvent was added to a 500 ml 3-necked flask and
was heated to ca. 40 °C for 5 minutes. An L-shaped solid addition tube
containing ca. 500 mg of ammonia borane was connected to the flask and
30 then ca. 1 mg {1 ml of a2 1 mg/mi solution of the catalyst in the appropriate
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solvent) of the catalyst bis(2-(di-tert-
butylphosphino)ethyl)aminechiorocyclooctenylhydridoiridium(ill) was added.
The flask was sealed and was then inverted several times fo add the
ammonia borane to the reaction mixture. The gas volume was then recorded
5 at one minuie intervals.

a) Solvent = 100 % ethanol. Amount of ammonia borane: 500.3 mg (16.21
mmol); amount of bis(2-(di-tert-butylphosphino)ethylyaminechiorocyclooctenyl-
hydridoindium(iih): 1.00 mg (0.0014 mmof); T=40.0 °C.

b) Solvent = 50 % ethanol, 50 % water. Amount of ammonia borane. 500.0

10 mg (16.20 mmol); amount of bis{2-(di-tert-
butylphosphinc)ethylhaminechlorocyclooctenyl-hydridoiridium(iil): 0.99 mg
(0.0014 mmol); T =40.0 °C.

c) Solvent = 100 % n-butanol. Amount of ammonia borane: 501.7 mg (16.25
mmoaot); amount of bis(2-(di-tert-butylphosphino)ethyljaminechlorocyclooctenyl-

15 hydridoiridium(ill): 1.03 mg {0.0015 mmol); T = 40.0 °C.

d) Solvent = 50 % n-butanocl, 50 % water. Amount of ammonia borane 500.7
mg (16.22 mmol); amount of his(2-(di-tert-
butylphosphino)ethyllaminechlorocyclooctenyi-hydridoiridium(ill):  0.98 mg
(0.0014 mmol); T =41.0 °C.

20 e) Solvent = 100 % isopropanol, Amount of ammonia borane: 503.3 mg
(16.30 mmol}; amount of bis{Z2-{di-tert-
butyiphosphino)ethyl)aminechlorocyclooctenyl-hydridoiridium(ill):  1.02 mg
(0.0015 mmol); T =40.7 °C.

f) Solvent = 75% isopropanol, 25% water. Amount of ammonia borane: 499.9

25 mg (16.1¢ mmol}; amount of bis(Z2-(di-tert-
butylphosphino)ethyl)aminechlorocycliooctenyl-hydridoiridium(ill):  1.00 mg
(0.0014 mmol); T=41.0 °C.

g) Solvent = 50% isopropanol, 50% water. Amount of ammonia borane:
500.0 mg {16.20 mmol}; amount of bis(2-(di-tert-

30  butylphosphino)ethyljaminechiorocyclooctenyl-hydridoiridium(ill).  1.02 mg
{0.0015 mmol); T=42.0 °C.

h) Solvent = 25 % isopropanol, 75 % water. Amount of ammonia borane:
500.8 mg (16.22 mmot); amount of bis(2-(di-teri-
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butylphosphino)ethyl)aminechlorocyciococtenyl-hydridoiridium(illy: 0.8 mg
(0.0014 mmol); T =41.0 °C.

i) Solvent = 100 % methanol. Amount of ammonia borane: 502.8 mg (16.29
mmaol); amount of bis(2-{di-tert-butylphosphino)ethyljaminechiorocyclooctenyl

5  hydridoiridium(iil); 1.00 mg (0.0014 mmol); T = 40.3 °C. _

i) Solvent = 75 % methanol, 25 % water. Amount of ammonia borane: 502.7
mg (16.28 mmol); amount of bis(2-(di-tert-
butylphosphino)ethyllaminechlorocyciooctenyl-hydridoiridium(illy.  1.06  mg
(0.0015 mmot); T =40.0 °C.

10 k) Solvent = 50 % methanol, 50 % water. Amount of ammonia borane: 488.6
mg (16.18 mmol); amount of bis(2-(di-ter}-
butylphosphino)ethyl)aminechiorocycloocteny-hydridoiridium(iity:  1.07 mg
(0.0015 mmol); T=40.0 °C.

Results:

15 The  effect of n-butanol concentration in  bis(Z2-(di-tert-
butylphosphino)ethyl)aminechtorocyciooctenylhydridoiridium(lit) catalyzed
hydrogen generation (40 °C) is shown in Figure 16.

The effect of isopropanol conceniration in  bis(2-{di-tert-
butylphosphino)ethylaminechlorocyclooctenyi-hydridoiridium (i) catalyzed

20 hydrogen generation (40 °C) is shown in Figure 17.

The effect of methanol concenfration In bis(2-{di-tert-
butylphosphino)ethyl)aminechiorocyciooctenyl-hydridoiridium i) catalyzed
hydrogen generation (40 °C) is shown in Figure 18.

25 While the present disclosure has been described with reference to
what are presently considered to be the preferred examples, it is to be
understocd that the disclosure is not limited {o the disclosed examples. To the
contrary, the disclosure is intended fo cover various modifications and
equivalent arrangements included within the spirit and scope of the appended

30 claims.

All publications, patents and patent applications are herein
incorporated by reference in their entirety to the same extent as if each
individual publication, patent or patent application was specifically and
individually indicated to be incorporated by reference in its entirety. Where a
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TABLE 23: Catalytic ammonia borane hydrolysis by catalyst derived from
bis(2-(diterliarybutylphosphino)ethyl)amine and trichlorooxybis(triphenylphosphine)rhenium(V) (40 C).
Time min Volume ml001627.839.2410.65125614.1715.6817.4918.9 1020.81528.7 WO
2008/141439 M@ N28%8/000943 TABLE24:Solventeffectsonbis(2-di-te®CT/CA2008/000943

term in the present application is found fo be defined differently in a document
incorporated herein by reference, the definition provided herein is to serve as
the definition for the term.
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butylphosphine)ethyhaminechlorocyclooct-1-enyldihydridoiridium(ll 5 catalyzed ammonia borane
hydrolysis under pressure at 40C. Time (min) THE/Water (psi) Ethanol/Water (psi) Ethanol (psi) 1 5

7.5521252011131925204263532532.542426 39.
WO 2008/141439 PCT/CA2608/000943

TABLE 1: Bis(2-(ditertiarybutylphosphino)ethyl)
minechlorocyclooctenyihydridoindium(lil) catalyzed ammonia borane
hydrolysis at 25 °C.

Vol Ha | Vol Hz (run | Vol H-
Time (min) | (run 1,mb) | 2mi) (rurr 3, mik)
0 0 0 0
1 98 240 240
2 285 490 510
3 515 875 710
4 708 800 835
5 830 860 800
B 880 800 920
7 8158 915 925
B 920 520 925
9 8920 820 925
10 820 820 928
5
TABLE 2: Bis(2-(ditertlarybutylphosphino)ethyl)
aminechlorocyclooctenythydridoiridium(lil) catalyzed ammonia borane
hydrolysis at 40 °C.
10
Time Run 1 {vol H;, Run 2 (vol Run 3 (voi
{min} mi) Ho, mi) H,, ml)
o 0 0 0
1 120 185 115
2 280 345 255
3 440 485 380
4 565 805 485
5 870 710 570
6 745 765 645
7 810 810 710
8 8556 850 760
8 8g0 870 800
10 910 895 B30
11 825 8905 B30
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TABLE 3. Effect of ammonia borane purity in  bis(2-
(ditertiarybuiylphosphino)ethyllaminechlorocyclooctenylhydridoiridium(ili)
catalyzed ammonia borane hydrolysis at 40 °C.

i Vol (mi, Vol (mi, Vol (ml, Vol (m),
pure puire impure impure
Time Vol (ml, | Vol (ml, | ammonia ammonia ammonia ammonia
{min) std 1) std 2) borane 1) borane 2) borane 1) borane 2)
0 0 0 Y G 0 3]
1 120 185 80 225 20 120
2 280 345 270 435 145 280
3 440 485 485 808 280 430
4 565 805 870 745 415 520
5 670 710 820 855 500 590
6 745 765 925 940 570 | B840
7 810 B10 1000 10085 610 870
g 855 B850 1040 10580 840 890
g 890 | 870 1070 1080 850 700
10 §10 ] 845 1085 1110 860 710
5
TABLE 4: Solvent comparison (diglyme, frigiyme or tetrahydrofuran) in bis{2-
{ditertiarybutylphosphino)ethyaminechlorocyclooctenylhydridoindium iil)
catalyzed ammonia borane hydrolysis at 25 °C.
Vol {mi, { Vol (mi, | Triglyme
Time Vol (mi, | Vol (mi, | diglyme | digiyme | (mi, run
{min) std 1) std 2) 1 2) 2)
o 0 0 0 ¢ 0
1 120 165 100 182 40
2 290 345 325 378 75
3 440 485 522 535 115
4 565 605 665 660 155
5 670 710 765 752 195
6 745 763 832 820 235
7 810 810 8§75 865 | 272
8 855 850 905 895 | 310
g 890 870 920 820 345
10 810 | 895 | 925 925 380
10
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77.578102 1581 83 102 16 83 84 103 17 85.5 85 105 18 88 87 105 19 91 87 105 20 92 90 105 21
94 92 105

WO 2008/141439 PCT/CAZO08/000943

TABLE §: Solvent comparison (ethanol vs. tetrahydrofuran) in bis(2-
(ditertiarybutylphosphino)ethyljaminechlorocyclooctenylhydridoiridium(Ili)
catalyzed ammonia borane hydrolysis at 40 °C.

5

Time Vol (ml, | Vol (ml, | Vol (mi, Vol (ml, Vol (mi, Val {ml,
{min) std1) std2) sid 3) EtOH 1) EtOH 2) | EtOH 3)

0 0 0 0 0 0 0

1 120 1685 118 20 160 120

2 290 345 255 240 320 260

3 440 485 380 400 480 386

4 565 605 485 540 580 500

5 870 710 570 660 670 590

8 745 766 545 740 750 670

7 810 810 710 820 810 745

8 885 850 760 870 860 800

9 8S0 870 8GO 915 890 850

10 910 8o5 B30 940 920 890

11 925 805 830 980 840 g20

TABLE 6: Effect of ethanol concentration on rate of bis(2-
(ditertiarybutylphosphino)ethyl)aminechiorocyclooctenylhydridoiridium il

10 [r(HYChH("-CsHia{NH(CH.CH2P'Bugd,]  catalyzed  ammonia  borane
hydrelysis at 40 °C.

Time | Stdrun | 25% 19% 12.5% 75% 100%

{min) 1 ethanol | ethanol | ethanol | ethanol | ethanol
o 0 0 0 0 C 0
1 120 150 100 100 180 110
2 280 320 200 200 480 350
3 440 460 300 300 740 710
4 565 580 380 380 800 1050
5 670 680 460 440 1020 1160
3 745 740 530 510 1080 1180
7 810 800 800 580 1120 1180
8 855 850 860 620 1140 1180
g 8BS0 900 720 680 1160 1180
10 8910 820 780 720 1160 1180
11 925 860 §20 760 1160 1180
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22 95 93 105 23 97 94 105 24 98 95 105 25 98.5 96 105 26 99.5 96 105 27 100 97 105 28 101 98 105
29 102 99

WO 2008/141439 - PCT/CA2008/000%43

TABLE 7: Effect of added inorganic salts (i.e. sodium chioride, lithium chioride

or tetraethyl ammonium chloride) in bis(2-{ditertiarybutylphosphino)ethyl)-

aminechlorocyclooctenylhydridoiridium(lil) [ir(HY(Cl)n -
5  CgHi3){NH(CH.CHP'Bus}s] catalyzed ammonia borane hydrolysis.

Time | Vol (mi, | Vol (mi, | Vol {ml, | Vol (mL,

(min) | std. 1) | NaCl LiCl) Et4NCI)
0 0 0 0 0
1 120 0 90 50
2 290 10 210 180
3 440 20 330 320
4 585 25 430 445
5 870 35 505| . 550
6 745 40 565 840
7 810 50 805 710
8 855 60 640 755
g 890 85 665 790
10 910 75 680 810

TABLE 8: Effect of hydrogen (structure [} vs. methy! (structure 1) substituents
10 on nitrogen in bis(2-(ditertiarybutyiphosphinc)ethyamine type iridium
complexes in catalylic ammonia borane hydrolysis at 40 °C.

Structure | Structure i
Time Vol (ml, + Vol (ml | Vol(ml, | Val{ml, | voi{mi | Voi(ml,
{min) std 1) std 2) std 3) run run 2) run 3)

0 0 0 #] 0 0 0

1 120 165 118 40 80 80

2 290 345 255 125 180 135

3 440 485 380 210 220 160

4 565 805 485 285 280 250

5 670 710 570 370 340 300

B 745 765 645 438 410 350

7 810 810 710 495 500 450

8 855 850 760 550 550 495

9 880 |- arg 800 gh5s 595 540

10 910 885 830 855 6805 580

11 825 905 830 700 630 620
15
20
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105 30 103 100 105 TABLE 25: Summary of Catalysts and Catalytic Ammonia Borane Hydrolysis.
Note that low activity = 5 ca. 10 ml/min; moderate activity = 10 - 50 ml/minute, high activity = ca. 50

ml/minute. Catalyst NH3BH3/ water /N.,"/ cif N 0/ \ N"F3u "Elr "Bu NV N-Ru=Br Moderate hydrogen
evolution WO 2008/141439 PCT/CA2008/000943

TABLE 8; Bis(2-(diadamantylphosphino)ethyl)aminechlorodihydridoiridium(lil)
catalyzed ammonia borane hydrolysis at 25 °C.

Time Vol Hs {mi, Vol H; {ml, Vol Ha Voi Ha {(mi,
(roin) std. 1) run 1) {mi wun 2 run 3)
0 G 0 O O
1 220 285 255 240
2 535 510 480 490
3 710 625 635 875
4 770 680 715 800
5 790 &80 745 880
8 750 700 745 900
5
TABLE 10: Bis(2-(diadamantylphosphino)ethyl)
aminechlorodihydridoiridium(lii) catalyzed ammonia borane hydrolysis at
40 °C.
Time Vol (std 1 Vol (mi, | Vol{mi, | Vol {(ml,
{min) mi) run 1) run 2} run 3)
0 0 0 0 )
1 120 70 55 55
2 280 165 130 110
3 440 255 200 160
4 565 340 270 210
5 57 415 310 250
5 745 470 385 285
7 810 525 395 320
& 855 560 420 350
9 880 580 445 3758
10 910C 805 465 400
10
TABLE 11: Bis(2-(dicyclohexylphosphino)athyl)
aminechiorodinydridoiridium(lil} catalyzed ammonia borane hydrolysis at
25°C.
Time Vol Hp (ml, | Vol Hy (mi,
(min} std. 1} run 1)
0 0 0
1 220 15
2 535 25
3 716 40
4 770 55
5 790 70
6 85
7 100
B 115
9 125
10 140
15
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O. opio Ph2CIH2 P1-.".."i__ ,N)Ru p...0,..f....... .. ph2IP ciph2 Excellent hydrogen evolution 0.40
440 ph2CIH2 ph2 CIH2 Active H2cN "..."...Ru P R2 R = Or, CI ClI

WO 2008/141439 : PCT/CA2008/600943

TABLE 12: Bis{2-(dicyclohexylphosphino)ethyl)
aminechlorodihydridoiridium(ill) catalyzed ammonia borane hydrolysis at

40 °C.
Time Vol Hz (ml, | Val Ha (mi,
{min) sid. 1) wn 1)
0 0 0
1 120 10
2 290 22
3 440 45
4 565 85
5 670 80
B 745 100
7 810 115
8 855 130
9 890 145
10 810 180
11 825 170
12 185
13 195
14 207
15 220
16 230
17 240
18 250
19 260
20 270
5
TABLE 13: 2 6-Bis((diilsopropviphosphinojmethyi)pyridinedichiorohydrido-
iridium(lil) catalyzed ammonia borane hydrolysis at 25 °C.
Time Volume
{min} H. (ml)
0 0
1 10
yd 15
3 20
4 25
5 30
5 35
7 40
& 42
B 45
10 50
15 85
30 150
10
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IH2 | ---"--p----J R2 tBur Ph Moderate hydrogen evolution H2 Ru PPh2 Moderate hydrogen

evolution Ph3 Ph3P H-H CI OH2 1N H2 Goodhydrogen evolution Ph3P.,..... Ph3P _.....,,Rd< CI H2
IN IN__D H2 Cl Good activity
WO 2008/141439 PCT/CA2008/000943

TABLE 14: Catalytic ammonia borane hydrolysis by catalyst derived from
bis(2-{diisopropylphosphino}-4-methylphenyllamine and
5 chiorobis(cyclooctene)iridium(l) dimer.

Time
{min} Vol (mh)

0
10
30
45
80
75
80
80
100
105
110

o i~idm| b ijwitdl- i

g

TABLE 15 Bis(2-(ditertiarybutylphosphinc)ethyi)amihen2,4—
10  pentanedionaterhodium(l) catalyzed ammonia borane hydrolysis at 40 °C.

Time (min) Volume H, {(mb)
0 0
1 20
2 25
3 35
4 40
5 40
g 40
7 45
8 55
g 80

16 85
11 75
12 80
13 aG
14 100
15 115
16 120
17 125
18 135
20 150
22 165
27 200
30 225
4C 285
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P'Pr2 L,Cl H.--"N-/R1u-PPh3 CI Good activity P/Pr2 -, .>-'Pr Moderate e -- Ru CICP R2PNH2 V
R ='Pr, Ph ClI Ph3P-Ru CI H2 ...... N N. b.-. S Hydrogen evolution (Ph3P)3RuCl2 Goodhydrogen

evolution,deposits black solid slowly, (---PR2 \ NH-CoC12R = 'Pr, Ph PR2 Moderate
WO 2008/141439 PCT/CA2008/000943

TABLE 16: Bis(2- (dnsoprOpy!phosphmo)ethyl)ammedlchlorocobait(Il)
[Co{HN{CH,CH,P'Pr,),}Cly] catalyzed ammonia borane hydrolysis at 40 °C.

5 Total Amount Total Amount
Time | Vol.H; | ammonia Time | Vol. H: | ammonia
{min) {mi) borane {min) (mb borane

0 ¢ 2423 ¢ 8.5 10940
0.5 125 10 11160
4 688 18.5 11400
1.5 2888 11 11587
2 5250 11.5 | 11775
6010 954 mg 12 11800
35 6625 125 | 12000
4 8925 135 1 12150
4.5 7488 980 mg 14 12338 960 mg
5 8445 14.5 12713
5.5 8738 15 13030
¢] 8800 16.5 13280
6.5 2040 880 mg 16 13525
7 9550 16.5 13650
7.5 10050 17 13750
8 10200 17.5 13800
8.5 10400 18 13850
9 10640 955 mg 19 14000
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NH catalyst Hydrogen evolution HN CoCl2 PAr2 Ar2P Ar = para-06H4CH3 catalyst Moderate
activity CoCl2 k PPh2

WO 2008/141439 PCT/CA2008/000943

TABLE 17: Bis(2-(diphenyiphosphino)ethyl)aminedichlorocobali(ll) [Co{HN(CH:
CHzPPhg)2}Cl;] catalyzed ammonia borane hydrolysis (41 °C).

Amount Amount
Time Total Vol | Ammonia Time Total Vol | Ammonia

{min) Hz {mi} Borane {min) Hz (mil) Borane
0 0 13.5 234.8
0.5 24 48 mg 14 235
1 10.6 54.5 2584

1.5 288 15 2774 | 51 mg
2 54.8 155 281.8
2.5 76 16 3002
3 80.4 16.5 305
3.5 81.1 17 307.7
4 81.2 17.5 309.3
4.5 81.4 18 3101
5 81.5 18.5 310.8
55 1185 19 311.2
6 146 | 49 mg 19.5 319.3

8.5 1857 20 33186 | b5 mg
7 158 205 342.4
75 159.9 21 3515
8 160.3 21.5 359.4
85 160.7 22 3654
9 160.8 225 370.7
10.5 223.9 23 375
el 2296 235 378.8
11.5 2322 24 381.8
12 2335 25 386.6
12.5 2342 28 390
13 2348 28 3861
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Ph2P (---12 0-CoCl,R="Pr, IBu PR, Moderate hydrogen formation, deposits black solid. 2 --PP2
Active,deposits black solid tCoCllicatalyst,... NH2 R ='Pr, 43u e Bre THF Moderate

WO 2008/141439 PCT/CA2008/000943

TABLE 18: Bis(2-(dicyclohexylphosphino)ethyl)aminedichlorocobait(ll)
[CoCR{NH(CHCH,PCy2)2}] catalyzed ammonia borane hydrolysis utilizing
standard 40 °C conditions.

Time
{min) Vol (ml)
0
15
20
30
30
40
40
42
45
50
55

oo~ Mt MW 2]|O

-t

TABLE 19: Bis(2-(diisopropylphosphine)ethyhaminedichlorocobalt(l}

[COCIL{NH{CH2CH2P'Pr2)2}] VS, bis(2-

{diisopropyiphosphino)ethylyaminedibromonickel(lt)

[NiBr{NH(CH,CH,P'Pr2)o}l  catalyzed ammonia borane hydrolysis  with
10  standardized conditions (25.0 °C).

Time Vol Hz (mi, | Vol Hp (mi,
{min} cobalt) nickel)

3 0 O

1 5 0]

2 10 5

3 15 5

4 20 10

5 30 12

6 40 20

7 55 25

8 82 30

] 75 35

10 85 50

11 100 55

12 110 65

13 120 70

14 130 80

15 140 9C

18 145 a5

17 155 100

18 163 110

19 175 112

20 180 120

I 25 220 140
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hydrogen evolution,black solid deposited

Moderate hydrogen
WO 2008/141439

TABLE 20. Bis(2-(diisopropyiphosphino)ethyilaminedichiororuthenium(il)
dimer vs. indium standard catalyzed ammonia borane hydrolysis at 40 °C.

coCizcatalyst Ifielhylarnine Bre N-"Nt-rs. Li cPPh2 THF
Moderate hydrogen evolution, deposits black solid. +00012 -0- catalyst PPh2 2 PPh3 THF ---1.-

Time Vol Ha Vol Hy VolHz | Vol H; (Ru
{min) (std 1) {std 2) {sid 3) complex}

0 ] 0 0 "

1 120 165 115 5

2 290 345 255 35

3 440 485 380 70

4 565 805 485 120

5 870 710 57C 165

3] 745 765 645 180

7 B10 810 710 220

B 855 850 780 260

9 890 870 800 300

10 910 855 830 340

11 925 905 830 380
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evolution,deposits black solid. +00012catalyst 1 N-Ir....,/ 1 Cl PI3u2 Plau2 H Excellent hydrogen
evolution, long lifetime. Excellentactivity, long lifetime N - ...// H3Cci pii3u2 1H r PtBu2

WO 2008/141439 PCT/CA2008/000943

TABLE 21; 2,2'-Bis(diphenylphosphino}-1,1-binaphthyi 2-
{diphenylphosphino)ethanaminedichlororuthenium(ii)
IRu(binap){(HNCH,CH,PPh,)Cl;] catalyzed ammonia borane hydrolysis.

Time
{min) Volume (ml)

4] 0

1 60

2 210

3 570

4 1540
5 1960
6 2000
7 2110
8 2430
g 2920
10 3850
11 38960
12 4200
13 4630
14 5230
15 5775
18 6085
17 66825
18 7255
19 7720
20 7960
21 8100
22 8450
23 8740
24 8950
25 8230
27 9645
28 9755
29 9855
30 9800
32 10025
33 10130
34 10315
35 10620
38 11060
37 11480
38 11780
39 11900
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Moderate hydrogen evolution,long lifetime. (P9r2 iH / HN-Ir--H C1/1 PiPr2 /-P'Pr2 0.5
pr(coe)20/2 catalyst Good activity H3C-N Toluene Pifor2 PPh2 1 NH2 + 0.5 Or(COE)2C112 c, CP

pPh2 THF Moderate hydrogen evolution ---P- catalyst triethylamine pan2
WO 2008/141439 PCT/CA2008/000943

TABLE 22: 1,3-Bis{(ditertiarybutylphosphino)methyl)benzenecarbonylchloro-
ruthenium(ll) catalyzed ammonia borane hydrolysis.

Time (min) 1| Vol H; {mb
0 G
1 2
2 5
3 15
4 20
5 25
8 30
7 35
8 40
9 40
10 45
11 45
12 50
13 50
14 55
15 55
16 58
17 60
18 80
19 B0
20 62
25 80
5
TABLE 23: Catalytic ammonia borane hydrolysis by catalyst derived from
bis(2-(ditertiarybutylphosphino)ethyl)amine and
trichiorooxybis(triphenylphosphine)rhenium({V) (40 °C).
10
Time{min) Volume (mb)
0 0
1 8
2 7.8
3 9.2
4 10.8
5 12.5
8 14.1
7 15.6
8 174
g 18.9
10 20.8
15 28.7
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tt0.5 [1/(COE)2C1)2 PPh2 THF Moderate activity catalyst 0-P4:11-2 lip Excellent hydrogen
evolution 0.5 pr(COE)2C1)2  catalyst 0 -Pilpr2 0 -Ptiu2 .,00.H ....Nit | Excellent hydrogen

evolution
WO 2008/141439 PCT/CAZ008/600943

TABLE 24: Solvent effects on bis(2-di-tert-
butyiphosphine)et}'xy[)aminechIorocyclooct—1—enytdihydridoiridium(lil}
5 catalyzed ammonia borane hydrolysis under pressure at 40°C.

Time | THFWater | Ethanol/Water | Ethanol
(min) (psi) {psi) (psh)
1 5 7.5 5
2 12.5 20 11
3 19 25 20
4 26 35 32
5 32.5 42 42
B 39 48 52
7 45 53 63
8 51 58 72
9 56 82 80
10 61 85 87
11 66 68 92
12 71 73 96
13 73.5 75 100
14 77.5 78 102
18 81 83 102
16 83 84 103
17 855 85 105
18 88 87 105
19 81 87 105
20 92 90 105
21 04 g2 105
22 g5 g3 105
23 97 94 105
24 a8 g5 105
25 98.5 g6 108
26 89.5 96 105
27 100 a7 105
28 101 o8 105
29 102 99 105
L 30 103 100 105

10
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0 -Pg302 0 -PPh2 Moderate hydrogen evolution +0.5 pr(COE)2042 catalyst 0 -PPh2 -0 -PEt2
Hydrogen evolution +0.5 [Ir(COE)2C12 catalyst 0 -PEt2

WO 2008/141439 PCTHCA2008/000943

TABLE 25: Summary of Catalysts and Catalytic Ammonia Borane
Hydrolysis. Note that low activity = £ ca. 10 mbmin; moderate activity = 10 ~
50 mi/minute, high activity = 2 ca. 50 mi/minute.

NHsBH; / water
Catalyst
/O\ Moderate
NYN\“B“ hydrogen evolution
- Br
o
N—=R U
\ / &
o¢ :
By
O
O Ph, CI Excelient hydrogen
P l N evolution

cl Active
E_“ﬁ .
P~
- U\
—Er | N
2 g he
My

¢ H Moderate
2
[ N\Rl —N hydrogen evolution
P N J
?
Re E Rz
o]
R =Pr, 'Bu, Ph
Moderate
\ ] / hydrogen evolution
/ ] ~p
a Ph;
HH Good  hydrogen
PP @ [ evolution
Snl
PhgP i N
Ha
Cl
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HN-PiPr2 Hydrogen evolution + 0.5 fl((COE)2C12 catalyst IIN-PiPt2 p113u2 Pliu2 Moderate

hydrogen evolution 1I"o\H Pr2 isopropanol > Goodhydrogen evolution +0.5 lIr(COE)20112

WO 2008/141439 PCTICA2G08/000943
cl Good activity
PhsP~_ i ﬁz
Ru
Php i N
M2
Cl
P'Pry Good activity

epr | Moderate

K
Ru
""" cP
RQP/ \NHZ
R ='Pr, Ph
Cl Hydrogen
H
i ,,N‘2 evolution
Pth’—Ru\
e
cl =
Good hydrogen
(PhaPj3RuCl, evolution, deposits
black solid siowly.
PR, Moderate

NH—CoCl, R ='Pr, Ph

PR,
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Pgpr2 pr(COE)2C112 Excellent hydrogen evolution NH-IN 'catalyst THF R = Ph, Tol, )(y1
PR2R2P PPh2 OTHF

WO 2008/141439 PCT/CA2008/600943
Hydrogen
evolution
NH HN
CoCly catalyst
Par, AP
Ar = para-CgHsCHa
Q Moderate activity
=N N ==
Lotk catalyst
PPh, PhP
PR2 Moderate
hydrogen
O——CoCl R='Pr By formation, deposits
black solid.
PRz
['F'Rz Active, deposits
2 + CoCly — - cataiyst .
NH black solid
2
R =Pr, Bu
/ﬁ\ Moderate
N\/%\"a”
_ a hydrogen
i . S, .
\ /N o * Celhy friethylamine eataly SVOIUtIOﬁ, bEQCk
Br . .
N\ g solid deposited
e
PPh Moder
2 THE derate
+ CoCl, == catalyst hydrogen
PPho , .
evolution, deposits
black solid.
THE M
2PPh; + CoCl, = catalyst oderate
hydrogen
avoiution, deposits
black soiid.
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catalyst Moderate activity NH2 + NiBr2 ---4 (...... c ptriethylamine PPh2  Moderate hydrogen
evolution,black solid deposited oP'Pr2 NI-Br 4/ 0-PIPr2 Ph2 CP",.... ".Ni CI Goodhydrogen
evolution,short lifetime Ph 2

WO 2008/141439

PCTICAZ008/000943

P!BUZ
a
4
-

Excellent hydrogen
evolution, long

lifetime,

PBu,
ar

Excellent activity,

long lifetime

N -

Hzc/q t \®
PrBUZ
PiPr, Moderate

{ l/H hydrogen

HN—Ir'—H evolution, long
lifetime.

&
PPr,

Pipfz
( 0.5 [ir(coe).Cl),

N - catalyst

HC~
s & Tolugne
pip

Good activity

Moderate
hydrogen evolution

)
N, + 0.5 [IF(COE),Cl ————= catalyst
CP friethylamine
PPh,
PPy Moderate activity
THF
Hy c—N  * 0.6 [{COE)Cl—— catalysi
PPh,
O—Ppipr, Excelient hydrogen

+ 0.5 [I(COE),Cl}, - catalyst

O=—PPr,

evolution
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(Ph3P)2NiCI2 Moderate hydrogen evolution, deposits black solid in air. Pd(PPh3)4 Moderate
hydrogen evolution,deposits black solid in air CPiPr2 NH+Pd(COD)C12 P'Pr2 THF Moderate
hydrogen evolution NE12 ' catalyst WE CLAIM: 1.A process for the production of hydrogen
comprising: (&) 8Bt #y a solution comprising at least one homogeneoliS Bfigat§ &ttized metal
catalyst with at least one compound of the formula I,

O—P'Bu, Excellent hydrogen
L evolution
F‘"““"’cx
0—PBu,
O—PPh, Moderate

hiydrogen evolution
+ 0.5 [I(COE),CY, -t~ catalysi

O_PP;’\Z
O—PEt, Hydrogen
evoiution
+ 0.5 [{COE}CY, -~ catalyst
O—PEL,
HN—PPr, Hydrogen
T evolution
\ / + 9.5 [I(COERCY, % catalyst
HN——PPr,
PBu; Moderate
Jr L hydrogen evolution
j"’c#
P'Buy
PPr Good hydrogen
isopropanol evolution
+ 0.5 [IfCOEXRCH, w3~ catalysi
PP,
Excellent
hydrogen evolution
Mo _rCOBCE e cotayst

THF
O PR, R,P R =Ph, Tol, Ayt
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R1R2HNBHR3RA4(I), in a solvent under conditions for the solvolysis of the compound of formula (1) to
form a homogeneous solution, 10wherein R1, R2, R3 and R4 are each simultaneously or
independently selected from H, branched or unbranched fluoro-substituted-C1_20alkyl, branched or
unbranchede¥?. 289&fkiAdhd C6.14aryl or any two of R1, R2, R3 and R4 af&- ket %4 a branched
or unbranched C2_10alkylene, which together with the nitrogen and/or boron atoms to which they are
15attached, forms a ring; and (b) optionally collecting hydrogen produced in the solvolysis of the

compound
process ac
independe
unbranchei

s of formula (I)-

ntly selected mH,
d C1.10alkyl, and GE" lbarghgsamy two of RI, R2, R3

enprocess according to claim 1, w

hbleideRiecBividye dijfferent. 20 3. The

cording to cl@im 1 or 2, wherein RI, R2, R3 and R4 are each simultaneously or

m H, brancAEd qr unbran

ched fluororsubstituted-Ci_walkyl, branched or

and R4 are linked to form a branched

or 25 unbranched C2_ IkyI%ne, which together with the nitrogen and/or boron atoms to which they

are attache
and R4 arg
fluoro-subs
and R4 are
atom and/c
2008/1414
each H. 6.

2d, forms a ringr:

BPCT/CA2008/0009

prl.he process according to any on

tituted-C1_6alkyl, brancied «
linked to form a br d oF
r boron atom to w Y ﬁ??ﬁ‘ttached, forms a rin
. The process according to
The process according téafi§one of claims 1 to 5, |

r'unbranched C1_6alk
unbranched Cmalkyle

e of claims 1 to 3, wherein RI, R2, R3

y?:dgn phenyl or Fe and R2 and/or R3
hBydisighrtogether with the nitrogen

evi¥Sfon,  black
claim 1, wherein al, R2, R3 and R4 are
(i rePRSEBRition Sis a mixture of

water and a-water-miscible sotvent, 7. The process according
of water toithe water miscible solvent is between about 90:10 tc

according to claim 7, wherein the r&fio by yglume is 50:50. 9.TH
> water miscible solt?ent is ne{ther or an alcohol. 15

wherein th
wherein thg
ethanol. 12
13. The prc
according i
wherein the
process ac

> ether is tetrahydro o 11 THe process accordin
. z .
. The process according t§ any one of claims 1t0 5

OEHIA 6, \Wheregeshe ratio by volume
about 10:90. 108.The process

YRR accatiffihlto claim 8,
1@gthagprocess according to claim 9,
g to claim 9, whereinjthe alcohol is
wherein the solutian;20is an alcohol.

cess according to claim 12, wherein the alcohol is a
0 claim 13, wherein
2 alcohol is ethanol,
cording to claim 1, wherein the metal catalyst compr

xfg,ai%cm]@ll is a Cl. 4alcohol, 15
et%anol, f—propanol, 2-propang

&ederateonol. 2514|The process
Heyegess according to claim 14,

pl, 1-butanol or 2-hutanol. 30 16. The
ROl ka fFRERIS

black solid in air.

PA(PPhy)q

Moderate
hydrogen
evoiution, deposiis

black solid in air

PiPr,

THF
NH  + F’d(COD)CLQ? catalyst

3

Moderaie

hydrogen evolution

PiF’r2
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WO 2008/141439PCT/CA2008/000943 17. The process according to claim 16, wherein the alkali
metal is lithium (Li), sodium (Na), potassium (K), rubidium (Rb), cesium (Cs) or francium (Fr). 18. The
process according to claim 1, wherein the metal catalyst 5comprises an alkaline earth metal. 19. The
process according to claim 18, wherein the alkaline earth metal is beryllium (Be), magnesium (Mg),
calcium (Ca)/\&ErQhtadiv(Sr), barium (Ba) or radium (Ra). 10 20. The process according to claim 1,
wherein the metal catalyst comprises a p-block metal. 21. The process according to claim 20, wherein

the p-block metal is 15a|uminlf|6rg {ﬁé) I%%H&J)é’ﬁé{?ﬁihigﬁg%ﬂr%{?éi%égtﬁ%thallium (T1), lead (Pb), or

bismuth (Bi).1 22. T‘ﬁ\eD {)?ggggs accor(? atalyst comprises a d-block or

transition metal. 20(£3. Thepautess accavdifigroaanprizigviairdaagieenblotkoeaemetitn metal is

scandium (Sc), tita?ium -|:slza ﬁf}%%iumé[\% %gggg&;%{ r)g?%nmfz% él%{%g%g:@f gapalt (Co),

nickel (Nf), copper &a , ZINC (Zn), yttrium zirconium (Z enum (Mo),
technetium (Tc), 25ouatigailm (Ru), palladium (Pd), silver (Ag), cadiurn (Cd), hafnium (Hf), tantalum

(Ta), tungsten (W), rhenium (Re), osmi } F’ﬂﬂ' uﬁa,(lr), tinum (Pt), gold (Au) or mercury (HQ).
24. The process according to claim ZB,Ké%E%e transitioﬁ‘z]etal is 30ruthenium (Ru), cobalt (Co),
nickel (Ni), rhodiumitiRén) ssvediumn@er eendtiensotesthacsoldingsie daithe, samapetheometal

catalyst comprises_ %Iﬁ‘gltiga?md%_ ggyllg %%Q%%%]F}I%QE/OC@%QE)S/OOOMS 26. The process according

to claim 25, wherein't anide is lanthan a), cerium (Ce), praseodymium (Pr), neodymium
(Nd), prifnethium (RingrasianfatiuRf ($h)aedrébiare(Eayiyatvlitrneocely, @rindamsmegndysprosium
(Dy), holmium (Ho) wm ( thuli Y, | I L : AT ess
according to claim Ib'(8 \[v%gérréirﬁ t%g f#ét%%:%%%t%ﬁ@p%gég Q%%ﬁ%%?{? Lg%%éﬁ%gt%lgﬁ%%ﬂég according
to claim 27, whereitbthedchetihide i aosimined Ao) Bl NG s p@tdcahiany (), dFdRium (),

neptunium (Np), plutanj u), IC] , SUl] PEHsURHBK: calfarniing (C),
einsteinium (Es), feﬁiéﬁ@( m)%rﬁ%?ﬁgééj\%%mﬁ%%bﬁgﬁ%g%No) or 15Iawren(_:2|11j?n (IYi), 29. The
process according te'uizintogetiterenithhibeaiipgeconistisedore atoms to which they are
15 attached, forms a ring; and
(b)  optionally collecting hydrogen produced in the solvolysis of the

compounds of formula (1).

2. The process according to claim 1, wherein R'to R* are different.
20
3. The process according to claim 1 or 2, wherein R', R?, R® and R* are
each simultaneously or independently selected from H, branched or
unbranched fluoro-substituted-C.ipalkyl, branched or unbranched Ci.qpalkyl,
and Cg.caryl or any two of R', R?, R® and R* are linked to form a branched or
25 unbranched C,salkylene, which together with the nitrogen and/or boron atoms

to which they are attached, forms a ring.

4. The process according to any one of claims 1 to 3, wherein R', R%, R®
and R* are each simultaneously or independently selected from H, branched
30 or unbranched fluoro-substituted-C+salkyl, branched or unbranched Cq.ealkyl,
and phenyl or R' and R? and/or R® and R* are linked to form a branched or
unbranched Ca.salkylene, which together with the nitrogen atom and/or boron

atom to which they are attached, forms a ring.
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or more ligands having at least one co-ordinating atom. 2030.The process according to claim 29,
wherein the co-ordinating atom is phosphorous, nitrogen, oxygen, carbon, silicon, germanium, sulfur,
selenium or arsenic. 31.The process according to claim 29, wherein the ligand comprises a
25phosphin&4A8fi& *étphosphine, imine,pyridine, amine, carbene, amindHOSHHINE W Mine,
aminodiphosphine, diaminodiphosphine, dicarbene, aminocarbene, phosphinocarbene, alcohol, ether,
aminoether, phosphinoether, aminoalcohol or aminothiol group. 3032.The process according to claim
29, wherei the lighedsrace se atediingnto aheinr mefeodind} piRfsitirees dR trerdozauia (11): WO
2008/1414%9PCT/CA2008/000943 PR5R6R7(I) which bidentate or tridentate and are chiral or achiral
monodentaté phosphine ligands in which R5, R6 and R7 are simultaneously or independently selected
5 from unsubstituted or substituted Cl_walkyl, unsubstituted or substituted C2. walkenyl, unsubstituted

or substituged C3gl{dcyclaalyl, Yy i¥HtSHr)f6ﬁé'%?%§HFﬁ% G3e\YaherRP ARG HIRE)2 and R8 is

simultaneously or independently selected from unsubstituted or substituted Ctioalkyl, unsubstituted or
substifited €2 TOLIRERA WATST BEG AP SUBSRRSPES10 weycloalkyl, unsubstituted or substituted
C6_14aryl, or two of R5, R6, R7 and R8 are bonded together to form an unsubstituted or substituted
ring having 4 to 8_atoms, including the phosphoraous, nitrogen and/or oxygen atom to which said
groups are’bondet® pr?ﬁ?ﬁ?sﬂ&ﬁfi%ﬂ&&ﬁ B‘@,’T?iﬁo?”féeffﬁﬂbm%t@ﬂaﬁd%%‘f“fl‘% QOMRIFL (11): 15
ROR16P-Qib-alfRE?2 tHizcibiendatveit BhdRdeRabandRR12 rrapimgep@adently, as defined for R5,
R6 and R7, and Q1 is selected from unsubstituted or substituted 01-C10alkylene 20 and
unsubstituted or substituted C1-Cwalkenylene where adjacent or geminal substituents on Q/ are joined
togeth@r toorm, iNbtugimgebe atomditg ihidhithey wiesttathe da b &y vohoreun S0bshituted or
substituted 5-14-membered monocyclic, polycyclic, heterocyclic, carbocyclic, saturated, unsaturated or
metallocenyl ring systems, and/or one or more of the carbon atoms in Q1 is 25optionally replaced with
a heteromdlety sel@g&doReess GesoNdMhiRI RO BewkenpanthewatehriseblchadEnt is (c) bidentate
ligands of the fgramula &Y hi&gk3aR14P-02-NR15R16(1V) 30 wherein R13 and R14 are, independently,
as defined for R5-R7, Q2 is as defined for Q1, and R15 and R16 are independently selected from H,
C6.14ary1, Ci. -*alkyl and C3_12cycloalkyl, with the Cs_Tharyl and Cs12cycloalkyl being optionally

substigited; {d) hetpeopystissioacetsdihtheformyle, (Whichbiy-93- By dhis tetrahydrofuran.
11.  The process according to claim 9, wherein the alcohol is ethanol.

12.  The process according to any one of claims 1 to 5, wherein the solution

20 is an alcohol.

13.  The process according fo claim 12, wherein the alcohol is a Ciq

atcohol.

25 14. The process according to claim 13, wherein the alcohol is a Ci.
saicohol.

156. The process according to claim 14, wherein the alcohol is ethanol,
methanol, 1-propanol, 2-propanol, 1-butanol or 2-butanoi.

30
16. The process according to claim 1, whersin the metal catalyst

comprises an alkali metal.
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which are bi- or tridentate ligands wherein Hy is unsubstituted or subtituted aromatic or non-aromatic
heterocycle containing from 3 to 10 atoms of which 1 to 3 are a heteromoiety selected from 0, S, N,
NH and NC1_6alkyl 10 with the remaining atoms being C and Q3 is as defined for Q1; (e)
diaminophosPHiAES/ 18 formula (VI) or (VII): R17R19N-04-P(R19)-Q5-RELORZIS(EMo6T
R17NH-Q4-P(R19)-05-NHR29(VIl) wherein R17-R2" are, independently, as defined for R15 and R16,
R19 is as defined for R5 and Q4 and Q5 are as defined for QlI; (f) diamines of the formula VIII or IX:
R22R23N-Q3:-NRIHR2F0(4Bs0afRB2diht! 106tk 26 (W avbier ehe ndRali el ageitindependently, as
defined for R15 and R16 and is.as defined_ fqr iQphenes of.the formula (X);.T-Q7-NH2(X) 30
which are bidt h?aotel,u V%%ﬁé?h p%l%sl?ﬁ%ﬁb ’tuﬁ%@;’%ygi%ﬁ ufss IH%E% %%EF}%P@V (gg) defined for 01,
and (h) amines of the formula (XI): R26S-Q8-NH2 (XI) which are bidentate, wherein R26 is as

defined for RS, RGTWeRBr_ é%§”|£’gﬁ’c§r§l?% 08,is é‘gig.?fiqnfad“f,ﬂlé%nS R3: S RIOGE q,cording to any
[

one of claims 1-32, wherein the process IS performed at a temperature of between about 20C to about
60C. S 34CTRPHsSSAs alkabingingtd angial33, wherein the process is performed 10 at a temperature
of 40C. 35. The process according to claim 6, wherein the catalyst is dissolved in the mixture of water
and the water miscible solvent to form a homogenous mixture. 15 36. The process according to claim

35, wherein the cotRSRIGHF AR S Rddeliuit cupesensine Albging Remiria'ad®. The process
according tosiginarh, Bagreiaghedigandviipbibzsidmetal)2 eaaistiysh isssplwigdmt{@ssalution. 38. The

process accor. ir}g @g%laim 1, wherein the process is performed in an inert atmosphere. 25 39.The
0

i . . . :
process accordﬁ’ng aim 38, wherein the process is performed in an argon atmosphere.

10
20. The process according to claim 1, wherein the metal catalyst
comprises a p-block metal.

21. The process according to clatim 20, wherein the p-block metal is
15 aluminum (Al), gallium (Ga), indium (In), tin (Sn), thaillium (T1), lead (Pb), or
bismuth (Bi).

22. The process according to claim 1, wherein the metal catalyst
comprises a d-block or transition metal.
20
23.  The process according to claim 22, wherein the d-block or transition
metal is scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr),
manganese (Mn), iron (Fe), cobait (Co), nickel (Ni}, copper (Cu), zinc (Zn),
yttrium (Y} zirconium {Zr), niobium (Nb), molybdenum (Mo), technetium (T¢),
25 ruthenium (Ru), palladium (Pd), siiver (Ag), cadium (Cd), hafnium (Hf,
tantalum (Ta), tungsten (W), rhenium (Re), osmium (Os), iridium (Ir), platinum
(Pt), gold {Au) or mercury (Hg).

24.  The process according to claim 23, wherein the transition metal is
30 ruthenium (Ru), cobalt (Co), nickel (Ni), rhodium (Rh) or iridium (ir).

25, The process according to claim 1, wherein the metal catalyst
comprises a lanthanide.
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40.A method for the hydrolysis of a compound of formula (1) as defined in  claim 1 comprising
contacting the compound of formula (I) with at least one 30 homogeneous ligand-stabilized metal
catalyst in the presence of water under conditions for the hydrolysis of the compound of formula (I).
41.A method¥ert&4éhidlysis of a compound of formula (1) as defined in R§EHAALE81498PGINg
contacting the compound of formula (1) with at least one homogeneous ligand-stabilized metal catalyst
in the presence of a solvent under conditions for the solvolysis of the compound of formula (0. 5 42A
hydrogen generation system comprising at least one amine borane of the formula (1) as defined in

claim 1, at least ape homogeneous ligandstabilized metal catalyst, and a solyolytic and/or hydrolytic
solvent. 1 3.Tr?£r}ﬁ/d%%(%lsaeﬁg?§?§wgy§’en‘§§ or% g%%ﬁ)éﬁm4 ,eco%fb}:‘??%‘g% fifst compartment
comprisingahthanhleast (uz, arereiordte of theferoaiytai(lin a §égonaeodgypaicimentdmprising the at
least one w%ﬁﬂ?%ugdlgﬂnggﬁgﬂgﬁd( aleﬁ%al}ﬁ% lSelreina & Tgﬁhsr;eO{?(%cqgﬂgcuonmpartment
further comprises the solvefit and a means for compinin ' contents of the Fst'15 compartment with
the seBond toimsaRieaisd (Rt whelmibeconneraietonbintdlivaroben, iyieivdrated.  44. The
hydrogen qq@cje@rti@gbﬁyﬂwccording to claim 43, further comprising at least one flow controller to

control a flow rate of the at least one 20 catalyst or the at least one amine borane. 45. The hydrogen
generation system according to any one of claims 42-44, wherein said system is fluidly connected to a

proton exchange memRsedyckeetbidfdMiE) 2aim 1, whersin the metal catalyst

comprises an actinide.

10
28. The process according to claim 27, wherein the actlinide is actinium
(Ac), thorium (Th), protactinium (Pa), uranium (U), neptunium (Np), plutonium
{Pu), americium (Am), curium {(Cm), berkelium (Bk), -californium (Cf),
einsteinium {Es), fermium (Fm), mendelevium (Md), nobelium (No} or

15 lawrencium (Lr),

29.  The process according to claim 1, wherein the catalyst comprises one

or more ligands having at least one co-ordinating atom.

20 30, The process according to claim 29, wherein the co-ordinating atom is
phaosphaorous, nitrogen, oxygen, carbon, silicon, germanium, sulfur, selenium

Or arsenic,

31.  The process according to claim 29, wherein the ligand comprises a

25 phosphine, arsine, diphosphine, imine, pyridine, amine, carbene,
aminophasphine, diamine, aminodiphosphine, diaminodiphosphine,
dicarbene, aminocarbene, phosphinocarbene, alcohol, ether, aminoether,
phosphinoether, aminoalcoho! or aminothiol group.

30 32, The process according to claim 29, wherein the ligands are selected

from, one of more of:
(a) phosphines of the formula {I):
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which bidentate or tridentate and are chiral or achiral monodentate phosphine
ligands in which R® R® and R’ are simultaneously or independently selected
from unsubstituted or substituted Cs.4palkyl, unsubstituted or substituted C,.
spatkenyl, unsubstituted or substituied Caqpeycloalky!, unsubstituted or
substituted Csrqaryl, OR® and N(RY; and R® is simultaneously or
independently selected from unsubstituted or substituted Cyqoalkyl,
unsubstituted or substituted Co.icalkeny!, unsubstituted or substituted Cs
wocycloalkyl, unsubstituted or substituted Cs.1saryl, or two of R®, R®, R” and R®
are bonded together to form an unsubstituted or substituted ring having 4 to 8
atoms, including the phosphorous, nitrogen and/or oxygen atom to which said
groups are bonded;

(b) bis{phosphino) bi-, tri- or tetradentate iigands of the formula {Il):

RRP-Q'-PRVR™? (Hn

wherein R®, R'®, R'" and R" are, independently, as defined for R®, R®
and R”, and Q' is selected from unsubstituted or substituted C-Crpalkylene
and unsubstituted or substituted C,-Cqalkenylene where adjacent or geminal
substituents on Q' are joined together to form, including the atoms to which
they are attached, one or more unsubstituted or substituted 5-14-membered
monogyclic, polycyciic, heterocyclic, carbocyclic, saturated, unsaturated or
metalloceny! ring systems, and/or one or more of the carbon atoms in Q'is
optionally replaced with a heteromoiety selected from O, S, NH and N(Ci.
salkyl) and Q' is chiral or achiral;
(c) bidentate ligands of the formula (IV):

R13R14P“Q2-NR15R16 (JV)

wherein R'* and R are, independently, as defined for R:-R’, Q? is as defined
for Q', and R'™ and R'® are independently selected from H, Ceqsaryl, Ci.
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spalkyl and Cs.zcycioalkyl, with the Csuaryl and Cs.ggcycloalkyl being
optionally substituted;
{d) heterocyclic ligands of the formula (V):

Hy-Q*Hy (V)

which are bi- or tridentate ligands wherein Hy is unsubstituted or
subtituied aromatic or non-aromatic heterocycle containing from 3 to 10 atoms
of which 1 to 3 are a heteromoiety selected from O, §, N, NH and NCi.zalkyl
with the remaining atoms being C and Q° is as defined for Q'
(e) diaminophosphines of the formula (Vi) or (VI):

RYR™®N-Q-P(R¥)-Q°-NRPR?' (Vi) or
RYNH-G*PR™)-Q>-NHR* (Vi

wherein
R'-R?! are, independently, as defined for R" and R, R is as defined for R®
and Q* and Q° are as defined for Q";

{f) diamines of the formula Vil or [X:

R¥R®N-QP-NR¥R? (VHI) or
RZNH-Q%-NHR*  (1X)
wherein
R%.R% are, independently, as defined for R™ and R and Q° is as defined for
Q"
(g) thiophenes of the formula (X):

T-Q-NH;  (X)
which are bidentate, wherein T is unsubstituted or substituted thiophene and

Q’ is as defined for Q*; and

{h) amines of the formula (XI):
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R%S-Q%NH, (XI)

which are bidentate, wherein R?® is as defined for R®, R® or R’, S is sulphur
and Q% is as defined for Q.

33. The process according to any one of claims 1-32, wherein the process

is performed at a temperature of between about 20°C to about 60°C.

34. The process according to claim 33, wherein the process is performed

at a temperature of 40°C.

35.  The process according to claim 8, wherein the catalyst is dissolved in
the mixture of water and the water miscible solvent to form a homogenous

mixiure.

36. The process according to claim 35, wherein the compound of formula |

is added directly to the homogenous mixture.

37. The process according to claim 1, wherein the ligand-stabilized metal

catalyst is soluble in the solution.

38. The process according to claim 1, wherein the process is performed in

an inert atmosphere.

39. The process according to claim 38, wherein the process is performed

in an argon atmosphere.

40. A method for the hydrolysis of a compound of formula () as defined in
claim 1 comprising contacting the compound of formula (I} with at least one
homogeneous ligand-stabilized metal catalyst in the presence of water under

conditions for the hydrolysis of the compound of formula (1).
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41. A method for the solvolysis of a compound of formula (I} as defined in
claim 1 comprising contacting the compound of formula (1) with at least one
homogeneous ligand-stabilized metal catalyst in the presence of a solvent

under conditions for the solvolysis of the compound of formula (1).

42. A hydrogen generation system comprising at least one amine borane
of the formula (I) as defined in claim 1, at least one homogeneous ligand-

stabilized metal catalyst, and a solvolytic and/or hydrolytic solvent.

43. The hydrogen generation system according to claim 42, comprising a
first compartment comprising the at least one amine borane of the formula (I),
a second compartment comprising the at least one homogeneocus ligand-
stabilized metal catalyst, wherein the first or second compartment further
comprises the solvent and a means for combining the contents of the first
compartment with the second compartment sc that when the contents are

combined, hydrogen is generated.

44,  The hydrogen generation system according to claim 43, further
comprising at least one flow controller {o controi a flow rate of the at least one

catalyst or the at least one amine borane.
45.  The hydrogen generation system according to any one of claims 42-44,

wherein said system is fluidly connected to a proton exchange membrane fuel
cell (PEMFC).
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