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Abstract

The content of this thesis is presenieit two parts. The first part mainly focuses on exhibiting high
efficiency andselective pincer complexes employed as catalysts for dehydrogenation to obtain
hydrogen from potential hydrogen storage materials, hydrazine borane. The first series of pincer
catalysts used for dehydr ogen atdesmribedadtalystsyasdwelh z i n e
as their 3,5ubstituted analogs with electron withdrawing and electron donating groups. Then, iron(ll)
complexes bearing a PNP backbone were alsaedilfor dehydrogenation of the same substrate.
Apart from the dehydrogenation reactions, the BN materials as coupling result of dehydrogenating
amine boranes were characterized. Analyzing the BN materials shows that the structures of BN
materials have relemnship with dehydrogenation degree. Evolving one equivalentrétn amine
boranes may produce linear BN polymer. However, when much morelé¢dsed, cyclic BN product

could be synthesized. Additionally, synthesis and characterization of a PPN ligand, 2

[bis(diisopropylphosphino)methyg-methylpyridine and its complexegth selected 3d metals.

Zusammenfassung

Der Inhalt der vorliegenden Arbeit ist in zwei Teile gegliedert. Im ersten Abschnitt liegt der
Schwerpunkt auf eF Darstellung von hocheffizienmeund selektiven Pinzettenkomplexen, die als
Katalysatoren fur die Dehydrierung von HydraBaran eingesetzt wurden, um Wasserstoff aus
potentiellen Wasserstoffspeichermaterialen zu erhalt@abei ist BrookhartsDehydrierungs
katalysatorder erste Pinztnkomplex, der fir die Dehydrierung von Hydrazinboran angewandt
wurde. Es folgen weitere Untersuchungen, die deimfluss von elektronziehende und
elektronschiebende Substituenten arler 3,5Position am Arylgeriist des Katalysataasf diese
Reaktion erfassen. Anschlieend wurden Eisenlmplexe mit einen PNRRuckgrat fir die
Dehydrierung des gleichen Substrates verwendet. Darlber hinaus sind die bei der Dehydrierung
anfallenden BMNMaterialen charakterisiert worden und legen einen Zusammenhang zwidehen
Struktur des BMNMaterials und dem Dehydrierungsgrad naBei der Entwicklung voneinem
Agquivalent an Wasserstoff entsteht vorwiegend ein lineares Polymer. Die Bildung zyklischer Produkte
ist bevorzugt, wenn mehr aksin Aquivalent Wasserstoff freigetzt wird. Der zweite Abschnitt
beschreibt die Synthese und Charakterisierung eines -LRRNden, 2-
[Bis(diisopropylphosphino)methy-methylpyridin und dessen Komplexierung mit ausgewahlten 3d

Ubergangsmetallen.
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K Kelvin
DFT Density functional theory
EA Elemental analysis
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DLS Dynamic light scattering
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9-BBN Diborane 9borabicyclo[3.5.1]Jnonane
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1.Introduction YD

1. Introduction

From the last few centuries to now, fossil fuels have always been the main energy sources that
constantly drive prosperity and development of human society. However, numerous problems, such as
environmenal destruction, releas®f greenlbuse gases,poor recyclability and ® on, rise up
significantly. Moreovera huge amounbf fossil fuelsis beingconsumed. Thus, at present, except
fossil fuels,a growing number ofconomicallyfriendly and regenelde alternatives are also adopted

in terms of scale and forn%s.Among these potential alternagis;, hydrogen, undoubtedly, is a
fascinating candidate becausfats apparent advantages in 1) high energy density K1&@, which is
almostthreetimes asmuch as that of gasoline), 2) abundant natural storage and 3)awdker only
productafter consumptionall of these make building ua hydrogen economyighly desirablé?
Nevertheless, there are critical problems like low volumetric energy deirsitguid form is 8 kJ/L

which is only a quarter of that of gasoline) setting barriers for realizatiarhgfirogen econom\.

Thus, divergent physicddlased and chemichhsed hydrogen storage methods were proposed to solve
these problemé For the former method, the hydrogeis usually stord under special conditions

which areneead to cool the systems take a lot of extra energy tmmpress and liqueflydrogen

Also hydrogenleakage may occur tocertainextent To make matters worse, considerthg weight

of container and cooling system, the hydrogen storage capsdityfactmuch lower® In contrast,
storage ofhydrogen via chemical boedowns merits such as good stability, convenient storage
conditions, higher gravimetric capacityaking t chosen as a promising candidatethe American

Department oEnergy (DOE) forafuture longterm pathway?’

To date, numerous potential hydrogen storage compounds have been studied in laboratories for the
long-term target, including Methylcarbazol&! nitrogen heterocycldd, ethanol and formic acid and
such orf? Comparing these chemical hydrogen storage compounds, it is not difficult to samihet
boraneshave standut advantages regarding facile synthesis an@géohigher gravimetric cagéy
(Figure 1),and long term stabilityOptimization of synthesisproceduresand hydrogen evolution
conditions has beedonemany years in various ways under non transition metal complex catalyzed
conditions(i.e. thermolysis and hydrolysisind still isbeingdoneat the moment? In recent years,
exceptfrom aforementioned pathways to releas@ogen from ammonia borane (AByumerous
noble transition metal complexes designed to catalyze the dehydrogenationveérABresenteds

well, which will beintroduced in the next sections. In contrast, analogepsrtson dehydrogenation

of another hydrogenich molecule, hydrazine borane (HB) that utilizing transition metal complex as
catalysts areare which makes exploring transition metal complex gatedl dehydrogenation of HB
promising in terms of basic research and applicdttbNevertheless, an issue that the dehydrogenated
amine boranesnly can be regenerated under harsh conditions natf@vsage of theematerials to
singleuse H storage materials or as benestable H sources and needs much more focuses to

overcomehese issues
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Figure 1. Comparison of gravimetric and volumetric densities of various hydrogen storage ni&terials

It is noteworthy that transition metal catalysts begpincer ligands are employéar stoichiometric
and catalytic applications arde thus weldescribed™! Variations of ligand backbones and thetal
centerscan tune the electronic and steric properties of pincer complexes nicktyakesthis typeof
organometalliccompoundssuitable for different kinds of reaction{&igure 2) Accordingly, since
pincer complexes were first reported by Shawhie19708* they havebeen widely well practiced
e.g. fornitrogen activatio®:” hydrogenation of C&/*® olefins*” ketoned!® imines!*’® and estes™!

dehydrogenation of alcorsj® N-heterocycleé” and used for thdehydrogenation of amine boranes

as well.
7 Group Major Effect(s) of Variation
" A 5
SN A S ER, Steric control by varying substituents;
L AL L) control of electron density; lability.
Rné——l\lll"‘éRn Y Control over of electron density;
Ly indrectly control of steric properties.
Most common elements
X Electronic effects, particulary trans influence.
E=P,N,S, O, As ' SRR RS T
X=C,N,B Z Remote control of electron density;

Y =CH,, O, S, NH, SiR'", solubility control; anchor group.

Figure2. Variationsof pincer ligand parameters for contoslthe steric and ektronic propertie&§3: 22

Generally speaking, these pincer complexes are easily synthesized or comymengidhble.
However,when it comes to the pyridifdgased aromatic PNP catalysts, one common synthesis method
for building carborphosphorous arsisthe reaction of,6-lutidine with nBuLi at low temperatur&?

which not onlygives pyridinebased PNP ligands but PPN ligands and PN ligands that result from
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partial deprotonation of orgide methylgroups Schemel). As having theoretically mulle binding
modes PPN ligands can be regarded as hefienationality containing analogs of the wé&thown
shortbite angle ligand dppm (i.e. bis(diphenylphosphino)meth&figjhen, it also can be treated as
PN ligands binding to catalysts which are rhétgnd cooperativ€” Thus, it is worthy to developing
PPN ligands and related transition metal complexes for practice.

~ = Z PR
| ) base, R,PCI N N" + N i, N 2
RoP PR, PR, PR,

N

Schemel. General pathwaysr the synthesis ciromatic PNP ligarg] giving also PN anBPN ligand.
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2. Dehydrogenationof amine boranes

2.1. Research background

Amine boranesre ideal materials for a lot of areas. For example, AB and HB have relatively high
gravimetric hydrogen capacity (approximgté9.6 wt% and 15.4 wt%, respectively), so that they are
very suitable for hydrogen stmge and hydrogen transfer reactiGfisApart from that, a compound
containing boromitrogen bond is isoelectronido compound containing carbortarbon bong but
unlike the bond between two carbon atortige different electronegativity of boron androgen
makesBN compounds polar whickan significantly alter molecular and sokstate electroniand
optical properties of the system and the intermolecular interactions present in solidph@kese
properties make boron nitrogen containing compisunnteresting for polymer chemistry,
optoelectronic device elastomers and biomatert&fswith special characteristics that their-edirbon

analogsdo not havé?®

From the aspect of our research, the thesis mainly focuses on the dehydrogeratiore dforanes
The details of vadus methodsfor releaseof hydrogen fromamine boraneare depicted in the next
sections. Meanwhile, it is unneglectable that dehydrogenation is a dehydrocoupling process as well.
That is to sayamine boranalerivatives soh as methylaine borane (MAB), dimethylaie borane
(DMAB), aniline borane and NAdiisopropylamine boranexceptfrom being used as hydgen
storage materials @s models to give a better insight into mechanisfrdehydrogenation reactions
of more hydogenrich AB,% could also serve gwecursors of linear or cyclic oligonssor polymes
via catalytic defdrogenation and couplingMAB as an example is suitable substrate for
dehydrogenation, mechatics studiesas well asfor polymer formation. Mannes and co-workers
synthesizd a soluble, poly(Nmethylaminoborane), [MeNtBH,], with high molecular weight (M
up to 160000) using B o0 o k h gIH)t pinser chtalysf(POCORIrH,] (1) (POCOP = [3-2,6
(OPBU,),CsH3]) 21! Weller and ceworkers first repored a relatively stable iridium aminoborane
complex [Ir(PCy)(H)o( @HsB-NMeH,)][BAr",] (2) via adding one equivalentof MAB to the
dihydrogen complexIf(PCys)2(H)2(H2)2] (3). After that, addition of a second equivalent MAB,
formation of the simplest oligomer of MAB, #B-NMeHBH,:NMeH, was observedwhich gave
insightsinto what role a metal center of catalyst may play dutire dehydrocoupling proceéd8 Our
group also chose MAB to make dehydrocoupling products mediatf{é NiAP)Fe(BH,)(CO)(H)] (4)
(PNHP = HN(CH,CH,PiPr,),) pincer complex with slightly more than oeguivalent of hydrogen
gained®! We found that the polymerization process occafter dehydrogenation, accordingly,
polymerization of MAB catalyzed by the iron complactually is an ofimetal process and how much
hydrogen produced is partial decided by catalyst. Dehydrocoupling, as aforementioned, is so closely

related to dehydrogenation that it also necessary iattmelucedn the next sections.
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2.2. Main group metal complex catalyzed dehydrogenation of amine

boranes

For now, two categories of general coordination patterns of main group 2 and 13dispialged in

Figure 3 (transition metal Zn shows categorgype coordinatiof®” Sc and Y show categoryt@pe

coordnation®) have been mentioned by several groups for dehydrogenation and dehydrocoupling of

ammonia borane and amine boranes and investigation of interactions between these complexes and

substrate&®

Figure3. Two coordination patterns afain goup precatalysts for dehydrogenation reacsion

Category 1 - heterolephic

Dipp
-N

M-R,
N

Dipp

M = Mg, Ca, Zn (n = 1),
Al (n=2)

R= N(SiM93)2, CH(SiMe:g)g,
H, nBu

Dipp =1,2-iPry-CgH5

2.2.1. Category 1complexes

Two Mg complexes with nacnac

iPrCeHs)}2), Dippnacnac) Mg =

type
Diisopropylphenyl (5) and [(Dipphacnac)MgN(SiMg,] (6) (Dipp-nachac =

Category 2 - homolephic

ligands

[ Mg])

MR,

M = Mg, Ca, Sr, Ba (n = 2),
Sc, Y, Al (n=23)

R = N(SiMej),, CH(SiMej3),,
tBu, N(SiHMe5),, NMe,

[(Dippcnac)MgBu)]  (Dipp = 2,6
CH{(CMe)N(2,6
were reported Ky

Hi

%1 Stoichiometric reaction of the [MgBu complex with two equivalents of DMAB produced the [Mg]

ligated with aniofNMe,BH,NMe,BH3]" which converted tgNMe,-BH,], (20% yidd) after heating
for 16 hours at 60 °C with concomitant formation of a small quantity of dimeric magnesium hydride
{IMgIH(THF) 2}» (7). When using a loading of 5 mol%, (Dipp)NH;-BH; could be obtained
guantitatively and was cleanly transformed to HB[NHi®}],, BH; and H in toluene at 20 °C.

[MgINH(DIPP)BH; (8) and {[Mg]BH4}. (9) were characterized as active catalyst and a possible

intermediate, respectively.

Ca amidoborane complexes (Dippcnac)CaNHRBE synthesized by

reaction of [(Dipp

nacnac)CaH(THH. (10) ((Dipp-nacnhac)Ca = [Ca]) and AB, MABPrNH,-BH; and DippNH-BHj3

with H, e v o |

hydrogenfrom metal amidoboranesere published by the same group as W&lFor Ca coordinating

to amine boranes with small substituents, heating in benzene gave dimerized products [(Dipp

uti on wer e

reported

Bpf 69! Aalogalie m@nsandg r o u p

bimetallic Mg amidoborane complexes for supplying valudbfght irto the thermal releas of
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nacnac)Ca(THF)(RN-BH-NR-BH3) (R = H (L1) , iPr (12), R =Me (13)). With sterically demanding
amine substituent Dipp, an amidoborane complex [(Bigpnac)CaBbENDIipp(THF)] (14) is formed.
Secondary Ca amidoborane complex [(Digznac)Ca(NMd&H3)(THF)] (15 did not react with
amine boranes even using an excebghe substrat€® In contrast to Mg and Ca complexes
mentioned before, reaction of (Dipacnac)AlH (16) and DippNH-BH; gave (Dipp
nacnac)Al(BH), (17) and DippNH, no H was released from this reactiG® It should be
emphasized that when reagtiwith AB, partial (Dippnacnac)AlH can dissociate two hydrides and
chelate to a liganfl HN ( B H #’NaHih is a danion,is o e | e ¢ t r oDiketininate®®t h a b

Dipp
(J’"N‘M/R _ [M]’Rl M = Ca, Zn, Mg
oonf (THER “(THF), R’ = H, N(SiMes),
‘Dipp
RNH,-BH, R
gTHF)x ’ (THF) /’,I'TI\\
R /, -Hz Yot HB L 3
M M —p R Mz T3
(THF), N V= Ca RN
' = ) 4 (THF),
HR' Ha R =H, Me, iPr E'
R = H, Me, iPr, Dipp 3
M=2Zn
R=iPr
-Ha THF
[C‘\a]\;N,R
[Zn]-H + R(HN=BH, H-g
H

Scheme2. Overview of the formation and decompositiom@din groupmetal amidoborane complexes.

2.2.2. Category 2complexes

The dehydrogenation of amine boranes using homolephic argté@ycomplexes is summarized in
Table 1. In dehydrogenations of DMAB using Mg[CH(TM$) (TMS = trimethylsily), formation of

the anionic ligandNMe,BH,NMe,BHj;] takes place as result of dimerization of the subs(Bxtkeme

3).%5 Although the correspaling Ca complex can consume the same substrate, there was no triplet
resonance assignable to the appearanceN®fejBH,NMe,BHj]. "B NMR spectra of DMAB
dehydrogenation experiments promoted by Ca and Mg were similar. The authors, based on the
dehydrogen@gon ability of the metals, proposed that efficacy of thisitiger and s u-loseqiuent
hydrideeliminaton steps is assumed to bgdadnt upon the charge density gralarizing capability

of the participahg group 2 centersA catalytic cycle for BN bond formation was propose@ther

two group 2 elements strontium and barium were also tE8tHdg[N(SiMes),], can extract hydrogen

form DMAB andiPr,NH-BHzi n hi g h -hydraéeliminaioni Reactions of secondary amine

boranes with Sr and@Bcomplexes gave metal amitlorane complexes of the type-NMe,BH; or
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M-NiPr,BHs, no further reaction was observed. WhenllR)(category 2 complexes Al{Rr); and
Al(NMe,); were employed to dehydrogenate DMABY,NH-BH; andtBuNH,:BH**" both of them
show better catalytic capability on consuming amine boranes with smaller substituents. In addition to
that, the authors also isolated,fdl {NEPr,)]» (18) from a reaction of AI(NPr;); and iP,NH-BHa.
Complex18, according to the authors, probably is the real catalyst of reaction and can transform the

substratePr,NH-BH; as well.

LM—R
MEQNH‘BH3
-RH
Me,
/N\ ft
LM "BH, H;
L B
Ho H P
MEZN“ ,‘NMez
s w LM |
[ — BH elimination "BH;4
Me,NH-BH
. . LM—H BH,

3 — BH elimination

I
NMe,
_NMe
M7
BH,
Me,N—BH; H- N me
|
H,B—NMe, Hzé"'}'\Me
I/BH2
MEZN
HB(NMEQ}Z + BH3

B — BH elimination

Schemes. Proposed mechanism for the catalytic dehydrptiog of DMAB by main group metalomplexe %

Table 1. Main group catalyzetthydrogenatioof amine borang/s®c: 36e: 36h]

Substrate Catalyst (Lrﬁgfj (Q % Product Con(z/c:)rsion (og c;]rjdsitoiﬁlr;m) Ir?l)F
DMAB Mg[CH(TMS;),]» 5 [NMe,BH;], 100 60, 72, GDs  0.28
iPLNH-BH;  Mg[N(SiMe3);]» 5 iPLNBH, 100 25,1,GDs  20.00
DMAB Al(NMey)s 8 [NMe,BH], 80 25,120, GDg  0.08
DMAB Al(NMey)s 5 [NMe;BH;], 100 50, 48, GDg  0.42
iPL,NH-BH; Al(NiPr)s3 2 iPLNBH, 100 20,2,GDg  25.00
iPLNH-BH; AI(NiPr)s3 10 iPLNBH, 100 60, 2, GDs 5.00
iPLNH-BH;  [HA | {NEPR)], 0.5 iPLNBH, 50 20,96, GDg  1.04
tBuNH,-BH3 Al(NMey)s 3 [tBUNBH]3 13 20,96, GDs  0.05

TOF = (mol substrate converted)/(mol.caimse) = (conversion/loading)/time.
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2.2.3. Group 14 complexes

Dehydrocoupling of AB,tBuNH,-BH; and DMAB promoted by tin catalysts was presented by
Waterman and cwvorkerst® Three Sn compounds C8nCh, PhSnChL and SnGl were examined in

the catalytic dehydrogenation of amine boranes. By comparing NMR spextraehydrogenation
profiles of amine boranes catalyzed by three tin catalysts, the authors concluded that the oxidation
state of themetal esnot affectthe nature otatalyticdehydrocoupling of amine boranesnl®the

relative rate of dehydrocouplinig affected.

Table2. Dehydrocoupling oAmine boranessingtin catalysts?
Cp*,SnCh PhSnCh SnChb

Substrate  Conversion (%) Time (d) Conversion (%) Time (d) Conversion (%) Time (d)

AB 10Q 1 100 1 100° ~18h
tBuUNH,-BH5 95 5 93 4 84° 5
DMAB 69 6 47 4 23 5

3reaction conditios: at 65 °C, 10 mol% loading, 3%( in CsDg, Sn(l) in THRdg. ° reacton in THF-dg. ¢ 5 mol% loading.

2.3. Transition metal complex catalyzeddehydrogenation ofamine boranes

2.3.1. Group 3 complexes

After havingpu bl i shed works on Mg and Ca compl exes, Hi
dehydrogenation mediated by [Sc{N{SiMe}s(THF),] and Y[N(SiM&),]s in 2010, for getting better
insight into relationship betweecatalytic activity and cationiccharge densityand radius®™ Full
consumption of DMAB is observeidh benzene at 60 °C aftéwelve hourswhen using 3 mol% of
Y[N(SiMej3)2]s. The cyclic dimefNMe,-BH;], is formed in 90% yield.H contrast, foISC[N(SiM&),]3
case, dehydrocouplingf DMAB occursalmost quantitativelyn only onehour and selectivelgives
the same product. In botbases *'B NMR spectrashow ambiguous signals probabilitgue to
[NMe,BH.NMe,BH3]" according tosimilar experiments usinylg and Ca complexeésee chapter
2.22). To shed light on the dehydrocoupling mechanism of both graxguiplexes, a stoichiometric
reaction letween the Sc amide complex dodr equivalents of DMAB wasarried out and leatb a
new pseudgpyramidal Sc(ll) complex that contins an amide ligand ($iMes), and two
[NMe,BH.NMe,BH;] ligands that were formed by dehydmmerization of two molecels of DMAB.
The authors concludetiat activity of metals is qualitatively ordered as Sc > Y > Mg >M@zanwhile

these metals dehydrogete DMAB in a similar mechanism.

I n 2013, Qlesemdaiha exigemelyuaptivé-methylboratabenzengtrium alkyl catalyst for
dehydrocouplingof DMAB after it was synthesized by their groiB.The reported TOF value of
yttrium complex (GHsBMe),Y CH(SiMey), (19) of up to 1000 H in benzene solvent at 50 °C witkb



2. Dehydrogenation of amine boranes i

mol% loading is higher than for anyher early transition metal catalysts. Over 99% of subsivate
transformedinto the cyclic dimer [NMe-BH,],. 'B{*H} NMR specta indicated thatimear dimer
BHs;-NMe,-BH,-NHMe, as intermediate arose during reaction amals gradually convertedinto
[NMex-BH;],. Apart from thata Lu complex bearing the same liga(2D) and boratabenzene (21)

and Lu (22) alkyl complexescontaininga more electrordonating NMe, group on boratabenzene
(Figure 4) were also testedh this paper. All of themshowed far less activityevidently, catalytic
capability of rareearth metatomplexeds highly depended on the identity of ligands and metal ions.

Systematic stueis on structuractivity relationships are however rare.

@\ @\

Ln-CH(SiMe3), Ln-CH(SiMes),
Me\B/““Q EtQN-_.B’-“‘QQ
Ln=Y (19) Ln=Y (21)
Ln = Lu (20) Ln=Lu (22)

Figure4. Rareearthmetalboratabenzeneomplexes for DMABdehydrogenation.

Rareearthhmetal hydrides [{(1,™e,TACD)LnH} 4] (1,7-Mex(TACD)H,=1,7-dimethy}1,4,7,10tetra
azacyclododecane, Ln=L#23) Y (24)) (Figure 5) were shown to catalyze the dehydrogenation of
secondaryamine boraneDMAB by Okuda, Maron and eworkers in 2013%" All DMAB
dehydr@enation reactions were performan60 °C in THFand monitored by'B NMR spectroscop

It took Y hydride complex48 hours to convert 95% of substrate ittie cyclic dimer [NMe-BH;],
(75%) and diamineborane (NMeBH (25%). Most remarkablycomplete transforation ofthe same
substrate into products [NMHBH,], (79%) and (NMg),BH (21%) via La hydde complex is possible
within only two hoursTo better explore the dehydrogenation sgcomplex23 was reacted with
two, eight and twelve equivalents of DMAB, respectivedynd gave a seés of structurally
characterized intermediates whigave evidece for thecoordinaion and activation modesf DMAB
and intermediates fdts dehydrogenatiothat were trapped in the coordination sphere of aearth

metal center.

Ln = La (23)
Ln=Y (24)

Figure5. Rareearthmetalhydride @mplexes for DMABdehydrogenation.
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More recently five examples of highly active Th and U metallocene complexe® exploed for
DMAB dehydrogenationby Erickson and Kiplinger(Scheme 4).#? All complexes exhibited
outstandingactivity in benzene under the same ditions. At catalyst loading of 0.5 ai%6, TOF
values of up t®00 h' (complex25) and 400 H (complex26) were observedThese values are among
the highest forDMAB dehydrogenation catalysts amtmonstratesimilarities in catalytic activity
between(1) Th versusU catalysts, (2) dialkyl wsus hydride catalysts, or (8)(Ill) versus UIV)
hydride catalystsA mechanisnfor dehydrogenatin of DMAB by the five complexes wagroposed
as well(Schemes).

An =Th (25), U (26) An=Th (27), U (28) (29)
MEQHN'BHg
+
+ H2 .
(CP*2UH, (CP"2 UM, H,
) H2 /B\ /BH3
Me,HN™ N
MeZ
- 3H,
2 MEZN=BH2
He NHM 2 Me,HN-BHs;
* ~ e
Cp 2U\ 2
B—NMEQ
HoB—NMe; Ha
I
MezN*BHz

Schemet. Actinide complexes for theatalyticdehydrogenation of DMAB anproposeddehydrogenatiorcycle

2.3.2. Group 4 complexes

A titanocenesystemwas reported byManners and cworkers for dehydrocouplingf DMAB after it

was successfully put into dehydrocoupling of secondary silanes by Corey amorkers*®! The
results showed that thetahocene complegeneratedn situ from Cp,TiCl; (30) and nBuLi was
suitable for dehydrogenative coupling reaction of DME&&hemes), or more strically encumbered
iPLNH-BH3 in toluene with 2 mol% loading at 20 °C. Substrates were completely consumed and
transformed intdBH,-NMe,], and diisopropylamino borane in fohours anconehour, respectively.

Next, the catalytic capabilities of group metallocene fragmentCp,M] (M= Ti, Zr, Hf) and
derivatives which were generally synthesized byMipl, andnBuLi was tested. AlsqCp.Ti(PMes),)

(31) was investigated in thdehydrocouplingof DMAB and iPLNH-BHz.*¥ From the collected

catalytic data br using these group 4 owplexes, phenomena werationalized First, decrease in
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catalytic activitycan beasseiated with descending the groughis was pointed oubeforeby Chirik
and coeworkers as well in their report on titanocene and zirconoceneatalyzed DMAB
dehydrogenation, invhich the TOF of a titanocene systeras more than 430tat 23 °C. h contrast
TOF values for similazirconocene complexes for substrate dehydrogenation were lessgnamder
the same conditi@l*® Sterically demanding substituents havea negative effect on the
dehydrogenation as well. Moreover, the secondamyne boranesdther react with Ti(0) nor TI{l)
complexes supporting the presence of a catalytically activé) Tiomplex. Analgis of ‘B NMR
spectra of catalytic reactions showed that DM&Hfirst transformed to linear dimeric BHNMe,-
BH,-NHMe,, and therconverted into the cyclic dimgBH,-NMe;], on the metal centemwhich was
also reported bydescription of Weller and eworkers for DMAB dehydrocouplingusing a
[Rh(PCys),]" catalyst*® The catalytic cycle depicteth Scheme 5 as also computed by Luo and
Ohno, however, the presence of the intermediat@i€lp was not confirmed experimentally.

H\ H

CpZTI \ /
N 5, Me,NH-BH;
Gk BH,-NMe,-BH,-NHMe;

[Cp.Ti]

Cp,TiH BH4-NMe,-BH,-NHMe
HzB—NMe; Eaib LR Z
Me2N BH2
H /B\
NMez

szTI BH2
H/NMGQ

Schemeb. Proposed atalytic cycle of DMAB dehydrogenation usingténocene.

Titanocene and zirconocene alkyne complexes of the GpbM ( L F-NlegSiC,SiMes) [Cp = d
cyclopentadienyl; M = Ti, no (32); M = Zr, L = pyridine(33)]**” (Figure § and their derivatives

were applied to dehydrogenation of DMAB by our group in 2¢fl AAll reactions were conducted at

24 °C in toluee with 2mol% catalystoading. Unlike the active species [{8f in situactivated from
CpMCI, andnBuLi, metallocenecomplexes used by our group codehydrogenate DMABYields

of hydrogen gas in 16 hours were 86% (M = Ti) and 42% (M =3grically more demating Cp*
complexes were not active for dehydrogenatExperimental phenomena observed here were similar

to thosereportedby Manners.Additionally, two amidecomplexes Zr(NMg, and Ti(NMe), were
employedwith good hydrogenyields (86% and 87%). HoweveTi(OiPr), and TiCl, showed no
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activity which indicate that the amido functionality playa crucial role for the performance of the
catalyst and how important a key group is to undergo insertion reaction to itfigatatalytic cycle.

In a later report dehydrogenation of HB was described usigmol% concentration of these
complexes at 25 °C and 50 °C in THE! Among them, iPrGH,),T i %M;SiC,SiMes) (34) showed

the best performana@ndcan completely decompose HB te &#hd N in 32 hous at 50 °C.Using an

in  situ  synthesized titanocene  hydrido complex {dpF./iBu,AlH) Cp* =
Pentamethylcyclopentadienyand dimeric zirconoceneilydride complex fac-(ebthi)ZrH-( )],

(35 (ebthi = 1,2ethylenel , -Bisid>-tetrahydroindeny) also gave full conversion of HB and
indicatesthat a metal hydride complemay playanimportant role as intermedidf€ Nevertheless,
there are drawbackef these Ti and Zr complexes for HB dehydrogenation. First, they cannot
selectively extract kHfrom substrate, Nis always liberated during dehydrogenation. Then, to date,
regenerating spent HB is impossible. Last but not least, evolvirfigohh these Tiand Zr catalyzed

systems is too slow to be applicable.

=7  SiMes @\ _P(tBu), /\@’mph

\ \
M7 Zr/ B

<, M5B

M =Ti, noL (32) (36) (37)
M = Zr, L =Pyridine (33)

Figure 6 Group 4metallocenecomplexes fodehydrogenation aimine boranes (anion portion36 and37 are omitted).

In 2013, two organometallic f r,ZrOGH,PEBuRB(CERIWI S
[ Cp Nj 36) oC@p* (87)] based on cationic zirconium Lewis acids with phosphorus bases were
reported by Wass and weorkers (Figure 5.°% Treatmentof AB with 5 mol% of 36 and 37 in
fluorobenzene at room temperature gédwvemain product linear polyaimoborane and trace amosnt

of borazine. Complex36 is capable of dehydrogenating diisoprapyine borane under the same
conditiors resuling in a monomeric amoborane afterthree hours with 100% conversion. I
noteworthy hat DMAB can be 10% conveted tothe cyclic dimefNMe,-BH,], using 1 mol% of36
within ten minutes, presenting exceptional activity (TOF is 609 &among know group 4 catalysts.

Its Hf analogue was also active for DMA@ehydrogenatiorf99% yield afterone hour at 1 mol%

loading).The mechanism proposed by the authors is shown in Scheme 6.
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RzNHBHa

/—\ H\B/NHRZ

(tBu), z 1+,,-H/ :
P Isolated for L
(2. [Zr] = Cp*,2r 0 R

Isolated for

[Zr] = Cp*,Zr
tBu /{
[Zr] RZN BH»

Isolated for products
[Zr] = Cp*oZr

Schemes. Proposd catalyticcycle for amine borane dehydrogenatimrzirconocenecomplexes.

More recently, titanium analogues of Zr OFRlWere synthesized by our group for dehydrogenation of
DMAB (Figure 3. Two conditions weraised: dehydrogenation of DMAB in toluene solvent at
25 °C as well as dehydrogenation of a DMAB melts without additics@vent. Among these
titanocene complexe88 has the highest activity under solvefiee conditios after 24 hours (TOF is
43 hY) andwasstable enough to run lortgrm expennentsby addingfreshsubstrate several times.
Measurement of EPR spectrosgamder the best condition exhibited that paramagnetit J§pecies
was presenthroughout the dehydrogenation proceéHsese titanocene complexalso show that the
sterically buky substituents on phosphine moiety and cyclopentaditgghd have a significant

negative effect on the catalytic activity.

R
\ P
<% S b @
R = iPr (38) or Ph (39) = iPr (40) or Ph (41)

Figure 7 Titanoceneomplexes fodehydrogenation of DMAB.

2.3.3. Group 6 complexes

In 2014, two Mo complexes containingpaterphenyl diphosphine liganderepresentedy Aga pi e 6 s
group,both of which were able tabgract more tharone equivalentof hydrogen from AB(Scheme
7).52 Using the correspondinlylo(0) dinitrogencomplex @2) (5 mol%) in diglyme at 70 °Ctwo
equivalents of hydrogewerereleased in 6.5 hours, 2.5 equivalentse released in 15 hourBuring

the catalysis,complex 42 was transforned into a Mo(H)(NH.BH3) (43) intermediate via N
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oxidative addition tahe Mo center firstfollowed by formation oMo(ll) dihydride(44) thr ough b
elimination Relea of H, and reaction with AB closes the catalytic cydlader the same conditien

Mo bis(acetonitrile) complex45) could liberatewo equivalents of Klin 8.5 hours and its initial rate

was significantly higher than that 4. In the case o5, it wasinitialized by B-H terminus togive a

Mo(Il) monohydride(46). Reaction of the monohydrido complex with AB resultsairvio(IV)
trihydride (47) which couldrelease hydrogen to yield a dihydrido complex containing a,f¥]

ligand @8). From this, [NHBH,] is released to form polyborazylene and further hydrotjes easy to
conclude that the Mo oxidation state significantly affects the efficacy of the dehydrogenation catalysis,
which is also seenfor Febased systenfs) Dehydrogenationpromoted by both catalysts was
homogenous and frg&lH,BH,] was trapped as intermediate. These adefined systems supported

by thep-terphenyl diphosphine ligand have been studied mechanistically and exhibit different reaction
pathways as a function ofetal oxidation state. A series of isolated Malrides (MJ(H),, [Mo"(H)]",

and [Md"(H)4]") were found to support catalysis for the dehydrogenation of AB during reactitie by
authors. In addition to that, commertyahvailable groups carbonyl compbe Mo(CO) as well as
Cr(CO), and W(COy were put into dehydrocoupling of a s$es of primary and secondargmine

boranesunder photoataytic conditions by Kawano and esorkers®"

— 2+
‘ NH;-BH3

NaBPh,

(45)

-H,
Polyborazylene = =——  HzN=BH; i
+n HN=BH, b >

/ - -
"
NHBH; "

i tPr‘ \l-": ‘."F'I'
"Pr“‘P—Mp—P”Pr

Ha

Gl
H,N=BH, —— ™ Polyborazylene
+n HyN=BH,

Schemé’. Proposednechanism for Md() (right) and Mo(0) (eft) catalyzedAB dehydrogenation.

2.3.4. Group 7 complexes

In 2017, a new neutral HNeterocyclic phosphenium (NHP) complex of mangan@t® was
synthesized and characterized by Gudat andiarers (Scheme8).”® The authordirst postulated
thatin areaction with ABthe manganese phosphenium complex triag theH'/H" pair to the MAP

double bond in onstep, however thegbserved that the compleatalyzed dehydrogenatiai AB.
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The results showed that 2.5 mol% NHP ligated Mn complex could compteteume AB (> 99%)
within 24 hours with borazine and condensed borazine oligbeiag formedwvhen reacting at 50 °C

in THF/toluene (2:1) solution. After 30 hours, the catalytic process was stopped, 1.7 equivalents of
hydrogen were evolved and three delogdupling products, borazine cyclotriborazane (CTB), and
polyborazylenewnere found During the reaction[NH,=BH,] wastrapped using cyclohexeramdthe
hydroborated product wasbserved as intermediate BYB{'H} NMR spectroscopy There are two
reasonatd pathways whighbased on experimertand computational resultsan explain the catalytic
cycle. In the firs pathway the catalyst displaymetatligand cooperativity, transferring proton and
hydride to Mn and P individuallyn the other pathway, hyide and protorare transferred to the P and
N atonsin a ligandcentered reaction wheMn only plays a role as a stabilizing substituéSicheme

8, R = Dipp. According to experimental findingthe second pathway was preferred

NH3-BH; + H, [NH,J[BH,] —— NH3BH; +H;

\ H,N= BHZ
- o
\] —— R (49) R (49)
N, [ P=Mn(CO
NR HBH}—? // [P:M”(Co)a e
N :
[ P—Mn(CO), / R NHa-BH, NHy-BH3
N HaN R BHa NH3 HNH,B o
R R BH, N, H H
HH p [ P—Mn(CO), [ P M"‘C°)4

H2N=BH2

+ [ P—Mn(CO)q N
R R /) HaN=BH, L
[N H H R X
P—Mn(CO)s N H H
; . [ i [ P Mn(CO):°
R 4/ NH3 BH,
NHy-BH

NH;-BH; NH;'BH;
Metal-ligand cooperativtiy Ligand-centered reaction

Schemes. Calculatecpathways for theatalyticdehydrogenation of AB witlis u d aMin éasnplex

In 2018, Kays and cworkers published their work on dehydrogenation of DMAB using- tand
threecoordinate manganeseterphenyl complexeas precatalystéigure 8)°° All three precatalysts

(5 mol%) can consume over 90% of substrate af®O0In addition, dehydrocoupling of DMAB
catalyzed by comple®%0 and 51 proceeds via homogenous catalysis, however, the same reaction
mediated by comple%2 is heterogeneous catalysis. Thehaus proposed this difference result from
steric differences of the ligandthus giving different stabilities of the Mn(0) catalyst under reaction

conditions.

A manganeseatalysanal ogous to the Fe c¢ompiwasalgpeitplied s hed
for dehydrocoupling reaction of vario@snine boranesinder photoirradiation by Kawano and-co
workersP® [CpV(CO)]  a n®dCsHJ)Qr(GO)] were employed for dehydrocoupling of AB, primary

and secondary amine boranes under the same condititihns reportas well.
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Cm Qe

R= 2 6- M92C5H3 50
R = 2,4,6-Me;CqHs (51)

Tmp = 2,4,5-Me3CgH, (52)
Figure 8 Manganese precatalysts for dehydrogenation of DMAB.

Sincerheniumcomplexesare useful forcatalytic GH activation andamine boranes are isoelectronic
to alkanes®® Berke andJiang presentetheir work on hydrogen transfer usirige Re complex
[ReBr(NO)(PRy).L] (R =iPr, L = H, (53), CH:CN (54) and ethylend55); R = cyclohewl, L = H,

(56), CH:CN (57) and ethyleng58)) as catalst and DMAB as hydrogen sour8 All reactions were
carried out in dioxane at 85 °C with catalytic amawftthe Re complex (1 mol%). The conversions
of DMAB in reactionsmediated by different Re complexes wéiigher than 88% and only cyclic
dimer[NMe;BH;], formedasBN-product. Hydrogen thus produced by the Re catalyst can be directly
transferred to alkenes to give alkanAsmechanistic cyclef transfer hydrogenation was postulated

by theauthorsand is show in Scheme9.

Mei-REe R i PRy MezHN Bz ﬁ‘" Br
H Re. R /
RP” ) ! ‘\(Rﬂ
N
0 g,
PRs
1/2 [Me,NBH,],
B
ReP,,, B Br RsP.,. ?r‘_‘.\Br
a R Re
/R[e 1 Ho | \(/—R1
H NOo Ry BH, NO ]
NHMe, 2
L L,
+ MeyNH-BHy
R, ~\
T \_g R, R
Br Br Br
RoP, 1 oBr +MeNHBH;  FoPe, I_»“Br Me;NH-BH3 R3P”-,R\ B
Re _ —_— e H
N PR~ N 7N
L i "PRs PRy BH3 " no X Y NO BH,
‘ NHMe,
X = Free site 5
L- Ha, 1/2 [Me;NBH,); .
RsP., B‘r Br RaP., Elir B
3 - Re:
H / \/BHQ 7N
NO nf, H No BH:
“H NMe, i
NHMe;

Schemed. Hydrogen generation (fandtransfer hydrogenationsing a Re cataly$B).

Additionally, several fivecoordinateRe hydride complexes [ReBr(H)(NO)(BR (53, 56) were
applied for dehydrocouplingf DMAB ard transfer hydrogeniain of olefinsby Berke, Jiang and €o

workers® These fivecoordinateRe complexes and theprrespondingNHC ligated Re complexes
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were suitabe catalystswith higher TOF (R = cyclohexylTOF = 77 and 100 }h respectively)
compared with their former rept (TOF = 24 H). After catalysisthe correspondingRe dihydrogen

hydride complexes were obsenasthe only remaining organometallic sjes

2.3.5. Group 8 complexes

In 2014, Guan and eworkerspresentedhree Fe pincer complexes beariadfOCOP ligand,Z,6-
(iPrPOYCsHs]Fe(PMe).H (59), [2,6-(iPLPO)LCsH:]Fe(PMePhyH (60) and [2,6(iPrLPO)24-
(MeO)-CeH,]Fe(PMePh)H (61).°2 All three Fe complexeshowedextraordinay catalytic activity
releasing2.3to 2.5 equivalents of hydrogen from AB (1.0 M sotutiin 1:4 THF/diglyme) at 60 °C
within 24 hours. Among the three catalystsmplex61 performed best in terms of rate amhegree of
hydrogen evolutionMeasurement of theitketic isotopic effec{KIE) for this best iron pincer catalyst
suggested thiaproton and hydride should be transferred from substrate to catalyst simultaneously.
Other details were confirmed as well, sucttrespresence oNH,=BH,] during reaction andhe fact
thatsome substrate mdye dehydrogenatévia significantly slover cross capling. Also, the rate that
iron catalyst consumes AB was partially detaed by catalyst deactivatiod proposed catalytic
cycle is depictedn SchemelO. In our groupwe havet e st ed one of 6GfarddBds ¢ 0|
dehydrogenatioand found that theamplexwas not suitable for HB dehydrogenatit.
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+ PMe,Ph || - PMe,Ph
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Ha H: " NH;-BH,
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i ¢ W
MeO @ H F‘é—PMezPh C?:lalytic MeO @ ‘ F‘e—H’ ~NH;
le
i ye / /ortepn
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Schemel0. Poposed AB dehydrogenatiomechanisnpromoted by a POCOP Feraplex.

In 2007,Fe complex FeH(CHPMe)(PMe&); (62) was menti oned bSuppdringer 6 s

Informationof a paper itroducing N(NHC), complexfor AB dehydrogenatioff* The iron complex
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only hada moderaté\B dehydrogenation ability in THF at 20 °C affeur daysreaction timeand the
conver$on could not reaci00%. The iron complex then was also appliedfiicther exploring what
structures formsduring the second dehydrogenation stepainine boranedehydrocouplindg®™ It
should be highly emphasized that excdpim formation of insoluble polyaminoboranesnd
polyborazylenea soluble BN-intermediate, the tetrame B-(cyclotriborazanyl)amindoranecan be
formed as well andhasin fact been isolated and characterized completely for the first tomng
formation of borazine derivatives and-B crosslinkedo | i go mer s . Batesteddoar gr oup
differentamino and phosphine supported &ehydrogenatiorcatalyss
Fe(PCy)[N(SiMes);],  (63), fourcoordinate  Fe(DEPE)[N(SiMg]. (DEPE = 1,2

bis(diethylphosphino)ethané4), a Fe @mplexcoordinate with bidentate P/NN ligands (65) and its

namely athreecoordinate

PN analog 66). For complers63, 64 and66, theamount ofhydrogernreleasedrom AB wasup to 1.7,
1.2 and 1.5 equivales)t respectively(Figure 9 and theB-N products formedwvere mixtures of
polyaminoboranes and highly dehydrogenated prodsets as borazine and polyborazylene. By
contrast, complex65 only promoted release of oneequivalent of hydrogen andinear
polyaminoboranesvere obtainedwhich according to the authgrsnade65 suitable for rapid and
selective polymerization aimine borang Besides, based on the observation il Bond formation
in complex 65, they also ihd that if these complexeare able to compare with other outstanding
catalysts, the basicity at N atom in bifunctional catalystssweekle controllableAlthough comptxes
63i 66 were useful for dehydrogenatioidentification of the catalytically active speciesag/not
possible in each case, these complarese likely should be regarded asecatalysts that react with

AB to form thecatalyticaly activespecies

(62) Me,P: (63) (64)
MegP,,_F|e ~CH ‘TCYS _N(SiMe),
S Fe [
MesP H \
® ‘ (MesSipN~ N(SiMes), 3 N(SiMe3)»
PMe;
H, released Not reported 15-17eq. ~1.2eq.
(65) Cyz  ph (66) gyz Ph
P _N N
Fe [ Fe
[ VEERN 7N
P° N N E
Cy. Ph Ph Cy,
1.0 eq. 1.3-15eq.

Figure 9 Febased dehydrogenation catalysts reported by Bakeranaikers.

In 2015,(PNPFe(CO)(H) (PNP = N(CECH,PiPr,),) (67) was applied for dehydrogenation of AB at
room temperature in THF by Schneider andhankers!®® This well-defined basenetalcomplexwas
an extraordinary catalyst amivea high TONfor AB dehydrogenation, which could even be tripled

when addingNEts, which captured the catalyst poison BHvenwhen using a catalystading aséss



2. Dehydrogenation of amine boranes [N

as 0.5 mol%, ABcould be fully conveted (TON = 200) (Schemel1). The B MQMAS NMR
spectrum of the dehydrogenated residuggested a polyaminoborane structure ctosthat of the
material produced by a similar Ru compl&kTaken all information togethethe authors proposed a
catalytic cycle for dehydrogenationthat resemble that for the Ru complex Based on direct and
indirect evidencérom experiments and computatidhe authors suggetitat polymerization occaat

the Fe center and the free borasepoisorieads to daminoborane rearrargent.

~P'Pr;
NH3-BHg N Fe co
+ NH3-BH; Pr2
- H " >—< / -
N
il HoN=BH, HBH;,
! |—\P‘Pr2 —P Pr, —P'Pr2
: Deactivation
H<‘N;Fe—co Deaydrgensation N Fe co N Fe co
ol
Pry 'Pr ‘Pr
+BHj
N ¥<
A/ Fe]
By HoN=BH,
AN NH3 BH;

I
T
I

Schemell Proposednechanism for ABlehydrogenation by Schneider azw@workers.

Later, our groupshowedthat complex4 can serve as a precatalyst for formation of high molecular
weight poly(methylaminoborane) by dehydropolymerization of MA®elease of BH from the
precatalyst generates a Fe dihydride sped@&s Which was observed spectroscopically and most
likely represents the resting state of the catalyst. Releasgfadil this species forms an intermediate

in which the aminoborane [Mdi#-BH,] is coordinatedSchemel2, R = M@g. After elimination of

this, formation of the polymer takes place, probably in armadffal process with some involvement of
the Fe centerThis Fe complexX wasemployed to dehydrogenate HB under the same conslitipn

our group tod®® and as found before fokB, complex67 displayed ahigh activity andit took 30
minutes to evolve the first equivalent of hydrogen and a maxiofiapproximately 2.6 equivalesof
hydrogencan beextractedalong with formation of athermally unstable hydrogen deficientNB
material. Ar sensitivity and thermal instability of highly dehydrogenated HB residues was reported
beforeby Demirci®®® Additionally, it was confirmed by our groumce morehat freehydrogencould
reversiblybind to67 j u st as Bellerés group and Guands gro

transfeP° " and finally return taatalytically active8 (Schemel2, R = NH,).
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Schemel2. Presumedatalyticcycle given byour groupfor HB dehydrogenatian

In 2011,Manners and cavorkers found thathe commercidly available Fe complex [{CpFe(C&}]

(69) is suitable forcatalytic dehydrogenation and dehydrocoupling reactions of ammonia borane,
primary amine borarseand secondary amine boraf€! It is noeworthythat this Fe complex wathe

first efficient systemworking for the these purposéthe Fe complexeportedby Baker et af* is just
briefly introduced inSupporting Information and camot fully convert the substrateand mustbe
activated byphotalysis. Published data oreactions of differenamine boranewith the Fe compleis
sumnarized inTable3. It is known that the dimar Fe catalystindergoes CO loss aiglthuscleavel

to afford mononucleaspeciesunder phottysis conditionswhich then generate several coordinatwe
unsaturated, catalytically active species durihg catalytic proces€’! As a consequencethe

catalytically active forntould nd be identified bythe authors

Table3. Productsof dehydrogenation of different amineranes using9.

Substrate Product 1 Time (h) Yield (%) Product 2 Time (h) Yield (%)
Me,N—BH,
' | - - -
DMAB H,B—NMe, 4 100
Me
r\ﬂe H.B,I{ISB,H
MAB N-BH, 3 90 NN 13 60
| n Me™ "B "Me
H
H, 1 65 H 1 5
AB H N H-g-Nog-H
B, ,BH T
HSB‘*N’ \N' 2 H'N\B”N\H
Hy, Ho 3 62 i 3 35

reaction conditios in THF, 20 °C, photlysis, 5 mol%catalystioading.
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Later, the same group sh@d how the dinuclear pratalyst69 mediates the dehydrogenation of
DMAB. Apart from this, a Fe mononuclear catalySpFe(CO)l (70) and another Fe catalyst
CpFe(CO%(MeCN) (71) (Figure 10 which is formed by irradiaton of 70 in MeCN were also
employed The authors showed that compeX0 and 71 operateas heterogeneous catalystaeming

Fe nanoparticls (NPs dO 1 0 mough los$ohCO under UV light.These species dehydrogenate
DMAB to form [Me,N=BHy,], which isfinally cyclized togive thedimer [MeN-BH,].. In contrast/0
dissociated an iodiddigand andthen took part in dehydrogenation and dehydrocouplasg
homogenous catalyst under the same conditilonthis case DMAB s first dehydrocoupled to give
thelineardimeras a key intermediatendthenforms[Me,N 1 B,H as well at the second stage with
releaseof hydrogen.Experimental and computationafudies showedthat the catalytic cydation
involves amineborane ligated [CpFe(CO)hs a key intermediat&chemel 3).

Q S

@?Z £ co D @?Z L Neme
Fé—Fe/ F|e oc’Fe\_IFe Q
Fo g

oc” Vs ﬁ ac” Ll 15

0O CcO O
(69) (70) (71)

Figure 10 Fe catalysts employed by Manners andvookers.

Me,N-BH, CpFe(COl

HzBfNMez
Me,NH-BH2 S
" Ha
=G0 Me;NH-BH4
< "
Fe— Me,;NH-BH
oc— |e H H €3 3
H—H \B/
/- “N—Me "
P N
Me—N._ /e .
Me /" ™H @ :
L | Fle H
Fo-. H OC” | TH H
oc” \ H\ / M H—H \B//N;_Me
H‘-.B/N:_ € / Me
H Me Me—N_
j+ md  BHs
éc‘@ MEQNH'BHg
Fe— H
oC”/°~H H |
H \B//N(Me Me,NH-BH,-NMe,-BH;
\ o Me MeENH—BHz-NMez-BH3
B—N_
/\ | "Me +
H HMe H,
MEQNH'BHS

Schemel3. Possiblecatalyticcycle of twostage DMABdehydrocouplingising complex?0.
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In 2013, Morris and Sonnenberg firetported ona Fe NP heterogeneous catalytic system for
dehydrogenation of AB? (the aforementionedFe heterogeneous catalytic system reported by
Mannes et al. was described earliehowever theauthorsdid not identify the active form of the
catalyst at that tinf&) inspired by theirarlierhydrogenatiorand transfer hydrogenation work a
catalytic system originating from [Fe(MeCN)(L)(PNNP)][BH. (L = MeCN or CO and PNNP =
(PPhCsH4sCH=NCHR), and Ru(PNJ"¥ It turned out thatising complex’5 (Figure 1) release of one
equivalentof hydrogen needs less thaminute and up to 1.83 equivalemtshydrogen can be formed
within onehour under the optimized conditieii.e. THF, 22C, KOtBu asbasg. First generation Fe
complexesareconverted to F&Ps @ & 4 nm) atthe beginning andrecoated in and stabilized ltlye
PNNP ligand. They also found that reactivéNBntermediates may bind to the active sites oNRs
during dehydrogenation oAB which leads to catalyst deactivationThis could explain the
phenomenon that hydrogen evolution stavith a high initial rate (maximum TOF is up to 3.66)

and apparentlglows downover time. Steric and electronic chasgs the Fe cataly$iad litle effect

on the catalyticactivity of the system. Different from the first generation, the second generation
Morriso6 <catal yst anithe complegd2-75 and acts ag homagenous tatalyst
Experimental results indicated thee NPs probbly generatd during catalysis but they did not

explain why the dehydrogenation mechanisms of first and second generation catalysts areldifferent
74]

[BPhg4]

R Ph Ph
—N, L N= —N,, FO N~
e
| |
P/ N \PQD P/ Br\P
P hy

Ph, Ph,

L=NCMe, R=H (72)

L=CO,R=H(73) The second generation (76)
L =NCMe, R = Ph (74)

L =CO, R = Ph (75)

The first generation

Figure 11 Morris6 repatalyst for AB dehydrogenation.
Apart fromthese complexe®ther Fe comlpxes were reported by different groups as candidates for

the dehydrogenation and dehydrocouplofgamine boranef recent yearsa selection ishown in
Figure 127!



2. Dehydrogenation of amine boranes I

Gritzmacher 2015 Darensbourg 2016

R
a(THF), Sr[

oc co
THF Dipp~ "\ e/N‘Dipp

S8
el
R = CH,, CMe,, CEt,
R = NMe, NtBu, NPh
I\ TMS
= O O Dipp = 2,6 - diisopropylphenyl
/ TMS = trimethylsilyl

3 Webster 2017
7T
Figure 12 Iron catalysts fordehydrogenation andehydrocouplingoublishedin recent years.

In 2009, Schneider and-avorkers presented a RLUpinceramido compleXPNPRu(H)(PMe) (77)

(PNP = N(CHCH,PiPr,),) which could reversiblypind and release hydrogen atitis betransforned
betweenamino, amido and enamido fos via heterolytic kactivation reactiongScheme 14¥” The
authorsfound thatthe Ru catalyst had an extraordinary performance on dehydrogenating AB in THF
at 25 °C, catalyst loading of 0.1 mol% and 0.01 mol% produslightly more tharone equivalenand

0.83 equivalent ohydrogen, respectively. The data of dehydrogenated AB characterized by powder
X-ray diffraction, IR,*'B NMR-MAS showed the presence lofear oligomer (BH-NH,),. In addition

to that, trace amousibf borazinewere formedn soluion which explains the Hyield being slightly
aboveone equivalent. The mechanism of dehydrogenation was deeper analyzkdelbminationof

KIEs. The KIE valuesusing a catalysbading of0.1 mol%were2.1 (HN-BD3), 5.2 (bN-BH3) and

8.1 (DsN-BD3). These results indicated that a concerte¢i Mnd BH bondactivationat metal center

and ligandwasthe ratedetermining step.ater, the same authors reported on DMAB dehydrocoupling
using the sam®u amido complex’7 and Ru amino complePNHP)Ru(H)(PMe&;) (78) (PNHP =
HN(CH,CH,PiPr,),)."® Aminoborane cyclodimerization (i.¢he dehydrogenation ar8-N coupling
procesy was found to beorrmetal. Additionally, a stable deactivated PNP Ru compéfwowing a
four-membered RiUN-B-H metallacycle was found whiclgave valuablesuggestions forfurther
catalyst designln 2013, Schneider and -emorkerspresented a mechanistic study of amine borane
dehydrogenation using8 which involves metaligand cooperatioff”! For drawing the conclusion,
experimental KIE (HN-BD3, DsN-BH3; and O3N-BD3) were determinednd computationadtudiesof

the Ru amido complex and Ru amine compl@RNMeP)Ru(HL(PMey) (79 (PNMeP =
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MeN(CH,CH,PiPr,),) were performed. NMR spectroscop was also employed to analyze the
mechanism of dehydrogeiat by complex78 by reacting with amine boranélsat do not possess
hydrogen at the B or N terminus (i.esBRNH;3 or HsB-NR3). Cyclohexene was employed to trap the
intermediate aminoborane [NE¥BH,] probably existing during dehydrogerati Through experment
and computationjt was foundthat if hydroboration or borazine formation are not kinetically
competitive with metapromoted BN coupling, then CB-NH, will not be observed, even if free
aminoborane is formed transiently. Polyméosmed by BN couplingwere filtered and characterized
by "B solidstate NMR.Compared to a previously published modtifererces between their
experimental and computational results and theoretical stugkes showrandit waspointed outthat
the twosubcycleof release of [NE=BH;] and subsequemtolymerization of it werefacilitatedby N-

H activation of substrate which made e\ coupling pr@essdifferentf r om t hat drf Br ook
catalystan®a k e r 6 s ,baitalysifi C)

H

H,N=BH, ;
—PiPry H H
N
Ho i = s BH;
N—Rui—PMe; N
< 4 | HaN A
P H
"Pry H n
Ha
B\H
o PP
Ilh. l/_| &~ 2 NH;'BH; NH;BH3
<N—Ru—PM63
P/
Pry

/
HaN - y—n

x —PiPr,
H\ (_’ &

C:;Riu_wes n HyN=BH,

Ha Pr, H

Scheme 14. Proposed mechanistic cycle for ABydrocouplingusing complex’8.

Similarly, as Schneider andshgroup,Fagnou and cavorkers,followed the strategy ofcooperative
amino ligandsvhich wasintroduced by Noyori et al. for the hydrogenation and transfer hydrogenation
of polar double bond$” In this context, Fagnoalsopresentd an extraordinary Ru cataly$t? AB,

MAB and mixtures thereof were dehydrognated by Rul) complexs (PNLRuCl, (PN =
R,PCH,CH,;NH,, R =iPr (80), tBu (81), Ph(82) (Schemel5) which were bifunctional undergoing
reversible chemical transformation in the catalytic cycleasinteresting that wheoatalyzedoy 0.03
mol% loadingof Ru complex containing isopropyl backboonegequivalent of hydrogen was evolved
from AB within only five minutes at room temperaturieyo equivalens of hydrogen were evolved
from MAB by 0.5 mol% loadingn less thanten minutes at 22C, and it only tookten seconds to
releasethe first equivalentof hydrogen.After blended, as much as 3.6 system wt% hydrogen was
produced froma mixture of AB and MAB withinone hour with 0.1 mol% Ru loading. The Ru

complex which had good dehydrogenatcapabilitywasalsofound toshuttle hydrogen and transfer it
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to ketones and imines very well with a relatively high yield. A DFT supparntechanism of thé&\B
dehydrogenation procegsshown inSchemel5 and involves cooperation between an amino aRd a
hydride moiety Information about the structure of dehydrogenated AB, MABaindixtures thereof

was not givenThis is noteworthy, as most likely in the case of AB, a linear polymer was formed
(release of one equivalent ob)Hvhereas for MAB boraze#s must be present (release of up to two

equivalents of ).

Ha Me;  Me,
0
1
N ‘N
H, H
Me; Me; I‘v192 Mez RZ I R2
7, H Ny P,
L] K] [ ]
O3 ‘ | ! 7
Ha H 2 H;
H B '
PN, : R = iPr (80)
: tBu (81)
Ph (82)
Me e M M
2 2 P,ezH €2
i j j H,B=NH,
( \ \N
Hz H J \ Hy

Schemel5. Presumedteps for ABdehydrogenatiompart oftransfer hydrogeation from DFT calculation (left). Precatalysts
for dehydrogenatiofright).

I n 2010, S h88 wab presenteds pakakystin thefield of AB dehydrogenation bgonley

and Williams®® It was highlighted that the reaction system consistingdiglyme, benzene and a
catalytic amount of ethanol at 70 °C with 2.5 to 10 mol% catalyst loading was productive for
dehydogenation of AB angiromoted release dfvo equivalents of hydrogen from the substrate which
made it the second example @ahomogeneous transition metal catalyst that can liberate aner
equivalent of hydrogen from AB. Thauthors assumed metalligand cooperative dehydrogenation
cycle, based ofH and™B NMR spectroscopySchemel6, left cycle),and classified the cycle into
three regimes, all of which were explained particularly. The only pradattemained after hydrogen

releag was borazine.
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Two years later, Williams and awsorkers further discussed theeaction mechanism and provided

evidencefor catalystdeactivation $chemel6, right cycle)®™ When investigiing the details of

catalytic rate change from fast to slow, they figured out that the highly dehydrogenated product

borazine had negative impact on the catalytic rate by hydroborating interm8diategive the

deactivatd complex85 which representan O-borylated form ofthe precatalystin addition to that,

the authors confirmed thdtee ammoniavhich isk n o wn

t o

mo d u |

at e

t he

react.i

systemoriginating from ammonia borane dissociation could also deactivate the catalyst by NH

ligation to it. However, a much more interesting phenomenon was observed during findeifgthe
the NH; had on the catalyst. Althougtomplex86 catalyzed(with NH3) dehydrogenation of AB was
slower than that 083, the reaction 086 maintained its fastiketic regime longer than that &B3. The
phenomenon appeareds well when adding 1,10phenanthrolineto a complex 84 catalyzed

dehydrogenation systenThe authors presumed th#te ligand should reversibly associate and

dissociateto the open site 084, which made the fastycle of catalysismuch more competitive

comparedo the cycle involving hydroboratiotihat deactivates complé®4d (Schemel?).

(82]

v
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borazine
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Schemel7. Catalysignvolving competitionbetweenphenanthroline antorazine.

According to thee experimental results, Williams and -@oorkers later presentedanother studyon
accelerating dehydrogenation of AB bytrogen containing ligand®” They compared the
dehydrogenation performance of monomeric Ru complexes velnelsimilartocsSh v o 6 s withat al y s
two nitrogen contaimg ligands, 1,1@phenanthrolinend p-substituted pyridin€Figure 13 87-89). It

turnedout that monodentad p-substituted pyridine, especially €Bubstituted, ligating to Ru center

can accelerateAB dehydrogen@n compared toShvods compl ex. This phen
as njsietménj pr ot e c the authors&'t Forakidengty nitdogen ligands likel,10
phenanthroling2 , -dpMjidine and tetramethylethylenediamine, the same result correspomach

totally differentreason namely replacement diie teraphenylcyclopentadienori®y the bidentateN-

donorligand and formation of a comparablgnore reactive ruthenium species.

Ph

Ph=r°
ok
oh OAc

I
" "
~ ~ N/ | ‘CO
°%d N\ R=HE ) oad
_ NH, (88) (90)

R CF3(89)

Figure 13 Shvetype dehydrogenation cataly&ft). A Ru catalystwith bidentate Ndonor ligaml that almost fully
dehydrogenate&B (right).

As another improvement of these Ru systems for AB dehydrogenation, Williams -aratken's later
presented the catalygithen)Ru(OAc)XCO), (phen= 1,10phenanthrolinejFigure 13 90)®® based on
the aforenentioned njs esmit e nj protection strat enqy/ used Vihr e n 1
dehydrogenatioat 70 °C in diglyme, 2.7 equivalexaf hydrogercould be liberated from AB. To dat

only a handfulof catalysts can reachsimilar level, but not all of them likéhis complex90 are water
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and air stablelt wasalso demonstrated that the Ru comptex only canform H, from AB, but also

release Hfrom the substrate that already evolved one equivalent of hydrogen.

A different approach was used by the Williams gréor designing a highly robust Ru catalyst for AB
dehydrogenatioff® The catalyst showed an extraordinary performance with release of more than two
equivalents of hydrogen (two equivalents in the first four hours, in total 2.2 equivalents) from AB with
0.1 mol%catalystloading at 70 °C under air and the presence okater. Additionally, the system

was remarkalyl reusable and lonlived (TON > 5000). According to experimahidata, it at least
successively reacted with AB and recharginthreetimesin a single reactogavesimilar rate for
hydrogen evolution and releasé 2.2, 2.1, 2.3 and 2.2 equivalsrdf hydrogen respectively, was
observed Additionally, theauthorsshowed that the linkg group of ruthenium is(pyridyl)borate
complexesdbetwea Ruand the pendant boron atom hasrdluence on the rate of AB consumptias
dehydrogenatiomwith a complex possessingtafluoroacetate groughowed only half the rate of a
similar OH bridged catalygfFigure 14. The dehydrogen@n products othethanH, were borazine

and polyborazylenérhe mechanisnwaslatertheoreticallyanalyzecby Paul and cavorkers®”

N _‘Q 10 © R —|®Tfo@
/E;\OH /i)
<,II\J\R N N
u
| '-.N/ | \N_:- \N/R‘U\N‘:\ R = CH (92)
= N (91) 3

|’| T CF (93)

Figure 14 Ru bis(pyridyl)borateomplex withdifferentlinker groups.

Based on previousbservationstha the Os complex OsH(CO)(S{iPr), (94) could promote

heterolytic BH activation of pinacolborane, catecholborane and diborar&&bicyclo[3.5.1]Jnonane

(9i BBN) dimer to afford dihydrogen borylthiolate compleX8sF er n§ndez, -wWdfkast e and
repored dehydrogenation of amiberanesusing this fivecoordinate Os complei&chemel ).

Ry H \\ H H
Rim~N—g7, \ i
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H H / H.f \H
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\ H . ! l_'f H 3
OC,, | .PiPrs oc., | R oc, | H__ Rz
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PrsPi”" “SH H” | ™~s” N -H, H™ T s R,
(94) PiPry Ry PiPr;

Schemel8. Formationof Osaminoboranecomplexesduring AB dehydrogenation

The first Os amindorane dehydrogenation catalyst has a relatively good ac#sitycan promote
release of pe equivalentof hydrogenfrom AB and DMAB with TOF values at 50% conversion

(TOFs0y) Of 43 and 7 H, respectivelyin THF at 31 °C. Interestingly, except for hydrogen releasing,
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the complex was able to capture aminoborane dehydrogenation products asowmeilhg fa
hydrogenaminothioborateomplex. The complex is stable enoughprsist inthe amine lmrane
solutionwithout hydrogen evoltion. The phenomenon that catalysis wednd desnot halt during
reactionwas interpreted by thauthorsas a consequence of a fasaction betweethe metal center
and the amindorane substrate€ompared to thatoordination ofamine borane dehydrogenation

productsshould be much slower

Esteruelas and emorkers describedehydrogenation of AB using an osmium dihigdrcomplex95

and analyzedhe kinetics and the mechanism of the dehydrogenation pro¢&sdhis Os complex
affordedoneequivalent of hydrogen from AB with BOF of 46 h' at 50% conversion in THF under a
constant atmospheric pressure at 31After variation of reactiorronditiors in terms of temperature,
concentration of substrate and Os comptbr authorspostulate that the catalyticycle stars with
formation ofa vacant sitat Osvia dissociation othe alkeneligandfrom complex95. AB coordinates

to the free site ofhe metal centewia the BH bond anchydrogenis liberated through conerted NH

and BH activation(Scheme 19)Distinct from outer and inner sphere pathway, the catalytic reaction
experiences a hydride pathway without any change in the metal oxidation state or ligand assistance.
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Scheme 19Catalyticcycle for AB dehydrog@ationpromoted by Ogatalyst.
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2.3.6. Group 9 complexes

The research group of Waterman reported two Co complexes that can dehydrogenate AB and directly
transfer hydrogen from AB to alkynes and alkenes without hydrogen gas féledsetheir
contribution, tley selected two Co complexes as catalyst&C6(CO)L ( C p= &p (96), C p & Cp*
(97)). Both catalystsully convertall AB substrate at 65 °C in THF. Everhen reactions werearried
out under aerobic conditigrthe volume of Hevolved during catalysis @ close tdwo equivalents
per equivalent ofAB, giving an average TON of 1924 and a TOF of 49% Wpon addition of an
excess of water, dehydrogenation of stBpped The authors also found that if hydrogemeleasd in
an opervessel(air or N,), polyborazylene was much favored over borazine and then@eded for
full conversion of AB was signiicantly shorter than thah a sealed tube under reduciagnosphere
This demonstrategnhibition of catalysis by hydrogenThe entire process wafound to be
homogenous, antthe catalyst is stable evarith low catalyst loadig (0.1 mol%). NMR spectrospy

showedno evidence for lasof aCp ligand.

—
| R5
Lo,
oc” 4l H Hz
R = Me (96), H (97 ~Ns # N~
NHs BH; O9.HOD  He~BH | HBTBH,
65°C,1.5-24h HN. oNH  HN. o NH,
H H,
+
Polyborazylene

+

Other BN products

Scheme20. AB dehydrogenabn using a Cd(l) catalyst

Peters and Lin reportedCocomplex 08),°? ligated to @PBP pincesystemsynthesized by Nozakt!
andemployedthis for dehydogenation of DMAB. To further understand what structuregRP Co
complex may have during hydrogen activation reacttompoundd8 was exposed to one atmosphere
of hydrogen in toluenes at 25°C and the mixture was analyzed by multinuclear NMR spectipy,
giving characteristic resonancéscluding *'P (138.2 ppm)MB (47.1ppm) andH (-6.5 ppm, broad
hydridic resonance)'he Codinitrogen complex could quantitatively convéw a Co dihydridoborato
dihydride ©9). Formation of alternative possib&o hydride species was excluded by the authors.
Apart from that, reversiblaptake and release dfvo equivalens of hydrogen taa single Cocenter is
an attractive uniqueharactestic, also shown by Heinkey, Goldberg and eworkers!®! Upon
reacton with DMAB in a 12 stoichiometry, the Co comple28 quantitatively transformto a
tetrahydridoborate Co compled@0), bothspeciescould promote hydrogen liberati in six hours in

benzene at room temperature undeatinospheret waspointed out thathe urusualcharacter of the
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presentedgsystemcontributel to the ability of the cobalboryl fragmentto bind and release hydrogen
atoms byformingcobal t B8 or vildi by d¥9)i dobhadatienyt00isgecidsor ane
(Scheme21, above).
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Schemel. (PBPCo complexegeactwith hydrogenand DMAB (above) DFT calculation elucidated DMAB
dehydrogenation with #2BPCo complex (below).

Full computational analysis of the process wasformedby Paul and cavorkers!® They conclude
that the active intenediate exishg during catalysisis the(PBPCo dihydride complex1(01) shown in
Scheme?1, below

In 2017, twoCo complexes bearing tetradentatePsE (E = N (L02-N), P (02-P)) ligand were
reported forAB dehydrogenatiorby Rossin, Shubina and -eoorkers®® Both ligandscontaining
nitrogen and phosphorus are more flexible than that of carbortam@&nhancéhe basicity ofthe
metal center at the same time. The reaction catalyzed by cod(ieX requires48 hoursfor release
of two equivalents of hyagen at 55 °C in THFborazineis the resida of dehydrogenationln
contrast reacting under the same condigpone equivalent of hydrogewas released with complex

102-P as the catalysind long chain poly(aminoboranes) were detected after reabtientoits better
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catalytic capability KIE values were determined usicgmplex102P. The parameters of ;N-BD3,
DsN-BH3; and DN-BD3; were 2.2, 2.2 and 4.5respectively, which inferred that both-H8 and NH
activation take place simultaneousas part ofthe ratedetermining step after preliminary AB
coordinaion to the Co center. Thauthorsalso demonstratethat [H,B=NH;] is the intermediate by
adding cyclohexene tive system to form CyB-NH,, which was detected ByB{'H} spectoscopy In
contrast, wikn performingthe same trapping experiment witbmplex 102P, the intermediatavas

not observedbecause nfH,N=BH,] formation takes plageand the process is better described as a

sequentialBH3s/NH; group inseibni nt o t he i ni t i gBHi amidobovanenrcerpley Co] T N
(Scheme2?).
Hz, HN=BH, . thp:o%th-_\ ; NH3-BH,

il | PPh ~
) i 2
(102-N)
\
f \
' \
" '
(F% PRI
R 4 Ph, PPh,
bl 8 L sz 2
N==Gol, N+ (F\/ AR
3 N col N

ppp, H 1 € —8,
pPh, M

r +
/\ Phy PPhy H ’Ph; PPh,
TPPhe ay ( %/ o ( S
Sl 7 \ — P—Co—

Ph,P—Ca! . SRR it NH,BH;
Insertion, then IL \PPhZ \\, : H’B\”IH <(
- NH3BH;NH,BH; 4 Ty ’ . e
(102-P) L
>Phy PPh, /
P—CO\—BH;NHEBHa /
: “NH; | g
PPh; /‘
wg
°Phy PPh, Ph, PPhy Ph, PPhy
(f\/ Insertion (/j/\/ +BH3 <_ /
P—CO—BH;NHBH; ~———————— P—Co—NHBH, ~ P—Co—NH,BH;
SN,
. “BH
PPh, PPh, PHPh,

Scheme2. PostulatedtatalyticAB dehydrogenatiorycle of complex102-N (above) and.02-P (below).

In 2003, inspired by formation of-B bond by dehydrocoupling of primary and secondary phosphine
borane adductsising late transition metal catas®” Manners and cworkers for the first time
presented a s&s of dehydrocoupling reactionsf amine borane adductsith different transition
metal catalystd®® Products of dehydrocoupling reactions were characterinedetail. [Rh(1,5
COD)(E-Ch)]. (COD = 1,5cyclooctadienewas employed as the precatalyst fimhydrocoupling of
various primaryandsecondaryamine boranes as well sear dimer aminoboranek a later paper,

Mannerset al investigated the nature dfd catalytically active species and found that heterogeneous
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Ru NPs are responsible for catalytic actiVity The authorspoint out thatthe use otransition metal
catalystscouldallow for dehydrocouplingf amine boranesnder milder conditionandovercome the
disadvantagef thermal routines thakquire heatinga 100 °C or higherThe structure of fial BN
products differed with the amirmraneused Scheme23 (1 - 4)]. Theseresults pavedheway for the
entire area ofesearcltoncerningiransiton metal catalyzed dehydrogenation and dehydrocoupling

amine boranes.

Ry H H
[Rh] R-N-B
R'RNH'BH; B-N-R (1)
-Hs o i—l 5
R=R'=Me
R =R' = (1,4-C4Hg) Cyclic Dimer
R = PhCH,, R' = Me
iPr
[Rh] e,
(iPr);NH-BH; N=BH; @)
-Hp iPr
Monomer
R H y
Rh -N-B’
RoNH-BH,-NR,-BH; bt HriD @)
g B-N-R
-H, H Y R
R=Me
R =(1,4-C4Hs) Cyclic Dimer
: 2
RNH,BH, A AL by S
i 3 - "
-H, HB. -BH, -H, HB. -BH
HR R
R=H ‘
R=M Borazane Borazine
=ne Derivatives Derivatives
R=Ph

Scheme23. Catalyticdehydrocoupling oéecondarnjamine boranegl), sescondanamine boranewith bulky substituents (2),
linearamine boranéimers (3) angrimaryamine boranessing heterogeneous Rh cataly@s

Enlighted by an example thathe Rh(Xanphos) fragment (103) (Xantphos = 4,5
bis(diphenylphosphine,9-dimethylxanthenegan performhomocouphg of Me;N-BH; to form B-B
bonds,** Weller, Manners and eworkersstuded the dehydropolymerization processMAB with
respect tostoichiometricand catalytic reactivity using the same Rh fragme(Bcheme24). More
information about the catalyticycle andinteractionsbetween the metal center Rh and substree
collectal by reacting withDMAB, MesN-BH; andiPrpN=BH,.** Whenusing 0.2 mol% Rh catalyst,
the dehydrogenated products from substrdd4AB and MAB were dimeric [HB=NMe;], and
polymethylaminoborane (M= 22700 g/mol, PDI = 2.1), respectively. Tagthors shoedthat all the
catalytig stoichiometricand kinetic datapoint to the presence dfimilar mechanisms for both

substrates, in which a key step wihe generation ofhe active catalyst, postulated to be a Rh
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amidoborane complex that reversibly kénthe amine boranesubstrate The mechanisms only
divergent in that the 8 bond formation resulting in chain growths more favored forMAB

compared tdMAB, thus giving a polymer faviAB.

@ [Rh](H38-NMeRH)
\\
Rh] = =0 H3B-NMeRH
[Rh] \ Chain Transfer ! ™
PPh, N
Rh H;B=NMeR
Ph,P
H4B-NMeRH
(103) [Rh]JH,(H3B-NMeRH)
H,R'B-NMeRH \ / HaRRbAe R bz
Initiation ‘\'Hz

L=H | \
2 H,B-NMeRH Low
L [H3B-NMeRH]
CAT-L =———= CAT SmAERe AT A Ay Hh o
L =THF, H. 19
5 HzB=NMe; [H3B-NMeRH]
Turnover Chain
Limiting Propagation

R=H
B
H2
CAT-AB
Suggested Structures
i H H
1
[Rh]—NMeR-BH,R' [Rh]—NMeR BH,R [Rn]—NMeBH;
H--H,B-NMeRH H-H
CAT CAT-AB CAT-L

Scheme24. Suggestedhechanistic cycle anaitiermediates for theehydrocoupling o©DMAB and the
dehydropolymerization df1AB.

Baker, Dixon and cevorkers discussed earliewhether the free transient aminoboranes such as
MeHN=BH, and MeN=BH, which form by dehydrogenation and may kbe most important
intermediate couldtill strongly bind to a metal centeandthen rapidly insert aminoboranggo the
growing polymer chainOtherwisejf the intermediate does not coordinate to the metal ceotazine
would form via trimerization (Scheme 25)."%% These free aminoborans can be trapped by
hydroboration of cyclohexene arkus formCy,B-NH,. According to Weller, it should however be
noted thaif the formation ofhydroborated product or borazine were not kinetically competitive with
metatpromoted BN coupling, even if fee aminoboranes appeared transiently,BeyH, would not

be observedThe trapping experiment using cyclohexene is in this case not suitable to verify the
presence of a free aminoboraridey alsofigured out how to control thenolecular weightof the
polymer. Hydrogen was presumetd act as a chattransfer reagent and lownolecularweight
polymeis were formed in closed systen®n the contrary, THF retarded chain transfer, so thagelon

polymer chains were obtained
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[Rh] = [Rh(Xantphos)(H)]"

B-H activation

[Rh]—"MeH N-H activation HMe L) \MeH
HaMenl, | ah NI BH;
HoB-H 3 -H, ,BfH “insertion"
H B-N bond forming
fast
HEMe‘.\BH
i [Rh]
H [Rh"" /
-H2 i / HMe: 3
CAT-polymer - H\B MeH HzB‘MiH
HyB-NMeH, R HyB-NMeH, BH;
BH;

MeH MeH MeH H, H MeH MeH MeH
i T (Rn] H™ ™87 ™7 “BH,
H, Hy Ha Haz

-H,B=NMe, [Rh]— ! Me, CAT
(a) BH;
M [Rh—hMe, “insertion”
e, A }f
\\B—i—l BHy B-N bond forming
H
(b) H,B="Me, (Rh]—"Me; CAT'
BH4

Scheme 25. Proposed ways fehgidopolymerizaion oMAB (top) and @&hydrocoupling oDMAB (bottom).

In 2008, Weller and cavorkersdiscussed previously published studies and poiotgdthat sigma

complexes ofamine boraneshould be preserin the reactions with transition metal commeR®

However, such intermediates involvede elusiveat that timé>*** 4 They presenteda rhodium

complex that can be appied for both dehydrocopling and dehydrogenatiorDMAB could be

dehydrogenatkin modeate rate in an open system under arg@ON = 34 K, 5 mol% loading, 298
K, 100% conversion) anpgroducedcyclic dimer [HBNMe;].. Most importantly, two Rh(l) and Rh(lll)

0 amine boranecomplexes of KB-NMe,R (104-2-a and 104-1-b)

a ncomplax ofia cyclic

aminoborane [Rh(PiBu{ d’-(H.BNMe,),}][BAr 7,] (104-2-c) were observedby means ofNMR
spectroscopynd Xray analysig(Schene 26).

HyB-NMe,R BuP.,  H_ M
[Rh(PBu3),]" RN B
R=H BuzP H NMe,
(104) /
Me R
(R=H104-1-a) \}
(R= Me 104-2-a) H,
e +HyB-NMe,H RiEMe;H
jBu3iT H N 2 .
H/ ne g \BHZ -1/2 [Me,NBH,),
H | o~ Sy
BuzP RJAez
(104-2-c) BuzP H
HJ"I‘R S
H/\ ~~ /B\NM
BusP o €2
H3B-NMe,R
(R=H 104-1-b)

(R= Me104-2-b)

Scheme26. Synthesis ofiew amine borané-complexes[BAr ] not show)
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In 2006, Goldberg, Heinekey and -emrkers reportedon the dehydrogenation reaction of AB
mediated by(POCOBRIr(H), (1) (POCOP = §*-2,6-(OPtBu,),CsHs]) which was developedefore by

Br ook h a r foréalkanegdehydrogenatiq®cheme27).2* 1%l One equivalent of hydrogewas
found toevolve with different rates depeimy on the catalyst loading (itdok roughly four minutes to
releaseone equivalentof hydrogen with 1 ml% loading and 30 minutassing 0.25 mol% loading,
respectively). The IR spectrum andray powder diffraction data of the precaiiéd BN product was
found to be in good agreementth a known cyclic pentamdH,NBH,]s.*°® Later, Mannerst al.
discused the BN product of AB dehydrogenation as the linear polyfireiNBH,]..**” The resting
state complex, [(POCOP)Ir(K{BHs)] (105 was isolated after reaction and can be activatby
reaction with hydrogen to forrROCOPIr(H) (106) which eliminateshydrogen togive the dihydride
catalyst again. Paul and Musgrave, in ordeaddresgjuestions about the iridium complex catalyzed
AB dehydrogenation, calculated the process via density functional theory (DFT) and proposed a
catalytic cycld'®® Theysuggesthat the dehydrogenation of ABkes placéy a concerted proton and
hydride transfer from AB to the metal catalysth the hydrideof theB-H bondbinding to iridium and
the NHprotonapproaching the metal hydride. Thésuls inthe formation ofL06and an aminoborane

The cehydrogenation cycles closed byH, releag from 106 andformation of theactive catalysi.

O—P(t-Bu), O—P(t-Bu),
H---H
‘ WH NH; - BH, y
Ir —_— - Ir. NH.
‘VH . ~ Fhadr
| s
O—P(t-Bu), 0—P(t-Bu), \
(1)
BH,
O*T(!-BU)Z o . +
—P(t-Bu)
HZ H H 2
“\ ks B ‘/H,,H‘
fl H 'H I NH,
v
O—P(t-Bu), OH l( :”’BHz
—P(t-Bu)
(105) 2
-BH,
H2
O—P(t-Bu), | © O—P(t-Bu),
\H \H =
IL‘,,-H - r=—H HoN=BH,
H| H W| H
O—P(t-Bu), O—P(t-Bu),

(1086)

Scheme27. AB dehydrogenatioproposed by Paul and Musgrave.

OQur group al so (BQCORINH},eothple® wheroekimgfor préper catalystfor HB
dehydrogenatioft’™ In order to further explore the influence of substitseat thearyl backboneof
the iridium complexon the catalytic capability, we synthesized seres of 3,5disubstituted
cyclometalated iridium(lll) hyddo complexes [3/R,(POCOP)IrHX] ((POCOP) =2&°2,6-
(OPtBu,),CgHs with R = t-Bu, COOMe; X = ClI, H)(Scheme28, right) and appliedthem for
dehydrogenation of HB and compared wilte original iridium catalyst. It turad out that iridium

catalyst withan electronwithdrawing group(110), surprisindy, showsa significatly higher activity
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as this complexook only about60 seconds X mol% loading)for evolution ofone equivalent of
hydrogen from HB. Tis trend isin line with areport on dehydrogenabn of alkanes with [3,5
(CF),POCOPIr(H)] (112). These complexes show slightly better actiity. In addition to that, the
resting state of catalysiould be identified based on a species that semarated fronreaction
solutiors after reaction Compound 113 is a Ir(ll) dihydrido hydazine complex thasstill is
significantly activeas it can be used wehydrogenate HB at leaftur times with only minor loss of
activity. We deeper analyzed the mechanism of the reactian bigu NMR and found that even at
low temperature198 K) formation of the tetrahydrido complet06 takes plac&'® This Ir complex
fully converted into(POCORIr(H)2(N2H,) (113, the resting state of cataly$tormation of complex
105 as it was discussed Byeinekey and Goldberg was nalbserved $cheme28, left). As for the
dehydrogenated materialB solid stateNMR indicates the presence dbur-coordinate B centers with
different BH and B NiH proton environments, thus suggesting a titiegensional, most likely

polymeric structure.

0—P(t-Bu), 0—P(t-Bu),
| H  H;N—NH, BH, ‘ s/
Iy @ 2——t s Ir—NH,NH,BH,
H /‘ :
H :
O—P(t-Bu), 0—P(t-Bu), \ :
O—P(t-Bu), R O—P(t-Bu),
NaHy ‘ ’,H ' | wH
NoH, _IF—HBHNH NH, : Ir\x
0—P(t-Bu), H ‘ ! l
H, ‘\ | H, 0—P(t-Bu), i R D-P(Bu)
e :
IFE-NH,NH, :
HI ! R=H,
0—P(t-Bu), : X =H (1), X=Cl (107)
(113) L R = t-Bu,
catalyst resting state O—P(t-Bu), H X =H (108), X = CI (109)
! R=COOMe
H-:H : 2
s \H,NHZ : X=H (110), X = Cl (111)
t H’l “H---Bft, i R=CFyX=H(112)
0—P(tBu), O—P(t-Bu), o—P(t8u), ;
| H, | Mo :
IrH — Ir<H :
H ‘ h H,N-NH=BH, :
0—P(t-Bu), O—P(t-Bu), l

further BN products

Scheme28. Catalyticcycle of HBdehydrogenatiomproposed byur group (left). Thecatalystsused byour
group(1, 107- 111) and literature {12 (right).

Motivated by Hei neke WéannersaeanddcavaBersstidwedthaf dhis iridaimm u d y
systemcancatalyze thelehydocouplingof other primary amine boran%” MAB was found taeact

with 0.1 mol% loadingf complexlin THF at 0 °C followed bystirring for 20 minutes at 20 °C. The
resulting product was isolated and purified, then characterized by NMR, elememjalsa(@A), IR
spectroscopy, gel permeation chromatography (GPC) and dynamic light scattering (DLS). The result
showed that they obtained a high moleculgeight polymer(M,, = 160000) with a polydispersity
index (PDI) of 2.9. Furthermore, AB, n-butylamine borane and MAB were tested in
homopolymerization and copolymerizatiogactions(Scheme29). All products, like dehydrogenated
MAB, were characterized by GPC, DLS, NMR, EA, IR and thermogravimetriggiadTGA). These
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characterizatiorresultsresembledthose of polymethylaminoborane, but the NMR data was much
more complicated_ater, Manners ando-workersrevealed iranother papethattemperature, solvent,
substrate concentratipoatalyst loading andature of the catalysbould affect the moleculareight of

the polymer as well Moreover, details on the polymer characterization were dgi¥eHowever,in
neither of these studies, it was mentiongow much hydrogen evolveduring reactions an
information that is very valuable for the interpretatidntioe reaction mechanisnRecently, the Ir
complex wasalsoemployedby the Manners grougor a dehydrocoupling reaction of NHBH,Ph, a
boron substitutedmine boran&** Two high molecular weight polyaminoboranes wemesprepared

for the first time

O-P(t-Bu),

| W
Iry,

RNH,-BH; N + H,

homopolymer random copolymer
R = Me, nBu, H R =H, Me (1:3 or 1:1)
R = nBu, Me (1:3 or 1:1)

Scheme 9 . B r o ndiurh systemforsatalyticdehydrocoupling of primary amine boranes

2.3.7. Group 10 complexes

In 2007, Bakereported the first Ni complex for dehydrogenation of AB. Afiemg generateih situ
from Ni(COD), and a carbene liganthe complex has a high catalytic abildyd can release more
thantwo equivalentof hydrogen from AB at 60 °C ia benzeneliglyme mixture withinfour hours®*

It should be emphasized that the NHHC = 1,3,4triphenyt4,5-dihydro-1H-1,2,4triazol-5-ylidene)
ligated Ni complex has the best performanaed exceeds the activity ofoble transition metals
catalysts based oRh and Ru. The authors measured KIE values and NpRts, however, as
informationfrom KIE were limited, they only proposdtat he initial stepyjas BH act i vati on an
N-H elimination. Later, Hall and ceworkers also investigated this reactionthough DFT
calculatiors.™*? Nevertheless, they onreasonablyexplained how thdirst equivalentof hydrogenis
released. The research team of Paul atsoputed the reaction argresenteda catalytic pathway
according to their resultScheme30).'¥ In spite of the fact that several important species were
presented during catalytic dehydrogenation such as Ni(NHSXBH,) and norinnocent free NHC

ligand, in view of the complexity of the catalytic process, far more studies needitmbe
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Schemes0. In situgeneratedatalyst (a). Mechanismroposed by Paul arab-workers (b).

In 2011, a rare paramagtic organometallic NI) olefin complex {15 was presented by Trincado,

Griitzmacher and eworkers™¥ The Ni complex was isolated afully characterized by the authors.

Dehydrogenation of DMAB catalyzed by this species wasompared with

its derivative

[Ni°(trop,NH)(PPh)] (trop,NH = bistropyliderylaminé (116). It turnedout thatl15was anextremely

active precatalystEven at a very low loading (0.3 mol%) with basetivation(1 mol% to 3 mol%),

one equivalentof hydrogen couldbe releasd from DMAB within one minute in THF at room

temperatureNi(0) complex116was significantly slower and in the first reaction step the linear chain

dimer BH-NMex-BH,-NMe,H was the kinetically favorediehydrogenation product and would

gradually be convertetb the cyclic dimer [M@NBH,], which could directly be obtained b%15

catalyzed DMAB dehydrogenation. ik noteworthy thathe catalytic capability of15 and evenof

116for dehydrogenation of DMABvas much better than that afsimilar Ru complex reported by the

same author$™ When dscussing thendividual stepsof the catalytic cycle, the authors suggested

that radical pathways took part ithe reaction. Nevertheless, sindd NMR signalsshowed N(0)

hydrido complexesthesemay alsobe involved in DMAB dehydrogenationScheme31). Different

from the Ru analoguevhere the olefinic binding siteservedonl y as

pl acehol

coordination sites, the ligand coordinatingthe Ni center proved suitable as steering ligandshin

catalytic reaction.

der
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CF,
(115) (116)
K[Me;NBH,] /H
PPhy \I'V/ +  MeN=BH, + H,
-KO,CCF, Ni‘PPh3
cH KIMe;NBHs]
Wi /) - ~,/H excess H A H
A/ = N - TR _ :
175 L -KO,CCF, N—Ni----Ni—N"" + [Me,N=BH,}, + Me,NH-BH,
!0 Ni / \
O
CF, KOtBu  LH HoOHC M
Mes;NH-BH5 l\FJ o SN—Ni----Ni—N~" + [MeyN=BH,],
Ni-py / 5

Scheme31. Ni catalystsused for DMABdehydrogenation (abovajifferent pathways fol 15to hydrido N0) complexes
(below).

In 2010, Kang, Michalak and ewmorkers synthesized three cationic palladium complexes for
dehydrogenaon of AB (Scheme32).*®! All three complexes shasd outstanding performander
dehydrogenation of ABEven the slowest one, [Pd(MeCNBF,] can releasdwo equivalens of
hydrogen in 60 seconds at 25 %br the fastest, it tk only 20 seconds. The authdhoroughly
studiedthe reaction and optimizatfor the catalysfPd(MeCN)][BF4]. The KIE values oND3-BHj,
HsN-BD3; and DyN-BD; were measured (2.5, 8.2 and 9.5, respectively) for probing interaction between
substrate and Pd center which indicated th&t 8nd BD bondsweakened markedlyAmine boanes
with alkyl and arylgroupsbinding to B or N endwere also employed for investigatioaf the
interaction. Theauthorsdiscovered that evetyvo equivalentof hydrogen releasing from ABsult in

the formation oftwo B-B bonds and one Bl bond and thdirst equivalentof hydrogen actually
completelyoriginatedfrom the borane moietpf AB. As a consequencéhe structural featuresvere
different from the linear BN polymer that the Manner group synthesized viametatcatalyzed
dehydropolymerizatioH”! No more informationwas givenabout how the secondquivalent of

hydrogenis liberate.

NCMe
H3B-NH
[Pd(MeCN),* R T A
\N\/ e
4 HH  Neme
S NCH,Me
'H\N/lwa—Pd—NCMe MeCN. — H H\ITCH:EMS
\ ‘H. _B—Pd—NCM
q HH  NeMe i NTT ©
H, HHH NeMe

Scheme32. Proposegbrocess for théirst equivalentof hydrogengeneration.
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In 2013, the first platinum dehydrocoupling catalyst was published by Conejero,-Eépeno and
RoselléMerino (Scheme33).™*" Generally, for main group and early transition metals emplayed
amine boranelehydrogenation and dehydrocoupling reactionsfitsiestep is always the activation of
N-H bond of amine borane For late transibn metal catalysts on the contrary, the activation
commonly starts from the opposite terminuse. the BH bond. Different from the literature
knowledge, the authors found a new mechanistic scenario that idvibieeinitial formation of
boronium catios (NMeH),BH," through hydride abstraction fro@MAB by highly electrophilic
Pt(ll) complexes vith concomitant formation of a @) hydride. The [Pt@B u NBu)J[BAr",] (ItBu =
1,3di-tertbutylimidazol2-ylidene) catalyzed reactiomas monitored by"B{'H} NMR and pressure
change in a sealed system. The states of Pt catalyst during dehydrocotipMéB were supported
by a series of stoichiometric reactions and monitoring with multinuclear NMR spectrostopy
authors suggestetiat the mechanisamvolving the highly electrophilic Pt complex dehydrogengt
DMAB is related tothat of Frustrated Lewis Pairs. It includes several st&pst, hydride transfers
from the BH fragment to the platinum centdollowed by nucleophilic attack of free HNM¢o the
coordinated B atom to afford the boronium [@HMe,N),BH,]*. After that, P{il) hydride complex is
formed and next protonated by the acidic NH of the boronium cation [{NNEHF)BH,]" (one
NHMe; of [(HMe;N),BH,]" is replaced by THF). In the meantiniéMe,=BH, and hydrogen release

with regeneraon of the Pt catalyst

DMAB \rBu
e HZC Pt

tBu

H,B= NMez

e
' EaArF4

[Pl]
o Ut
O r
H,C— ;Tt H-BH,-NMe,H \ : PTO
1Bu J : %\NAN’%

NHMez HE NMe,H

| H: @
\ B ; (117)
HMe,N NMezH : Catalyst
A
IHrBu :
- HzC Pt H

ItBu

Scheme 33. Catalyticethydrogenation of DMAB byt catalyst117, [BArF,] not shown(left). Ptcatalyst (right).

2.3.8. Group 11 complexes

In 2015, the first air stableopper borohydride coptex [(CAAC)CuBH, (118 and its parent
complex [(CAAC)Cu(C] (119 [CAAC = cyclic(alkyl)(amino)carbenejvere reported as catalysts for
the hydrolytic dehydrogenation of AB by Hu, Bertrand andvookers!™® The general procedure for
dehydrogenation expenents was that 1 mol% Cu catalysts in acetog@/Bblution (20 wt% of kD)
was added to AB at 25 °C. When complek® was employed, 2.6 equivalents of Were released
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over five minutes with a TOF of 3100"hMeanwhile, when adding compléX. g 2.8 equialents of

H, evolved within two minutes, giving a TOF of 8400 hEfforts for augmenting reactivity of
complex119 were made as well by usimgptassium tetrakis(pentafluorophenyl)borékBAr",) as
additive in the reaction of compléX 9 The amount of Hreleased increased to Z28uivalentswvith a

TOF of 3360h™. This approach also works for the recycling processes: corfp@andKBAr", (1:1)

were reused 15 times without noticeable loss of catalytic activity. For each cycle, the dehydrogenation

reacton was finished within five minutes with around 2.8 equivalents,atléased.

i or AB dh

(|3u (Iiu

Cl BH,
(119) (118)

Scheme34. Cucomplexes fohydrolytic dehydrogenation of AB.

2.4. Metal-free catalytic dehydrogenation ofamine boranes

2.4.1. Frustrated lewispairs (FLP)

Based on the result of thexical calculation of Ni(NHG) promoted AB dehydrogenation that the
NHC may be involved in the dehydrogenation process and the comparison of its reactivity to FLP

64. 19 \tiller and Bercawfirst proposed that FLP may be suitable forirserboranes

which can split H)'
dehydrogenation. The FLIBuUsP/B(CsFs)s acts as a mediator for DMAB dehydrogenation yD4CI

at 25°C, producing approximately 97% @fiMe,BH,],, trace amounts of (BHEtNMe,( 1) and the

linear dimer HB-NMe,BH,-NMe,H alone with [HBUsP][HB(CsFs)s].**! H, was released by heating

the phosphonium and borohydride salt between 90 °C to 130 °C. However, it is a stoichiometric
dehydrogenation process. More recentbtalytic dehydrogenation aimine boranes byRLP bearing

a dimethylxanthene batkone was repor t ed(Sdeme3d.f*d Fhe doagteldiess gr oup
mechanism involves initial 81 bond activation at the phosphorous moiety to give the zwitterionic
phosphoniurrboronate species. Subsequent reaction with substrate MAB results inrrexdiie B

terminus of the substrate with the amine group of the zwitterion and releaseAs & consequence,

the linear MAB dimer is formed. Finally, a third equivalent of amine borane would react with the two
coordinated BN units, dissociating a cgdtiorazane which can be further dehydrogenated to borazine

by the FLP catalyst
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H3B-NH,Me 1 equ. 295 K
Me Me H
| H3B-NHMeBH, NH,Me
H‘B’N“B’H 1 mol% FLP H'B B‘H +-2H,™= f Pph2 BAQ 1 equ. 295 K PEP\B HIB%Q
) | -— " .
5 - N LH
Ny 328K e N 5! Ny \1 B
-H, ,
\ D /
0

H3B:NH,Me

1equ. 328 K
1equ. 295K -H,
thp\® BAr,
Hi. _-H
H,B\NH
me” gl H
H T"H
Me
Scheme 35. Dehydrogenati onroup.rocess proposed by

2.4.2. Acid-catalyzeddehydrogenation

In 2007, Baker, Dixon and emorkers observed that,Hs released from mixtes of the Lewis acid
B(CsFs)s and AB. During the course of the reaction a prominent NMR resonance corresponding to the
anion [HB(GFs)s] was detectet?? Based on this result, various acids were added to AB and reaction
conditions were modified for ojptizing dehydrogenation and obtaining insight into the mode of
action. The authors found that the concentration of acid has a significant effect on the extent of
dehydrogenation, higher acid loading promoted. Considering this experimental observation, they
suggested that during the reaction, due to rate mismatch of the initiation and propagation steps, a linear
dimer HBNH,BH,NH; transformed a Nk to boronium [NHBH;]*, which originated from AB
deprotonation. As in the chatransfer mechanism, the equililom Eq. (1) elucidates that adding acid

to AB will not liberate the equimolecular amount of. Mvhile, it was confirmed that by reducing the
concentration of acid (B¢Es)s) from 25 mol% to 0.5 mol%, up to 1.1 equivalentsgrbduced in 20

hours instead 0d.6 equivalent in 24 hours. The same behavior was formed when using, B2

well.
3 H3NBH; + acid —————— H, + [BH(NH3)o]" + BoHs(u-NH,) (1)

2.4.3. Basedcatalyzeddehydrogenation

Opposite to acitatalyzed dehydrogenation, theoretically, a base is able to dehydrogenate amine
borane as well. In 2009, strondy non-nucleophilic base bis(dimethylamino)naphthalg®eoton
Sponge, PS) was announdédt canpromote the releasaf H, from AB either in the solid state or in
ionic-liquid and tetraglyme solutioh$®! The dehydrogenation starts with PS initiating the
deprotonation of AB to give the anion [NBH3] in solid state or ionic liquids through an anionic
dehydropolymerization pathway, in which thesitu generated anion activates AB to form initially
brancheechain polyaminoborane and cross link to polyborazgl More than two equivalents of H

were evolved with just 1 mol% of PS.
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3. Objectives of this work

H, as an energy carrier is a good option for realization of an environmentally benign sustainable
energy supply. To overcome the disadvantages it has, anlangieer of H storage methods have been
developed and amine boranes are one of the most promising candidates with a lot of advantages. In
addition to that, dehydrogenation of amine boranes allows for synthesizing BN polymers, which are
interesting compourgdfor main group and material chemistry due to the isoelectronic analogy to
carbon based polymers. Thus, categories of catalysts, including those described above have been
employed for catalytic dehydrogenatiofi ammonia borane, primary amine boranes secondary

amine boranes for extracting Hr synthesizing BN materials. Transition metal complexes were found

to be suitable for hydrogen release, transfer hydrogenations and construction of BN materials. In the
future, the latter application should becommeore interesting in terms of applications as the
development of main group polymers can give valuable inspirations for the implementation of new
materials. Also, despite the promising characteristics of amine boranes such as the high gravimetric H
capady, these compounds are of limited applicability on a larger scale due to the problem of
regeneration of spent amine borane fuels As a derivative of ammonia borane, to our best knowledge,
only one example for transition metal complex catalyzed dehydrageraithydrazine borane under
homogenous conditions was described befdieerefore, the maimbjective of this work was to
further study suitable transition metal complexes for efficiently dehydrogenating HB under mild
conditions. Also, insights into theechanism of HB dehydrogenation for improving the catalytic
capability of metal complexes and reaction conditions were needed. For this noble metal and base
metal complexes were used. The influence of the ligand backbone was investigated by tuning the
ligand by introducing groups with different electronic and steric properties, or ligands coordinating to
the metal are altered. Apart from investigating the hydrogen release, the focus of this work will be on

the formation of BN materials from amine boranestrdies.

A significant number of catalysts described before show the pincer ligand motif. As part of this thesis
we aimed to synthesize PNP ligands for dehydrogenation catalysts. When preparing these, special
attention is required with respect to reactamditions as otherwise, a number of isomers, including

PN and PPN ligands are formed. As a part of this thesis, the coordination chemistry of PN and PPN

ligands to 3d metal is described.
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Introduction

One of the most important challenges in order to establish
hydrogen as a viable alternative for commonly used fossil fuels
in mobile and stationary applications is the storage of the energy
carrier itself.' Major concerns are related to its physical pro-
perties that complicate safe, efficient and economical storage. Of
the known H, storage methods chemical hydrides show the
highest gravimetric storage capacities.” Among these, amine
borane adducts such as ammonia borane (AB, 19.6 wt% H,
capacity) were widely investigated in the past and a plethora of
examples of its catalytic dehydrogenation were described.® One
of the most prominent reports was published by Heinekey and
Goldberg, who used an Ir pincer complex [(POCOP)IrH,] (POCOP
= K’-CgH;-2,6-(OP£Bu,),) for the catalytic dehydrogenation of AB.”
Later, this complex was also used for the dehydropolymerisation
of primary amine boranes.” The structurally similar compound
hydrazine borane (HB), also shows a well-balanced ratio of protic
and hydridic H atoms, making it a promising candidate for the
storage of a substantial amount of H, (15.4 wt% H, capacity).
Compared to the hydrazine (bis)borane, which is reported to be
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explosive when being rapidly heated and at T > 160 °C,° HB can
be conveniently handled in a wide temperature range in solid
state and in solution.” As pointed out in a recent review,® apart
from several examples for the thermolysis® and hydrolysis,” only
one example for the homogeneous catalytic release of H, has
been reported to date. Based on our previous experiences in di-
methylamine borane chemistry,'® our group has recently demon-
strated the full catalytic dehydrogenation of HB using a variety of
group 4 metallocene alkyne and hydrido complexes.'' These
reactions required several days for completion, however, this was
the first example for transition metal complex catalysed dehydro-
genation of HB. In this contribution, we present a study of the
release of H, from HB using Brookhart’s well-described catalysts
[(POCOP)IrHX] (X = Cl, H)" (1-Cl, 1-H) as well as substituted
complexes of the type [3,5-R,(POCOP)IrHX] with R = #Bu (2-Cl, 2-H)
and R = COOMe (3-Cl, 3-H) (Scheme 1).

a)

R O—P(t-Bu), [COD)ICI; R O—P(t-Bu), NaOBu R O—P(t-Bu),
toluene 1atmH,
150°C,8h 5 benzene e
i r— i =y
'l H
R O—P(t-Bu), R 0—P(t-Bu), R O—P(t-Bu),
21 2H
3cl 3H
b) R O—P(t-Bu),
cat. Ir(H)X

R O—P(tBu),

NH,-BH, [BNH] products + H,

(THF, 25 °C)
R=H; X =Gl (1-Cl), X = H (1-H)

R = t-Bu; X = CI (2-Cl), X = H (2-H)
R = COOMe; X = CI (3-Cl), X = H (3-H)

Scheme 1 (a) Synthesis of 3,5-disubstituted [(POCOP)Ir] hydrido com-
plexes. (b) Ir(n) hydrido complex catalysed dehydrogenation of HB.

Dalton Trans., 2016, 45, 17697-17704 | 17697
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Results and discussion
Catalytic dehydrogenation of HB

Upon addition of the catalyst to HB in THF under an atmo-
sphere of Ar at room temperature, vigorous evolution of gas
was observed. Simultaneously, the intense red colour of the Ir
hydrido complexes slowly faded to pale yellow and a white
solid precipitated. The progress of the reaction was monitored
by volumetric analysis, indicating that both complexes 1-Cl
and 1-H catalyse the release of approximately 1 equiv. of H,
per molecule HB (Fig. 1). This is of special importance as full
dehydrogenation of HB would produce a thermodynamically
very stable BN species. For a potential application of HB in
closed dehydrogenation/hydrogenation cycles this would be of
significant disadvantage. For a catalyst loading of 5 mol% and
an HB concentration of 0.11 M full conversion was obtained
after 200 (1-H) and 300 min (1-CI), respectively. Notably, in
runs with lower catalyst concentrations, full conversion could
not be reached (Fig. S14 and S15%). This is in contrast to our
previous study of group 4 metallocene catalysed decompo-
sition of HB, where full dehydrogenation and N, release was
observed. In the present case H, was the only gaseous product
formed as evidenced by TCD-GC (Fig. S287). To investigate the
possibility of catalyst recycling, we separated the catalyst solu-
tion from the insoluble white residue and subsequently trans-
ferred this to a freshly prepared solution of HB. Monitoring
the gas evolution revealed that both catalysts remain active
after removal from the reaction mixture (Fig. 2).

NMR spectra recorded from the filtrate after every catalytic
run indicated the presence of a single Ir species (Fig. S7+)
which did not undergo any changes during recycling. The
exact nature of this compound could not be identified unequi-
vocally at this stage, however, irrespective of using 1-Cl or 1-H
the same 'H and *'P NMR resonances were observed, whereas
no signals were found in "B NMR spectra. The most promi-
nent feature of 'H NMR spectra is the hydride resonance
which is found as a triplet at —9.28 ppm (*/py = 16.1 Hz), indi-
cating the presence of a symmetric [(POCOP)Ir] hydrido
environment. Also, two characteristic isolated resonances at

n(H,)in(HB)

—— 5moi% 1-H
-==== 5 mol% 1-CI

b
044
i

024

0.0 T T T 1
100 150 200 250

time/min
Fig. 1 Volumetric curves for HB dehydrogenation with complexes 1-Cl
and 1-H.

17698 | Daiton Trans, 2016, 45, 17697-17704
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n(H,)in(HB)

1strun istrecycling  2ndrecycling  3rd recycling

Fig. 2 Summary of volumetric data obtained from HB dehydrogenation
recycling experiments with 1-Cl and 1-H. Note that for each run, a fresh
50 mg portion of HB was added (THF, T = 25 °C, initial Ir concentration
c = 5 mol%).

3.90 and 5.07 ppm with an intensity ratio of 2:2 referring to
two hydrides could correspond to a coordinated N,H, unit.
CI-MS analysis of the Ir containing residue gave a peak at m/z
591 with the expected isotopic pattern for the species
[(POCOP)IrH] as well as a signal at m/z 626 which could corres-
pond to the fragment [([POCOP)Ir(N,H,)H, + 2H] (Fig. S107).
Reaction monitoring by NMR spectroscopy at reaction con-
ditions (i.e. at T = 298 K) using 1-H or 1-Cl showed the pres-
ence of the aforementioned Ir hydrido species (‘H: 6 = —9.28,
*'p: 169.2 ppm) throughout the HB dehydrogenation reaction.
Intermediates for the formation of this species from the start-
ing complexes 1-Cl and 1-H were not observed, indicating that
this conversion is too fast to be observable on the NMR time-
scale at room temperature. The formation of an Ir dihydrido
BH; adduct, which should correspond to the inactive form of
the catalyst, as it was reported before for the dehydrogenation
of AB, was not observed.” This is in line with the found recycl-
ability of the catalysts. We thus repeated the in situ experiment
starting at T = 194 K with slow warming to room temperature
and found that immediately upon mixing complex 1-H and HB
formation of the formal tetrahydrido complex [(POCOP)IrH,]
(6 =—8.71 ppm)* takes place (Fig. 3).

This species is directly converted into the aforementioned
new hydrido complex that resonates at —9.28 ppm. Also in this
case, no further intermediates pointing towards HB activation
by BH coordination were observed. In line with this, "'B{'"H}
NMR spectra show solely the decay of the HB resonance.
Formation of free hydrazine is observed (§ = 2.96 ppm), thus
suggesting a more complex dehydrogenation pathway as seen
before for other amine borane adducts.

Synthesis and application of 3,5-disubstituted (POCOP)Ir
hydrido complexes

In order to further explore the scope of this reaction and to
shed light on the role of the substitution pattern at the POCOP
ligand, we aimed at the synthesis of different compounds
having ligands with either electron donating or withdrawing
character. The electronic and steric influence of modifications

This journal is © The Royal Society of Chemistry 2016
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