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Abstract

The content of this thesis is presented into two parts. The first part mainly focuses on exhibiting high
efficiency and selective 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 dehydrogenation of hydrazine borane is Brookhart’s well-described catalysts as well
as their 3,5-substituted analogs with electron withdrawing and electron donating groups. Then, iron(II)
complexes bearing a PNP backbone were also utilized for 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 relationship with dehydrogenation degree. Evolving one equivalent H, from amine
boranes may produce linear BN polymer. However, when much more H, released, cyclic BN product
could be synthesized. Additionally, synthesis and characterization of a PPN ligand, 2-
[bis(diisopropylphosphino)methyl]-6-methylpyridine and its complexes with selected 3d metals.

Zusammenfassung

Der Inhalt der vorliegenden Arbeit ist in zwei Teile gegliedert. Im ersten Abschnitt liegt der
Schwerpunkt auf der Darstellung von hocheffizienten und selektiven Pinzettenkomplexen, die als
Katalysatoren fiir die Dehydrierung von Hydrazin-Boran eingesetzt wurden, um Wasserstoff aus
potentiellen Wasserstoffspeichermaterialen zu erhalten. Dabei ist Brookharts Dehydrierungs-
katalysator der erste Pinzettenkomplex, der fiir die Dehydrierung von Hydrazinboran angewandt
wurde. Es folgen weitere Untersuchungen, die den Einfluss von elektronziehenden und
elektronschiebenden Substituenten an der 3,5-Position am Arylgeriist des Katalysators auf diese
Reaktion erfassen. AnschlieBend wurden Eisen(Il)-Komplexe mit einem PNP-Riickgrat fiir die
Dehydrierung des gleichen Substrates verwendet. Dariiber hinaus sind die bei der Dehydrierung
anfallenden BN-Materialen charakterisiert worden und legen einen Zusammenhang zwischen der
Struktur des BN-Materials und dem Dehydrierungsgrad nahe. Bei der Entwicklung von einem
Aquivalent an Wasserstoff entsteht vorwiegend ein lineares Polymer. Die Bildung zyklischer Produkte
ist bevorzugt, wenn mehr als ein Aquivalent Wasserstoff freigesetzt wird. Der zweite Abschnitt
beschreibt die Synthese und Charakterisierung eines PPN-Liganden, 2-
[Bis(diisopropylphosphino)methyl]-6-methylpyridin und dessen Komplexierung mit ausgewéhlten 3d

Ubergangsmetallen.






Abbreviation

DOE
AB
HB

MAB

DMAB
nBu
Bu

iPr

Dipp

Et
THF
TMS

Cp
Cp*

NMR

Ph
TOF
TON
ebthi

OFLP
CTB

Cy
NPs

IR

NMR-MAS
MQ MAS
KIE
NHC
OAc

The united states department of energy

Ammonia borane
Hydrazine borane
Methylamine borane
Dimethylamine borane
n-Butyl
tert-Butyl
Isopropyl
Diisopropylphenyl
Methyl
Ethyl
Tetrahydrofuran
Trimethylsilane
Cyclopentadienyl
Pentamethylcyclopentadienyl
Nuclear Magnetic Resonance
Phenyl
Turnover frequency

Turnover number

1,2-ethylene-1,1°-bis(n’-tetrahydroindenyl)

organometallic frustrated Lewis pairs

borazine cyclotriborazane
Cyclohexyl
Nanoparticles

Infrared

Nuclear magnetic resonance magic-angle spinning

Multiple quantum magic-angle spinning

Kinetic isotope effects
N-heterocyclic carbene

Acetoxy



COD 1,5-cyclooctadiene

Xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
K Kelvin
DFT Density functional theory
EA Elemental analysis
GPC Gel permeation chromatography
DLS Dynamic light scattering
PDI Highly polydispersity index
TGA Thermogravimetric analysis
FLPs Frustrated Lewis pairs
PS Proton sponge
9-BBN Diborane 9-borabicyclo[3.5.1]nonane

EPR Electron paramagnetic resonance
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1. Introduction

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
environmental destruction, release of greenhouse gases, poor recyclability and so on, rise up
significantly. Moreover a huge amount of fossil fuels is being consumed. Thus, at present, except
fossil fuels, a growing number of economically friendly and regenerable alternatives are also adopted
in terms of scale and forms.''! Among these potential alternatives, hydrogen, undoubtedly, is a
fascinating candidate because of its apparent advantages in 1) high energy density (120 kJ/kg, which is
almost three times as much as that of gasoline), 2) abundant natural storage and 3) water as the only
product after consumption, all of these make building up a hydrogen economy highly desirable.
Nevertheless, there are critical problems like low volumetric energy density (in liquid form is 8 kJ/L
which is only a quarter of that of gasoline) setting barriers for realization of a hydrogen economy."
Thus, divergent physical-based and chemical-based hydrogen storage methods were proposed to solve
these problems.” For the former method, the hydrogen is usually stored under special conditions
which are needed to cool the systems or take a lot of extra energy to compress and liquefy hydrogen.
Also hydrogen leakage may occur to a certain extent. To make matters worse, considering the weight
of container and cooling system, the hydrogen storage capacity is in fact much lower.”’ In contrast,
storage of hydrogen via chemical bonds owns merits such as good stability, convenient storage
conditions, higher gravimetric capacity making it chosen as a promising candidate by the American

Department of Energy (DOE) for a future long-term pathway. [

To date, numerous potential hydrogen storage compounds have been studied in laboratories for the
long-term target, including N-ethylcarbazole,'” nitrogen heterocycles,”™ ethanol and formic acid and
such on.””) Comparing these chemical hydrogen storage compounds, it is not difficult to see that amine
boranes have stand-out advantages regarding facile synthesis and storage, higher gravimetric capacity
(Figure 1), and long term stability. Optimization of synthesis procedures and hydrogen evolution
conditions has been done many years in various ways under non transition metal complex catalyzed
conditions (i.e. thermolysis and hydrolysis) and still is being done at the moment.!"” In recent years,
except from aforementioned pathways to release hydrogen from ammonia borane (AB), numerous
noble transition metal complexes designed to catalyze the dehydrogenation of AB were presented as
well, which will be introduced in the next sections. In contrast, analogous reports on dehydrogenation
of another hydrogen-rich molecule, hydrazine borane (HB) that utilizing transition metal complex as
catalysts are rare, which makes exploring transition metal complex catalyzed dehydrogenation of HB
promising in terms of basic research and application.!""! Nevertheless, an issue that the dehydrogenated
amine boranes only can be regenerated under harsh conditions narrows the usage of these materials to
single-use H, storage materials or as bench-stable H, sources and needs much more focuses to

overcome these issues.



1. Introduction

density: 5gcm= 2gcm 1 gcm™ 0.7gcm=
NH,BH;=NB+4H,
<>

160 1

BaRe
m 1404 <373 K,
£ LaNigH, _
~ ) f H, chemisorbed
1204 300K, J dec, 2
> "a/ Mg,NiH,/ 620K, 5 bar i g.%KESB Kon carbon
=, FeTiH,;, 550K, #bar cnfopy N 2e, ATTT—— i
>1001300K/ “m /NaaH,® °° . » CH,"
£ 5 bd ! b.p. 112K
& 80+
< H,ia
- 2
o 601 203K
| | Ltz
€ 404 [...780 A pkicicorbe:
=
o pressurized H,%
> 201 <20 pres. H,%% " 713 (composite material)
v 13 (s[rl\;lepl)] L p [MPa]
04 b : — : .
0 5 10 15 20 25

gravimetric H, density [mass%]

Figure 1. Comparison of gravimetric and volumetric densities of various hydrogen storage materials. ['>

It is noteworthy that transition metal catalysts bearing pincer ligands are employed for stoichiometric
and catalytic applications and are thus well-described.!"”! Variations of ligand backbones and the metal
centers can tune the electronic and steric properties of pincer complexes nicely and makes this type of

organometallic compounds suitable for different kinds of reactions (Figure 2). Accordingly, since

14]

pincer complexes were first reported by Shaw in the 1970s!'*! they have been widely well practiced,

[18] [17a] [19]

e.g. for nitrogen activation,' hydrogenation of CO, ' olefins,” ketones,!"® imines,!'™ and esters,

dehydrogenation of alcohols,”” N-heterocycles'*'! and used for the dehydrogenation of amine boranes

as well.
7 Group Major Effect(s) of Variation
i i s
SN A S ER, Steric control by varying substituents;
L Lo 3 control of electron density; lability.
Y/’\X/\Y
RnE—Ehln_—ERn 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,O0,As ' Pl e
X=C,N,B Z Remote control of electron density;

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

Figure 2. Variations of pincer ligand parameters for control of the steric and electronic properties.t'** 2>

Generally speaking, these pincer complexes are easily synthesized or commercially available.
However, when it comes to the pyridine-based aromatic PNP catalysts, one common synthesis method
for building carbon-phosphorous arms is the reaction of 2,6-lutidine with nBuLi at low temperature,*”

which not only gives pyridine-based PNP ligands but PPN ligands and PN ligands that result from
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partial deprotonation of one-side methyl groups (Scheme 1). As having theoretically multiple binding
modes, PPN ligands can be regarded as hetero-functionality containing analogs of the well-known
short-bite angle ligand dppm (i.e. bis(diphenylphosphino)methane).** Then, it also can be treated as
PN ligands binding to catalysts which are metal ligand cooperative.”” 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

Scheme 1. General pathways for the synthesis of aromatic PNP ligands, giving also PN and PPN ligands.
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2. Dehydrogenation of amine boranes

2.1. Research background

Amine boranes are ideal materials for a lot of areas. For example, AB and HB have relatively high
gravimetric hydrogen capacity (approximately 19.6 wt% and 15.4 wt%, respectively), so that they are
very suitable for hydrogen storage and hydrogen transfer reactions.*®" Apart from that, a compound
containing boron-nitrogen bonds is isoelectronic to compounds containing carbon-carbon bonds, but
unlike the bond between two carbon atoms, the different electronegativity of boron and nitrogen
makes BN compounds polar which can significantly alter molecular and solid-state electronic and
optical properties of the system and the intermolecular interactions present in solid phases.*” These
properties make boron nitrogen containing compounds interesting for polymer chemistry,
optoelectronic devices, elastomers and biomaterials'**! with special characteristics that their all-carbon

analogs do not have.”*”’

From the aspect of our research, the thesis mainly focuses on the dehydrogenation of amine boranes.
The details of various methods for release of hydrogen from amine boranes are depicted in the next
sections. Meanwhile, it is unneglectable that dehydrogenation is a dehydrocoupling process as well.
That is to say, amine borane derivatives such as methylamine borane (MAB), dimethylamine borane
(DMAB), aniline borane and N,N-diisopropylamine borane except from being used as hydrogen
storage materials or as models to give a better insight into mechanisms of dehydrogenation reactions
of more hydrogen-rich AB,*” could also serve as precursors of linear or cyclic oligomers or polymers
via catalytic dehydrogenation and coupling. MAB as an example is suitable substrate for
dehydrogenation, mechanistic studies as well as for polymer formation. Manners and co-workers
synthesized a soluble, poly(N-methylaminoborane), [MeNH-BH,], with high molecular weight (M
up to 160.000) using Brookhart’s Ir(IIl) pincer catalyst [(POCOP)IrH,] (1) (POCOP = [k’-2,6-
(OP1Bu,),C¢H;]).*" Weller and co-workers first reported a relatively stable iridium aminoborane
complex [Ir(PCys)>(H)2(n*-HsB-NMeH,)][BAr'4] (2) via adding one equivalent of MAB to the
dihydrogen complex [Ir(PCy;),(H).(H,),] (3). After that, addition of a second equivalent of MAB,
formation of the simplest oligomer of MAB, H;B-NMeHBH,-NMeH, was observed, which gave
insights into what role a metal center of catalyst may play during the dehydrocoupling process.”*! Our
group also chose MAB to make dehydrocoupling products mediated by [(PNHP)Fe(BH,)(CO)(H)] (4)
(PNHP = HN(CH,CH;PiPr,),) pincer complex with slightly more than one equivalent of hydrogen
gained.”” We found that the polymerization process occurs after dehydrogenation, accordingly,
polymerization of MAB catalyzed by the iron complex actually is an off-metal process and how much
hydrogen produced is partial decided by catalyst. Dehydrocoupling, as aforementioned, is so closely

related to dehydrogenation that it also necessary to be introduced in 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 13 metals displayed in
Figure 3 (transition metal Zn shows category 1 type coordination,”* Sc and Y show category 2 type
coordination ™) have been mentioned by several groups for dehydrogenation and dehydrocoupling of

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

substrates.”*®
Category 1 - heterolephic Category 2 - homolephic
Dipp
_N‘
M-R, MR,
N
Dipp
M = Mg, Ca, Zn (n = 1), M = Mg, Ca, Sr, Ba (n = 2),
Al (n=2) Sc, Y, Al(n=3)
R = N(SiMe3),, CH(SiMe3)s, R = N(SiMe3),, CH(SiMe3)s,,
H, nBu fBU, N(SiHMeZ)z, NM62

Dlpp =1 ,2-!Pr2-C6H3

Figure 3. Two coordination patterns of main group precatalysts for dehydrogenation reactions.

2.2.1. Category 1 complexes

Two Mg complexes with nacnac type ligands [(Dipp-nacnac)Mg(nBu)] (Dipp = 2,6-
Diisopropylphenyl) (5) and [(Dipp-nacnac)MgN(SiMe;),] (6) (Dipp-nacnac = CH{(CMe)N(2,6-
iPr,CsH3)},), (Dipp-nacnac)Mg = [Mg]) were reported by Hill’s and Harder’s groups, individually.®*
361 Stoichiometric reaction of the [Mg]nBu complex with two equivalents of DMAB produced the [Mg]
ligated with anion [NMe,BH,NMe,BH;]" which converted to [NMe,-BH,], (20% yield) after heating
for 16 hours at 60 °C with concomitant formation of a small quantity of dimeric magnesium hydride
{[Mg]H(THF),}, (7). When using a loading of 5 mol% 6, (Dipp)NH,-BH; could be obtained
quantitatively and was cleanly transformed to HB[NH(Dipp).],, BH; and H, in toluene at 20 °C.
[Mg]NH(DIPP)BH; (8) and {[Mg]BH4}, (9) were characterized as active catalyst and a possible

intermediate, respectively.

Ca amidoborane complexes (Dipp-nacnac)CaNHRBH; synthesized by reaction of [(Dipp-
nacnac)CaH(THF)], (10) ((Dipp-nacnac)Ca = [Ca]) and AB, MAB, iPrNH,-BH; and DippNH,-BH;

36d. 361 Analogous mono- and

with H, evolution were reported by Harder’s group (Scheme 2).!
bimetallic Mg amidoborane complexes for supplying valuable insight into the thermal release of
hydrogen from metal amidoboranes were published by the same group as well.*” For Ca coordinating

to amine boranes with small substituents, heating in benzene gave dimerized products [(Dipp-
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nacnac)Ca(THF),],(RN-BH-NR-BH3) (R = H (11) , iPr (12), R = Me (13)). With sterically demanding
amine substituent Dipp, an amidoborane complex [(Dipp-nacnac)CaBH,=NDipp(THF)] (14) is formed.
Secondary Ca amidoborane complex [(Dipp-nacnac)Ca(NMe,BH;)(THF)] (15) did not react with

<l In contrast to Mg and Ca complexes

amine boranes even using an excess of the substrate.!
mentioned before, reaction of (Dipp-nacnac)AlH, (16) and DippNH,-BH; gave (Dipp-
nacnac)Al(BH4), (17) and DippNH,, no H, was released from this reaction.”® It should be
emphasized that when reacting with AB, partial (Dipp-nacnac)AlH, can dissociate two hydrides and

chelate to a ligand [HN(BH=NH),]>" which is a dianion, isoelectronic with a p-Diketiminate.”*

Dipp
J'N‘M/R _ [M]/RI M = Ca, Zn, Mg
oy (THF)  — (THF), R' = H, N(SiMe;),
Dipp
RNH,-BH; R
gTHF)x ’ (THF) /’,TTL\
R' / -Hz Yt HB- O3,
M) M]— R M= 223
THF N T |
( )x s/ \H M=Ca s, RN 4 \
‘8 o % L3 (THF),
HR' Ha R =H, Me, iPr B
Hs

R =H, Me, iPr, Dipp

M=2Zn
R = /Pr
-Ha THF
[C‘\a]\;N,R
[Zn]-H + R(H)N=BH, H-g
H

Scheme 2. Overview of the formation and decomposition of main group metal amidoborane complexes.

2.2.2. Category 2 complexes

The dehydrogenation of amine boranes using homolephic category 2 complexes is summarized in
Table 1. In dehydrogenations of DMAB using Mg[CH(TMS),], (TMS = trimethylsily), formation of
the anionic ligand [NMe,BH,NMe,BH;] takes place as result of dimerization of the substrate (Scheme
3).°%I Although the corresponding Ca complex can consume the same substrate, there was no triplet
resonance assignable to the appearance of [NMe,BH,NMe,BH;]. "B NMR spectra of DMAB
dehydrogenation experiments promoted by Ca and Mg were similar. The authors, based on the
dehydrogenation ability of the metals, proposed that efficacy of this insertion and subsequent - or o-
hydride elimination steps is assumed to be dependent upon the charge density and polarizing capability
of the participating group 2 centers. A catalytic cycle for B-N bond formation was proposed. Other
two group 2 elements strontium and barium were also tested.**) Mg[N(SiMe;),], can extract hydrogen
form DMAB and iPr,NH-BHj in high yields via 8-hydride elimination. Reactions of secondary amine

boranes with Sr and Ba complexes gave metal amido-borane complexes of the type M-NMe,BH; or
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M-NiPr,BH;, no further reaction was observed. When AI(III) category 2 complexes Al(NiPr;); and
Al(NMe,); were employed to dehydrogenate DMAB, iPr,NH-BH; and BuNH, BH;"* both of them
show better catalytic capability on consuming amine boranes with smaller substituents. In addition to
that, the authors also isolated [H,Al(u-NiPr,)], (18) from a reaction of Al(NiPr,); and iPr,NH-BH;.
Complex 18, according to the authors, probably is the real catalyst of reaction and can transform the

substrate iPr,NH-BH; as well.

LM—R
MEQNH‘BH3
-RH
Me,

LM "BH, H;

L B

Ho H P
MEZN“ ,‘NMez

. o LM |
[ — BH elimination "BH;4
Meo,NH:-BH
. . LM—H Bbls
NMe,
_NMe
M7
& — BH elimination Bl
Me,N—BH; H- N me
|
H,B—NMe, Hzg.'ﬂ\'ﬂMe
| _BH
MeN~ -

HB(NMEQ}Z + BH3

B — BH elimination

Scheme 3. Proposed mechanism for the catalytic dehydrocoupling of DMAB by main group metal complexes.™”

Table 1. Main group catalyzed dehydrogenation of amine boranes.*6 3¢ 36h]

Substrate Catalyst (I;r(l)sld (1;; g) Product Con(x;zr)sion © Cc,(ilr,lii(;[isgn ) 5?11;
DMAB Mg[CH(TMS:3),]» 5 [NMe,BH;], 100 60, 72, C¢Dg 0.28
iPr,NH-BH;  Mg[N(SiMes), ], 5 iPr,NBH, 100 25,1, C¢Dg 20.00
DMAB Al(NMe,); 8 [NMe,BH;], 80 25,120,C;Dg  0.08
DMAB Al(NMe,); 5 [NMe,BH;], 100 50, 48, C;Dg 0.42
iPr,NH-BH; AI(NiPr,); 2 iPr,NBH, 100 20, 2, C;Dg 25.00
iPr,NH-BH; AI(NiPr,); 10 iPr,NBH, 100 60, 2, CsDs 5.00
iPr,NH-BH;  [HoAl(u-NiPr,)], 0.5 iPr,NBH, 50 20, 96, C;Dg 1.04
BuNH, -BH; Al(NMe,); 3 [rfBuNBH]; 13 20, 96, C¢Dg 0.05

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

Dehydrocoupling of AB, /BuNH,-BH; and DMAB promoted by tin catalysts was presented by
Waterman and co-workers.®” Three Sn compounds Cp*,SnCl,, Ph,SnCl, and SnCl, were examined in
the catalytic dehydrogenation of amine boranes. By comparing NMR spectra and dehydrogenation
profiles of amine boranes catalyzed by three tin catalysts, the authors concluded that the oxidation
state of the metal does not affect the nature of catalytic dehydrocoupling of amine boranes. Only the

relative rate of dehydrocoupling is affected.

Table 2. Dehydrocoupling of amine boranes using tin catalysts. *

Cp *zanIQ th Sl’lClz SHC12

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

AB 100° 1 100° 1 100° ~18h
/BuNH, BH; 95 5 93 4 84° 5
DMAB 69 6 47 4 23 5

% reaction conditions: at 65 °C, 10 mol% loading, Sn(IV) in C¢Dg, Sn(II) in THF-ds. ° reaction in THF-d. © 5 mol% loading.

2.3. Transition metal complex catalyzed dehydrogenation of amine boranes

2.3.1. Group 3 complexes

After having published works on Mg and Ca complexes, Hill’s group further investigated DMAB
dehydrogenation mediated by [Sc{N{SiMes},};(THF),] and Y[N(SiMe;),]; in 2010, for getting better
insight into relationship between catalytic activity and cationic charge density and radius.*> Full
consumption of DMAB is observed in benzene at 60 °C after twelve hours when using 3 mol% of
Y[N(SiMe;),]5. The cyclic dimer [NMe,-BH,], is formed in 90% yield. In contrast, for Sc[N(SiMes),];
case, dehydrocoupling of DMAB occurs almost quantitatively in only one hour and selectively gives
the same product. In both cases, ''B NMR spectra show ambiguous signals probability due to
[NMe,BH,NMe,BH;] according to similar experiments using Mg and Ca complexes (see chapter
2.2.2). To shed light on the dehydrocoupling mechanism of both group 3 complexes, a stoichiometric
reaction between the Sc amide complex and four equivalents of DMAB was carried out and lead to a
new pseudo-pyramidal Sc(III) complex that contains an amide ligand N(SiMes), and two
[NMe,BH,NMe,BH;] ligands that were formed by dehydrodimerization of two molecules of DMAB.
The authors concluded that activity of metals is qualitatively ordered as Sc > Y > Mg > Ca. Meanwhile,

these metals dehydrogenate DMAB in a similar mechanism.

In 2013, Chen’s group presented an extremely active 1-methylboratabenzene yttrium alkyl catalyst for
dehydrocoupling of DMAB after it was synthesized by their group.*” The reported TOF value of
yttrium complex (CsHsBMe),YCH(SiMes), (19) of up to 1000 h™ in benzene solvent at 50 °C with 0.5
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mol% loading is higher than for any other early transition metal catalysts. Over 99% of substrate was
transformed into the cyclic dimer [NMe,-BH,],. ''"B{'"H} NMR spectra indicated that linear dimer
BH;-NMe,-BH,-NHMe, as intermediate arose during reaction and was gradually converted into
[NMe,-BH,],. Apart from that, a Lu complex bearing the same ligand (20) and boratabenzene Y (21)
and Lu (22) alkyl complexes containing a more electron donating NMe, group on boratabenzene
(Figure 4) were also tested in this paper. All of them showed far less activity. Evidently, catalytic
capability of rare-earth metal complexes is highly depended on the identity of ligands and metal ions.

Systematic studies on structure-activity relationships are however rare.

@\ @\

Ln-CH(SiMe3), Ln-CH(SiMes),
Ln=Y (19) Ln=Y (21)
Ln = Lu (20) Ln = Lu (22)

Figure 4. Rare-earth metal boratabenzene complexes for DMAB dehydrogenation.

Rare-earth-metal hydrides [{(1,7-Me,TACD)LnH}4] (1,7-Me,(TACD)H,=1,7-dimethyl-1,4,7,10-tetra-
azacyclododecane, Ln=La, (23) Y (24)) (Figure 5) were shown to catalyze the dehydrogenation of
secondary amine borane DMAB by Okuda, Maron and co-workers in 2013."1 All DMAB
dehydrogenation reactions were performed at 60 °C in THF and monitored by ''B NMR spectroscopy.
It took Y hydride complex 48 hours to convert 95% of substrate into the cyclic dimer [NMe,-BH,],
(75%) and diamineborane (NMe,),BH (25%). Most remarkably, complete transformation of the same
substrate into products [NMe,-BH;], (79%) and (NMe,),BH (21%) via La hydride complex is possible
within only two hours. To better explore the dehydrogenation process, complex 23 was reacted with
two, eight and twelve equivalents of DMAB, respectively and gave a series of structurally
characterized intermediates which gave evidence for the coordination and activation modes of DMAB
and intermediates for its dehydrogenation that were trapped in the coordination sphere of a rare-earth

metal center.

....

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

Figure 5. Rare-earth metal hydride complexes for DMAB dehydrogenation.
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More recently, five examples of highly active Th and U metallocene complexes were explored for
DMAB dehydrogenation by Erickson and Kiplinger (Scheme 4).**' All complexes exhibited
outstanding activity in benzene under the same conditions. At catalyst loading of 0.5 mol%, TOF
values of up to 200 h™' (complex 25) and 400 h™' (complex 26) were observed. These values are among
the highest for DMAB dehydrogenation catalysts and demonstrate similarities in catalytic activity
between (1) Th versus U catalysts, (2) dialkyl versus hydride catalysts, or (3) U(IIl) versus U(IV)
hydride catalysts. A mechanism for dehydrogenation of DMAB by the five complexes was proposed

as well (Scheme 3).

An An An
Me /A H’ﬁ/ \% H/ ?,
An = Th (25), U (26) An = Th (27), U (28) (29)
MEQHN'BHg
+
+H;
[Cp*2UH], [Cp*UH,] H,
T2 /B\ /BH3
Me,HN™ N
Mez
- 3H,
2 MEZN=BH2
Hy H 2 Me,HN-BHs;
Cp*zu/ NM92
B—NM62
HoB—NMe; Ha
I
MezN*BHz

Scheme 4. Actinide complexes for the catalytic dehydrogenation of DMAB and proposed dehydrogenation cycle.

2.3.2. Group 4 complexes

A titanocene system was reported by Manners and co-workers for dehydrocoupling of DMAB after it
was successfully put into dehydrocoupling of secondary silanes by Corey and co-workers.*! The
results showed that the titanocene complex generated in situ from Cp,TiCl, (30) and nBuli was
suitable for dehydrogenative coupling reaction of DMAB (Scheme 5), or more sterically encumbered
iPr;NH-BHj; in toluene with 2 mol% loading at 20 °C. Substrates were completely consumed and
transformed into [BH,-NMe, ], and diisopropylamino borane in four hours and one hour, respectively.
Next, the catalytic capabilities of group 4 metallocene fragments [Cp,M] (M= Ti, Zr, Hf) and
derivatives which were generally synthesized by Cp,MCl, and nBuLi was tested. Also, (Cp,Ti(PMe;),)
(31) was investigated in the dehydrocoupling of DMAB and iPr,NH-BH3."*" From the collected

catalytic data for using these group 4 complexes, phenomena were rationalized. First, decrease in
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catalytic activity can be associated with descending the group. This was pointed out before by Chirik
and co-workers as well in their report on titanocene and zirconocene -catalyzed DMAB
dehydrogenation, in which the TOF of a titanocene system was more than 430 h™ at 23 °C. In contrast,
TOF values for similar zirconocene complexes for substrate dehydrogenation were less than one under

the same conditions.™”

Sterically demanding substituents have a negative effect on the
dehydrogenation as well. Moreover, the secondary amine boranes neither react with Ti(0) nor Ti(III)
complexes supporting the presence of a catalytically active Ti(I) complex. Analysis of ''B NMR
spectra of catalytic reactions showed that DMAB is first transformed to linear dimeric BH;-NMe;-
BH,-NHMe,, and then converted into the cyclic dimer [BH,-NMe,], on the metal center, which was
also reported by description of Weller and co-workers for DMAB dehydrocoupling using a
[Rh(PCys),]" catalyst.*! The catalytic cycle depicted in Scheme 5 was also computed by Luo and

Ohno, however, the presence of the intermediate Cp,TiH, was not confirmed experimentally.

H
LA\ H
Cpng\N/B
H M92 MEQNH'BH3
CpaTiH, BHy-NMe,-BH,-NHMe,
(Cp,Ti] Ha
Ha
Cp,TiH BH,-NMe,-BH,-NHMe
HoB—NMe, P2tz 3TNVez B2 2
|
MezN*BHZ
H
i
H—B

"~ HONM
’ _.H NMe;
Cp,Ti: BH,
? /

“H,/Nl\/le2

Scheme 5. Proposed catalytic cycle of DMAB dehydrogenation using titanocene.

Titanocene and zirconocene alkyne complexes of the type Cp.M(L)(n*-Me;SiC,SiMes) [Cp = 1°-
cyclopentadienyl; M = Ti, no L (32); M = Zr, L = pyridine (33)]""! (Figure 6) and their derivatives
were applied to dehydrogenation of DMAB by our group in 2011."¥! All reactions were conducted at
24 °C in toluene with 2 mol% catalyst loading. Unlike the active species [Cp,M] in situ activated from
CpoMCl, and nBuLi, metallocene complexes used by our group could dehydrogenate DMAB. Yields
of hydrogen gas in 16 hours were 86% (M = Ti) and 42% (M = Zr). Sterically more demanding Cp*
complexes were not active for dehydrogenation. Experimental phenomena observed here were similar
to those reported by Manners. Additionally, two amide complexes Zr(NMe,), and Ti(NMe,), were
employed with good hydrogen yields (86% and 87%). However, Ti(OiPr); and TiCl,; showed no
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activity which indicates that the amido functionality plays a crucial role for the performance of the
catalyst and how important a key group is to undergo insertion reaction to initiate the catalytic cycle.
In a later report, dehydrogenation of HB was described using 2 mol% concentration of these
complexes at 25 °C and 50 °C in THF.""" Among them, (iPrCsH,),Ti(n*-Me;SiC,SiMe;) (34) showed
the best performance and can completely decompose HB to H, and N, in 32 hours at 50 °C. Using an
in  situ  synthesized  titanocene  hydrido  complex  (Cp*,TiF,/iBu,AIH) (Cp* =
Pentamethylcyclopentadienyl) and dimeric zirconocene dihydride complex [rac-(ebthi)ZrH-(p-H)],
(35) (ebthi = 1,2-ethylene-1,1’-bis(n’-tetrahydroindenyl)) also gave full conversion of HB and
indicates that a metal hydride complex may play an important role as intermediate./*” Nevertheless,
there are drawbacks of these Ti and Zr complexes for HB dehydrogenation. First, they cannot
selectively extract H, from substrate, N, is always liberated during dehydrogenation. Then, to date,
regenerating spent HB is impossible. Last but not least, evolving H, from these Ti and Zr catalyzed

systems is too slow to be applicable.

=7  SiMes @\ _P(tBu), )@'cmh

W4 \Zr/ PABu),

D T e

M = Ti, no L (32) (36) (37)
M = Zr, L =Pyridine (33)

Figure 6. Group 4 metallocene complexes for dehydrogenation of amine boranes (anion portion of 36 and 37 are omitted).

In 2013, two organometallic frustrated Lewis pairs systems (OFLP) [Cp’,ZrOC¢H4P(1Bu),][B(CgsFs)4]
[Cp' = Cp (36) or Cp* (37)] based on cationic zirconium Lewis acids with phosphorus bases were
reported by Wass and co-workers (Figure 5).°% Treatment of AB with 5 mol% of 36 and 37 in
fluorobenzene at room temperature gave the main product linear polyaminoborane and trace amounts
of borazine. Complex 36 is capable of dehydrogenating diisopropylamine borane under the same
conditions resulting in a monomeric aminoborane after three hours with 100% conversion. It is
noteworthy that DMAB can be 100% converted to the cyclic dimer [NMe,-BH,], using 1 mol% of 36
within ten minutes, presenting exceptional activity (TOF is 600 h™") among known group 4 catalysts.
Its Hf analogue was also active for DMAB dehydrogenation (99% yield after one hour at 1 mol%

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

:; $/ 2
(tBu), =" H
P Isolated for [ZFI\
[z (1] = Cp*,2r 0 PUBU)2
Isolated for
[Zr] = Cp*yZr
tBu /{

[Zr] RzN BH,
Isolated for products

[Zr] = Cp*oZr

Scheme 6. Proposed catalytic cycle for amine borane dehydrogenation by zirconocene complexes.

More recently, titanium analogues of Zr OFLPs were synthesized by our group for dehydrogenation of
DMAB (Figure 7). Two conditions were used: dehydrogenation of DMAB in toluene solvent at
25 °C as well as dehydrogenation of a DMAB melts without additional solvent. Among these
titanocene complexes, 38 has the highest activity under solvent-free conditions after 24 hours (TOF is
43 h'") and was stable enough to run long-term experiments by adding fresh substrate several times.
Measurement of EPR spectroscopy under the best condition exhibited that paramagnetic Ti(Ill) species
was present throughout the dehydrogenation process. These titanocene complexes also show that the
sterically bulky substituents on phosphine moiety and cyclopentadienyl ligand have a significant

negative effect on the catalytic activity.

= ¥ =
L E@"@

R = iPr (38) or Ph (39) = iPr (40) or Ph (41)

Figure 7. Titanocene complexes for dehydrogenation of DMAB.

2.3.3. Group 6 complexes

In 2014, two Mo complexes containing a p-terphenyl diphosphine ligand were presented by Agapie’s
group, both of which were able to abstract more than one equivalent of hydrogen from AB (Scheme
7).52 Using the corresponding Mo(0) dinitrogen complex (42) (5 mol%) in diglyme at 70 °C, two
equivalents of hydrogen were released in 6.5 hours, 2.5 equivalents were released in 15 hours. During

the catalysis, complex 42 was transformed into a Mo(H)(NH,BH;) (43) intermediate via N-H
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oxidative addition to the Mo center first, followed by formation of Mo(Il) dihydride (44) through j-
elimination. Release of H, and reaction with AB closes the catalytic cycle. Under the same conditions,
Mo bis(acetonitrile) complex (45) could liberate two equivalents of H, in 8.5 hours and its initial rate
was significantly higher than that of 42. In the case of 45, it was initialized by B-H terminus to give a
Mo(II) monohydride (46). Reaction of the monohydrido complex with AB results in a Mo(IV)
trihydride (47) which could release hydrogen to yield a dihydrido complex containing a [NH,BHj3]
ligand (48). From this, [NH,BHs] is released to form polyborazylene and further hydrogen. It is easy to
conclude that the Mo oxidation state significantly affects the efficacy of the dehydrogenation catalysis,
which is also seen for Fe-based systems.”” Dehydrogenation promoted by both catalysts was
homogenous and free [NH,BH,] was trapped as intermediate. These well-defined systems supported
by the p-terphenyl diphosphine ligand have been studied mechanistically and exhibit different reaction
pathways as a function of metal oxidation state. A series of isolated Mo hydrides (Mo"(H),, [Mo"(H)]",
and [Mo''(H);]") were found to support catalysis for the dehydrogenation of AB during reaction by the
authors. In addition to that, commercially available group 6 carbonyl complex Mo(CO) as well as
Cr(CO)g, and W(CO)s were put into dehydrocoupling of a series of primary and secondary amine

boranes under photocatalytic conditions by Kawano and co-workers.”"!
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tPr 1F'r ,p; " ,,:Pr
jPr} 'o ,tF’r P M? P. NH:BH; + +
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HoN=BH, —— Polyborazylene
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Scheme 7. Proposed mechanism for Mo(II) (right) and Mo(0) (left) catalyzed AB dehydrogenation.

2.3.4. Group 7 complexes

In 2017, a new neutral N-heterocyclic phosphenium (NHP) complex of manganese (49) was
synthesized and characterized by Gudat and co-workers (Scheme 8).°°! The authors first postulated
that in a reaction with AB the manganese phosphenium complex may bind the H'/H" pair to the Mn-P

double bond in one-step, however they observed that the complex catalyzed dehydrogenation of AB.
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The results showed that 2.5 mol% NHP ligated Mn complex could completely consume AB (> 99%)
within 24 hours with borazine and condensed borazine oligomer being formed when 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 dehydrocoupling products, borazine cyclotriborazane (CTB), and
polyborazylene were found. During the reaction, [NH,=BH,] was trapped using cyclohexene and the
hydroborated product was observed as intermediate by ''B{'"H} NMR spectroscopy. There are two
reasonable pathways which, based on experimental and computational results, can explain the catalytic
cycle. In the first pathway, the catalyst displays metal-ligand cooperativity, transferring proton and
hydride to Mn and P individually. In the other pathway, hydride and proton are transferred to the P and
N atoms in a ligand-centered reaction where Mn only plays a role as a stabilizing substituent (Scheme

8, R = Dipp). According to experimental findings, the second pathway was preferred.

NH3-BH; + H, [NH,J[BH,] —— NH3BH; +H;
HQN BH,
HN= BH2 H
+H, R (49)
P=Mn(CO
R BH E 'P=Mn(CO) [ Hi=Ee
N H H

[ F—Mn(CO)s NHy BH; NHy-BH,
N R BHs NH; HNHBo R
R E""2 N, H H
N HH [ "P—Mn(CO), [ P Mn(cca)4
+ [ FMn(CO), HN=BH,
H N=BH, ‘
R NH;

N H H
[PMn(co;4 NHH [PMCO

N J/ [ P—Mn(CO), n(CO)4

NH3 BH,

NHa-BHg NHg-BH;
Metal-ligand cooperativtiy Ligand-centered reaction

Scheme 8. Calculated pathways for the catalytic dehydrogenation of AB with Gudat’s Mn complex.

In 2018, Kays and co-workers published their work on dehydrogenation of DMAB using two- and
three-coordinate manganese m-terphenyl complexes as precatalysts (Figure 8).°° All three precatalysts
(5 mol%) can consume over 90% of substrate at 60 °C. In addition, dehydrocoupling of DMAB
catalyzed by complex 50 and 51 proceeds via homogenous catalysis, however, the same reaction
mediated by complex 52 is heterogeneous catalysis. The authors proposed this difference result from
steric differences of the ligands, thus giving different stabilities of the Mn(0) catalyst under reaction
conditions.

A manganese catalyst analogous to the Fe complex published by Manners’ group””

was also explored
for dehydrocoupling reaction of various amine boranes under photoirradiation by Kawano and co-
workers.” [CpV(CO),] and [(n®-C¢Hg)Cr(CO)s] were employed for dehydrocoupling of AB, primary

and secondary amine boranes under the same conditions in this report as 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.

Since rhenium complexes are useful for catalytic C-H activation and amine boranes are isoelectronic
to alkanes,””' Berke and Jiang presented their work on hydrogen transfer using the Re complex
[ReBr,(NO)(PR;),L] (R = iPr, L = H;, (53), CH;CN (54) and ethylene (55); R = cyclohexyl, L = H,
(56), CH;CN (57) and ethylene (58)) as catalyst and DMAB as hydrogen source.®! All reactions were
carried out in dioxane at 85 °C with catalytic amounts of the Re complex (1 mol%). The conversions
of DMAB in reactions mediated by different Re complexes were higher than 88% and only cyclic
dimer [NMe,BH,], formed as BN-product. Hydrogen thus produced by the Re catalyst can be directly
transferred to alkenes to give alkanes. A mechanistic cycle of transfer hydrogenation was postulated

by the authors and is shown in Scheme 9.
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Scheme 9. Hydrogen generation (A) and transfer hydrogenation using a Re catalyst (B).

Additionally, several five-coordinate Re hydride complexes [ReBr(H)(NO)(PRj),] (53, 56) were
applied for dehydrocoupling of DMAB and transfer hydrogenation of olefins by Berke, Jiang and co-

workers.®"! These five-coordinate Re complexes and the corresponding NHC ligated Re complexes
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were suitable catalysts with higher TOF (R = cyclohexyl, TOF = 77 and 100 h, respectively)
compared with their former report (TOF = 24 h"). After catalysis, the corresponding Re dihydrogen

hydride complexes were observed as the only remaining organometallic species.

2.3.5. Group 8 complexes

In 2014, Guan and co-workers presented three Fe pincer complexes bearing a POCOP ligand, [2,6-
(iPr,P0O),CsH3]Fe(PMes),H (59), [2,6-(iPr,PO),C¢H;]Fe(PMe,Ph),H (60) and [2,6-(iPr,PO)2-4-
(MeO)-C¢H,]Fe(PMe,Ph),H (61).! All three Fe complexes showed extraordinary catalytic activity
releasing 2.3 to 2.5 equivalents of hydrogen from AB (1.0 M solution in 1:4 THF/diglyme) at 60 °C
within 24 hours. Among the three catalysts, complex 61 performed best in terms of rate and degree of
hydrogen evolution. Measurement of the kinetic isotopic effect (KIE) for this best iron pincer catalyst
suggested that proton and hydride should be transferred from substrate to catalyst simultaneously.
Other details were confirmed as well, such as the presence of [NH,=BH,] during reaction and the fact
that some substrate may be dehydrogenated via significantly slower cross coupling. Also, the rate that
iron catalyst consumes AB was partially determined by catalyst deactivation. A proposed catalytic
cycle is depicted in Scheme 10. In our group we have tested one of Guan’s complexes 60 for HB
dehydrogenation and found that the complex was not suitable for HB dehydrogenation.*”
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Scheme 10. Proposedd AB dehydrogenation mechanism promoted by a POCOP Fe complex.

In 2007, Fe complex FeH(CH,PMe,)(PMe;); (62) was mentioned by Baker’s group in the Supporting
Information of a paper introducing Ni(NHC), complex for AB dehydrogenation.!*” The iron complex
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only had a moderate AB dehydrogenation ability in THF at 20 °C after four days reaction time and the
conversion could not reach 100%. The iron complex then was also applied for further exploring what
structures forms during the second dehydrogenation step in amine borane dehydrocoupling.'® It
should be highly emphasized that except from formation of insoluble polyaminoboranes and
polyborazylene, a soluble B-N-intermediate, the tetrameric B-(cyclotriborazanyl)amine borane can be
formed as well and has in fact been isolated and characterized completely for the first time during
formation of borazine derivatives and B-N cross-linked oligomers. Baker’s group then tested four
different amino and phosphine supported Fe dehydrogenation catalysts,**! namely a three-coordinate
Fe(PCy3)[N(SiMe;),]»  (63),  four-coordinate = Fe(DEPE)[N(SiMe;),]» (DEPE = 1,2-
bis(diethylphosphino)ethane (64), a Fe complex coordinated with bidentate PP/NN ligands (65) and its
PN analog (66). For complexes 63, 64 and 66, the amount of hydrogen released from AB was up to 1.7,
1.2 and 1.5 equivalents, respectively (Figure 9) and the B-N products formed were mixtures of
polyaminoboranes and highly dehydrogenated products such as borazine and polyborazylene. By
contrast, complex 65 only promoted release of one equivalent of hydrogen and linear
polyaminoboranes were obtained, which according to the authors, made 65 suitable for rapid and
selective polymerization of amine boranes. Besides, based on the observation of B-N bond formation
in complex 65, they also find that if these complexes are able to compare with other outstanding
catalysts, the basicity at N atom in bifunctional catalysts needs to be controllable. Although complexes
63-66 were useful for dehydrogenation, identification of the catalytically active species was not
possible in each case, these complexes more likely should be regarded as precatalysts that react with

AB to form the catalytically active species.
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Figure 9. Fe based dehydrogenation catalysts reported by Baker and co-workers.

In 2015, (PNP)Fe(CO)(H) (PNP = N(CH,CH,PiPr,),) (67) was applied for dehydrogenation of AB at
room temperature in THF by Schneider and co-workers.” This well-defined base metal complex was
an extraordinary catalyst and gave a high TON for AB dehydrogenation, which could even be tripled

when adding NEt;, which captured the catalyst poison BH;. Even when using a catalyst loading as less
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as 0.5 mol%, AB could be fully converted (TON = 200) (Scheme 11). The ''B MQMAS NMR
spectrum of the dehydrogenated residue suggested a polyaminoborane structure close to that of the
material produced by a similar Ru complex.®” Taken all information together, the authors proposed a
catalytic cycle for dehydrogenation that resembles that for the Ru complex. Based on direct and
indirect evidence from experiments and computation, the authors suggest that polymerization occurs at

the Fe center and the free borane as poison leads to diaminoborane rearrangement.
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Scheme 11. Proposed mechanism for AB dehydrogenation by Schneider and co-workers.

Later, our group showed that complex 4 can serve as a precatalyst for formation of high molecular
weight poly(methylaminoborane) by dehydropolymerization of MAB. Release of BH; from the
precatalyst generates a Fe dihydride species (68) which was observed spectroscopically and most
likely represents the resting state of the catalyst. Release of H, from this species forms an intermediate
in which the aminoborane [MeNH=BH,] is coordinated (Scheme 12, R = Me). After elimination of
this, formation of the polymer takes place, probably in an off-metal process with some involvement of
the Fe center. This Fe complex 4 was employed to dehydrogenate HB under the same conditions by
our group t00,! and as found before for AB, complex 67 displayed a high activity and it took 30
minutes to evolve the first equivalent of hydrogen and a maximum of approximately 2.6 equivalents of
hydrogen can be extracted along with formation of a thermally unstable hydrogen deficient B-N
material. Air sensitivity and thermal instability of highly dehydrogenated HB residues was reported
before by Demirci.®”! Additionally, it was confirmed by our group once more that free hydrogen could
reversibly bind to 67 just as Beller’s group and Guan’s group mentioned in the field of hydrogen

[20c, 70

transfer T'and finally return to catalytically active 68 (Scheme 12, R = NH,).
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Scheme 12. Presumed catalytic cycle given by our group for HB dehydrogenation.

In 2011, Manners and co-workers found that the commercially available Fe complex [{CpFe(CO),},]
(69) is suitable for catalytic dehydrogenation and dehydrocoupling reactions of ammonia borane,
primary amine boranes and secondary amine boranes.”” It is noteworthy that this Fe complex was the
first efficient system working for the these purposes (the Fe complex reported by Baker et al.'**! is just
briefly introduced in Supporting Information and cannot fully convert the substrate) and must be
activated by photolysis. Published data on reactions of different amine boranes with the Fe complex is
summarized in Table 3. It is known that the dimeric Fe catalyst undergoes CO loss and is thus cleaved
to afford mononuclear species under photolysis conditions which then generate several coordinatively
unsaturated, catalytically active species during the catalytic process.”” As a consequence, the

catalytically active form could not be identified by the authors.

Table 3. Products of dehydrogenation of different amine boranes using 69.

Substrate Product 1 Time (h) Yield (%) Product 2 Time (h) Yield (%)
Me,N—BH,
Cod - - -
DMAB H,B-NMe, 4 100
Me
Me H.B,I{ISB,H
MAB N-BH, 3 90 NN 13 60
| n Me™ "B "Me
H
H, 1 65 H 1 5
A H N, H.g-Nsg-H
B B BH Ui |
H:B.. - S22 N 2N
’ N, 0, 3 62 R 3 35

reaction conditions: in THF, 20 °C, photolysis, 5 mol% catalyst loading.
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Later, the same group showed how the dinuclear precatalyst 69 mediates the dehydrogenation of
DMAB. Apart from this, a Fe mononuclear catalyst CpFe(CO),I (70) and another Fe catalyst
Cp,Fe (CO);(MeCN) (71) (Figure 10) which is formed by irradiation of 70 in MeCN were also
employed. The authors showed that complexes 70 and 71 operate as heterogeneous catalysts, forming
Fe nanoparticles (NPs, d < 10 nm) through loss of CO under UV light. These species dehydrogenate
DMAB to form [Me,N=BH,], which is finally cyclized to give the dimer [Me,N-BH;],. In contrast, 70
dissociated an iodide ligand and then took part in dehydrogenation and dehydrocoupling as
homogenous catalyst under the same conditions. In this case, DMAB is first dehydrocoupled to give
the linear dimer as a key intermediate, and then forms [Me,N—BH,], as well at the second stage with
release of hydrogen. Experimental and computational studies showed that the catalytic cyclization

involves amine borane ligated [CpFe(CO)]" as a key intermediate (Scheme 13).
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Figure 10. Fe catalysts employed by Manners and co-workers.

Me,N-BH, CpFe(COl

H,B—NMe,
Me,NH-BH2 S
" Ha
=G0 Me;NH-BH4
== "
Fe— Me,NH-BH
oc— |e H H € 3
H—H \B
o / \‘/N—'Me o
e—N_ Me *
wd By o &
H Fle H
Fle\ H oC” | TH H
oc” N\ H\ o H—H \/ N —Me
H /N & / Me
@ MEQNH BH3
F -
oc /e H H
\B/,N(Me Me,NH-BH,-NMe,-BH;
\ o Me MEENH BHZ NMez BH3
B—N-
/N | "Me "
H HMe H,
MEQNH'BHS

Scheme 13. Possible catalytic cycle of two-stage DMAB dehydrocoupling using complex 70.
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In 2013, Morris and Sonnenberg first reported on a Fe NP heterogeneous catalytic system for
dehydrogenation of AB,’” (the aforementioned Fe heterogeneous catalytic system reported by
Manners et al. was described earlier, however the authors did not identify the active form of the
catalyst at that time"®”) inspired by their earlier hydrogenation and transfer hydrogenation work on a
catalytic systems originating from [Fe(MeCN)(L)(PNNP)][BF4], (L = MeCN or CO and PNNP =
(PPh,C¢H4,CH=NCHR-), and Ru(PN)."* It turned out that using complex 75 (Figure 11) release of one
equivalent of hydrogen needs less than a minute and up to 1.83 equivalents of hydrogen can be formed
within one hour under the optimized conditions (i.e. THF, 22 °C, KOfBu as base). First generation Fe
complexes are converted to Fe NPs (d = 4 nm) at the beginning and are coated in and stabilized by the
PNNP ligand. They also found that reactive B-N intermediates may bind to the active sites of Fe NPs
during dehydrogenation of AB which leads to catalyst deactivation. This could explain the
phenomenon that hydrogen evolution starts with a high initial rate (maximum TOF is up to 3.66 s™)
and apparently slows down over time. Steric and electronic changes at the Fe catalyst had little effect
on the catalytic activity of the system. Different from the first generation, the second generation
Morris’ catalyst is much less active than the complexes 72-75 and acts as a homogenous catalyst.
Experimental results indicated that Fe NPs probably generated during catalysis, but they did not

explain why the dehydrogenation mechanisms of first and second generation catalysts are different./’>
74]

[BPhg4]

R Ph Ph
—N, L N= —N,, FO N~
Fe. [ Fe. j
| |
P/ N \PQD P/ Br\P
P hs

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. Morris’ precatalyst for AB dehydrogenation.
Apart from these complexes, other Fe complexes were reported by different groups as candidates for

the dehydrogenation and dehydrocoupling of amine boranes in recent years, a selection is shown in

Figure 12.1"*
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Figure 12. Iron catalysts for dehydrogenation and dehydrocoupling published in recent years.

In 2009, Schneider and co-workers presented a Ru(Il)pincer amido complex (PNP)Ru(H)(PMes) (77)
(PNP = N(CH,CH,PiPr,),) which could reversibly bind and release hydrogen and thus be transformed
between amino, amido and enamido forms via heterolytic H, activation reactions (Scheme 14)."” The
authors found that the Ru catalyst had an extraordinary performance on dehydrogenating AB in THF
at 25 °C, catalyst loading of 0.1 mol% and 0.01 mol% producing slightly more than one equivalent and
0.83 equivalent of hydrogen, respectively. The data of dehydrogenated AB characterized by powder
X-ray diffraction, IR, "B NMR-MAS showed the presence of linear oligomer (BH,-NHo),.. In addition
to that, trace amounts of borazine were formed in solution which explains the H, yield being slightly
above one equivalent. The mechanism of dehydrogenation was deeper analyzed by determination of
KIEs. The KIE values using a catalyst loading of 0.1 mol% were 2.1 (H;N-BDs), 5.2 (D;N-BHj3) and
8.1 (D3N-BDs). These results indicated that a concerted N-H and B-H bond activation at metal center
and ligand was the rate-determining step. Later, the same authors reported on DMAB dehydrocoupling
using the same Ru amido complex 77 and Ru amino complex (PNHP)Ru(H),(PMe;) (78) (PNHP =
HN(CH,CH,PiPr,),)."*) Aminoborane cyclodimerization (i.e. the dehydrogenation and B-N coupling
process) was found to be on-metal. Additionally, a stable deactivated PNP Ru complex showing a
four-membered Ru-N-B-H metallacycle was found which gave valuable suggestions for further
catalyst design. In 2013, Schneider and co-workers presented a mechanistic study of amine borane
dehydrogenation using 78 which involves metal-ligand cooperation.”” For drawing the conclusion,
experimental KIE (H;N-BD3, D;N-BH; and D;N-BD;) were determined and computational studies of
the Ru amido complex and Ru amine complex (PNMeP)Ru(H),(PMe;) (79) (PNMeP =
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MeN(CH,CH,PiPr,),) were performed. NMR spectroscopy was also employed to analyze the
mechanism of dehydrogenation by complex 78 by reacting with amine boranes that do not possess
hydrogen at the B or N terminus (i.e. R;B-NHj; or H;B-NR;). Cyclohexene was employed to trap the
intermediate aminoborane [NH,=BH,] probably existing during dehydrogenation. Through experiment
and computation, it was found that if hydroboration or borazine formation are not kinetically
competitive with metal-promoted B—N coupling, then Cy,B-NH, will not be observed, even if free
amino borane is formed transiently. Polymers formed by B-N coupling were filtered and characterized
by ''B solid-state NMR. Compared to a previously published model differences between their
experimental and computational results and theoretical studies were shown and it was pointed out that
the two subcycles of release of [NH,=BH,] and subsequent polymerization of it were facilitated by N-
H activation of substrate which made the B-N coupling process different from that of Brookhart’s Ir

catalyst and Baker’s Ni(NHC), catalyst.!"®!
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H\ i/_|.‘\\\ (1) H\'H -
N—Ru—PMe, B..N 3
HaN AN
< | N
'Pry
Ha
B
/ H
HN i
¢ PP NH;BH NHy-BH,
‘N;R|u'—PMe3
P
pr, H
BH;
/
HaN - y—n
.‘ i
H\(—’.\‘\\PPQ
N—Ru—PMej
@4 | 1 HoN=BH,
H, Pl

Pr,

Scheme 14. Proposed mechanistic cycle for AB dehydrocoupling using complex 78.

Similarly, as Schneider and his group, Fagnou and co-workers, followed the strategy of cooperative
amino ligands which was introduced by Noyori et al. for the hydrogenation and transfer hydrogenation
of polar double bonds."”” In this context, Fagnou also presented an extraordinary Ru catalyst.”*! AB,
MAB and mixtures thereof were dehydrogenated by Ru(Il) complexes (PN),RuCl, (PN =
R,PCH,CH,NH,, R = iPr (80), /Bu (81), Ph (82)) (Scheme 15) which were bifunctional undergoing
reversible chemical transformation in the catalytic cycle. It was interesting that when catalyzed by 0.03
mol% loading of Ru complex containing isopropyl backbone, one equivalent of hydrogen was evolved
from AB within only five minutes at room temperature, two equivalents of hydrogen were evolved
from MAB by 0.5 mol% loading in less than ten minutes at 22 °C, and it only took ten seconds to
release the first equivalent of hydrogen. After blended, as much as 3.6 system wt% hydrogen was
produced from a mixture of AB and MAB within one hour with 0.1 mol% Ru loading. The Ru

complex which had good dehydrogenation capability was also found to shuttle hydrogen and transfer it
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to ketones and imines very well with a relatively high yield. A DFT supported mechanism of the AB
dehydrogenation process is shown in Scheme 15 and involves cooperation between an amino and a Ru
hydride moiety. Information about the structure of dehydrogenated AB, MAB and of mixtures thereof
was not given. This is noteworthy, as most likely in the case of AB, a linear polymer was formed
(release of one equivalent of H,) whereas for MAB borazines must be present (release of up to two

equivalents of H,).

H, Me, Mez H3B-NH;
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\ Y
Hz H I-{ \H H, H;

Scheme 15. Presumed steps for AB dehydrogenation part of transfer hydrogenation from DFT calculation (left). Precatalysts
for dehydrogenation (right).

In 2010, Shvo’s complex 83 was presented as catalyst in the field of AB dehydrogenation by Conley
and Williams.®™ It was highlighted that the reaction system consisting of diglyme, benzene and a
catalytic amount of ethanol at 70 °C with 2.5 to 10 mol% catalyst loading was productive for
dehydrogenation of AB and promoted release of two equivalents of hydrogen from the substrate which
made it the second example of a homogeneous transition metal catalyst that can liberate over one
equivalent of hydrogen from AB. The authors assumed a metal-ligand cooperative dehydrogenation
cycle, based on 'H and ''B NMR spectroscopy (Scheme 16, left cycle), and classified the cycle into
three regimes, all of which were explained particularly. The only product that remained after hydrogen

release was borazine.
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Scheme 16. Proposed mechanism of AB dehydrogenation catalyzed by Shvo’s complex.

Two years later, Williams and co-workers further discussed the reaction mechanism and provided
evidence for catalyst deactivation (Scheme 16, right cycle).®"’ When investigating 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 intermediate 84 to give the
deactivated complex 85 which represents an O-borylated form of the precatalyst. In addition to that,
the authors confirmed that free ammonia which is known to modulate the reactivity of Shvo’s reaction
system originating from ammonia borane dissociation could also deactivate the catalyst by NHj
ligation to it. However, a much more interesting phenomenon was observed during finding the effect
the NH; had on the catalyst. Although complex 86 catalyzed (with NH;) dehydrogenation of AB was
slower than that of 83, the reaction of 86 maintained its fast kinetic regime longer than that of 83. The
phenomenon appeared as well when adding 1,10-phenanthroline to a complex 84 catalyzed
dehydrogenation system. The authors presumed that the ligand should reversibly associate and
dissociate to the open site of 84, which made the fast cycle of catalysis much more competitive

compared to the cycle involving hydroboration that deactivates complex 84 (Scheme 17).5%
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Scheme 17. Catalysis involving competition between phenanthroline and borazine.

According to these experimental results, Williams and co-workers later presented another study on

8] They compared the

accelerating dehydrogenation of AB by nitrogen containing ligands.|
dehydrogenation performance of monomeric Ru complexes which are similar to Shvo’s catalyst with
two nitrogen containing ligands, 1,10-phenanthroline and p-substituted pyridine (Figure 13, 87-89). It
turned out that monodentate p-substituted pyridine, especially CF; substituted, ligating to Ru center
can accelerate AB dehydrogenation compared to Shvo’s complex. This phenomenon was termed
as "semi-site” protection strategy by the authors.® For bidentate nitrogen ligands like 1,10-
phenanthroline, 2,2'-dipyridine and tetramethylethylenediamine, the same result corresponded to a

totally different reason, namely replacement of the tetraphenylcyclopentadienone by the bidentate N-

donor ligand and formation of a comparably more reactive ruthenium species.
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Figure 13. Shvo-type dehydrogenation catalyst (left). A Ru catalyst with bidentate N-donor ligand that almost fully
dehydrogenates AB (right).

As another improvement of these Ru systems for AB dehydrogenation, Williams and co-workers later
presented the catalyst (phen)Ru(OAc),(CO), (phen = 1,10-phenanthroline) (Figure 13, 90)™ based on
the aforementioned "semi-site” protection strategy. When 1 mol% complex was used for
dehydrogenation at 70 °C in diglyme, 2.7 equivalents of hydrogen could be liberated from AB. To date,

only a handful of catalysts can reach a similar level, but not all of them like this complex 90 are water
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and air stable. It was also demonstrated that the Ru complex not only can form H, from AB, but also

release H, from the substrate that already evolved one equivalent of hydrogen.

A different approach was used by the Williams group for designing a highly robust Ru catalyst for AB
dehydrogenation.”®® 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% catalyst loading at 70 °C under air and in the presence of water. Additionally, the system
was remarkably reusable and long-lived (TON > 5000). According to experimental data, it at least
successively reacted with AB and recharging it three times in a single reactor gave similar rates for
hydrogen evolution and release of 2.2, 2.1, 2.3 and 2.2 equivalents of hydrogen, respectively, was
observed. Additionally, the authors showed that the linking group of ruthenium bis(pyridyl)borate
complexes between Ru and the pendant boron atom has an influence on the rate of AB consumption as
dehydrogenation with a complex possessing a trifluoroacetate group showed only half the rate of a
similar OH bridged catalyst (Figure 14). The dehydrogenation products other than H, were borazine

and polyborazylene. The mechanism was later theoretically analyzed by Paul and co-workers.*”)
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Figure 14. Ru bis(pyridyl)borate complex with different linker groups.

Based on previous observations that the Os complex OsH(CO)(SH)(PiPr;), (94) could promote
heterolytic B-H activation of pinacolborane, catecholborane and diborane 9-borabicyclo[3.5.1]nonane
(9-BBN) dimer to afford dihydrogen borylthiolate complexes,”® Fernandez, Ofiate and co-workers

reported dehydrogenation of amine boranes using this five-coordinate Os complex (Scheme 18).1*"]
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Scheme 18. Formation of Os aminoborane complexes during AB dehydrogenation.

The first Os amine borane dehydrogenation catalyst has a relatively good activity as it can promote
release of one equivalent of hydrogen from AB and DMAB with TOF values at 50% conversion

(TOFsqy,) of 43 and 7 h™', respectively, in THF at 31 °C. Interestingly, except for hydrogen releasing,
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the complex was able to capture aminoborane dehydrogenation products as well, forming a
hydrogenaminothioborate complex. The complex is stable enough to persist in the amine borane
solution without hydrogen evolution. The phenomenon that catalysis works and does not halt during
reaction was interpreted by the authors as a consequence of a fast reaction between the metal center
and the amine borane substrates. Compared to that, coordination of amine borane dehydrogenation

products should be much slower.

Esteruelas and co-workers described dehydrogenation of AB using an osmium dihydride complex 95
and analyzed the kinetics and the mechanism of the dehydrogenation process.”™” This Os complex
afforded one equivalent of hydrogen from AB with a TOF of 46 h™ at 50% conversion in THF under a
constant atmospheric pressure at 31 °C. After variation of reaction conditions in terms of temperature,
concentration of substrate and Os complex, the authors postulated that the catalytic cycle starts with
formation of a vacant site at Os via dissociation of the alkene ligand from complex 95. AB coordinates
to the free site of the metal center via the B-H bond and hydrogen is liberated through concerted N-H
and B-H 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 19. Catalytic cycle for AB dehydrogenation promoted by Os catalyst.
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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 release.”’ In their
contribution, they selected two Co complexes as catalysts, Cp’Co(CO)L, (Cp’ = Cp (96), Cp’ = Cp*
(97)). Both catalysts fully convert all AB substrate at 65 °C in THF. Even when reactions were carried
out under aerobic condition, the volume of H, evolved during catalysis was close to two equivalents
per equivalent of AB, giving an average TON of 1924 and a TOF of 496 h™'. Upon addition of an
excess of water, dehydrogenation of AB stopped. The authors also found that if hydrogen is released in
an open vessel (air or N»), polyborazylene was much favored over borazine and the time needed for
full conversion of AB was significantly shorter than that in a sealed tube under reducing atmosphere.
This demonstrates inhibition of catalysis by hydrogen. The entire process was found to be
homogenous, and the catalyst is stable even with low catalyst loading (0.1 mol%). NMR spectroscopy

showed no evidence for loss of a Cp ligand.
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Scheme 20. AB dehydrogenation using a Co(III) catalyst.

Peters and Lin reported a Co complex (98),°* ligated to a PBP pincer system synthesized by Nozaki,"**!

and employed this for dehydrogenation of DMAB. To further understand what structures the (PBP)Co
complex may have during hydrogen activation reaction, compound 98 was exposed to one atmosphere
of hydrogen in toluene-ds at 25 °C and the mixture was analyzed by multinuclear NMR spectroscopy,
giving characteristic resonances, including *'P (138.2 ppm), ''B (47.1ppm) and 'H (-6.5 ppm, broad
hydridic resonance). The Co dinitrogen complex could quantitatively convert to a Co dihydridoborato
dihydride (99). Formation of alternative possible Co hydride species was excluded by the authors.
Apart from that, reversible uptake and release of two equivalents of hydrogen to a single Co center is
an attractive unique characteristic, also shown by Heinekey, Goldberg and co-workers.”* Upon
reaction with DMAB in a 1:2 stoichiometry, the Co complex 98 quantitatively transforms to a
tetrahydridoborate Co complex (100), both species could promote hydrogen liberation in six hours in

benzene at room temperature under N, atmosphere. It was pointed out that the unusual character of the
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presented system contributed to the ability of the cobalt-boryl fragment to bind and release hydrogen
atoms by forming cobalt—boryl (98), —dihydridoborate (99), and —hydridoborane (100) species
(Scheme 21, above).
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Scheme 21. (PBP)Co complexes react with hydrogen and DMAB (above). DFT calculation elucidated DMAB
dehydrogenation with a (PBP)Co complex (below).

Full computational analysis of the process was performed by Paul and co-workers."””! They conclude
that the active intermediate existing during catalysis is the (PBP)Co dihydride complex (101) shown in
Scheme 21, below.

In 2017, two Co complexes bearing a tetradentate P;E (E = N (102-N) P (102-P)) ligand were
reported for AB dehydrogenation by Rossin, Shubina and co-workers.” Both ligands containing
nitrogen and phosphorus are more flexible than that of carbon and can enhance the basicity of the
metal center at the same time. The reaction catalyzed by complex 102-N requires 48 hours for release
of two equivalents of hydrogen at 55 °C in THF; borazine is the residue of dehydrogenation. In
contrast, reacting under the same conditions, one equivalent of hydrogen was released with complex

102-P as the catalyst and long chain poly(aminoboranes) were detected after reaction. Due to its better
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catalytic capability, KIE values were determined using complex 102-P. The parameters of H;N-BD;,
D;N-BH; and D;N-BD; were 2.2, 2.2 and 4.5, respectively, which inferred that both B-H and N-H
activation take place simultaneously as part of the rate-determining step after preliminary AB
coordination to the Co center. The authors also demonstrated that [H,B=NH,] is the intermediate by
adding cyclohexene to the system to form Cy,B-NH,, which was detected by ''B{'H} spectroscopy. In
contrast, when performing the same trapping experiment with complex 102-P, the intermediate was
not observed, because no [H,N=BH,] formation takes place, and the process is better described as a

sequential BH3/NH; group insertion into the initially formed [Co]-NH,BH; amidoborane complex

(Scheme 22).
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Scheme 22. Postulated catalytic AB dehydrogenation cycle of complex 102-N (above) and 102-P (below).

In 2003, inspired by formation of B-P bonds by dehydrocoupling of primary and secondary phosphine
borane adducts using late transition metal catalysts,”” Manners and co-workers for the first time
presented a series of dehydrocoupling reactions of amine borane adducts with different transition
metal catalysts.”® Products of dehydrocoupling reactions were characterized in detail. [Rh(l,5-
COD)(u-CDh], (COD = 1,5-cyclooctadiene) was employed as the precatalyst for dehydrocoupling of
various primary and secondary amine boranes as well as linear dimer aminoboranes. In a later paper,

Manners et al. investigated the nature of the catalytically active species and found that heterogeneous
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Ru NPs are responsible for catalytic activity.” The authors point out that the use of transition metal
catalysts could allow for dehydrocoupling of amine boranes under milder conditions and overcome the
disadvantage of thermal routines that require heating to 100 °C or higher. The structure of final BN
products differed with the amine borane used [Scheme 23 (1 - 4)]. These results paved the way for the
entire area of research concerning transition metal catalyzed dehydrogenation and dehydrocoupling of

amine boranes.
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Scheme 23. Catalytic dehydrocoupling of secondary amine boranes (1), secondary amine boranes with bulky substituents (2),

linear amine borane dimers (3) and primary amine boranes using heterogeneous Rh catalysts (4)

Enlighted by an example that the Rh(Xanphos)" fragment (103) (Xantphos = 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene) can perform homocoupling of Me;N-BH; to form B-B
bonds,"”! Weller, Manners and co-workers studied the dehydropolymerization process of MAB with
respect to stoichiometric and catalytic reactivity using the same Rh fragment (Scheme 24). More
information about the catalytic cycle and interactions between the metal center Rh and substrate were
collected by reacting with DMAB, Me;N-BH; and iPr,N=BH,.l"""! When using 0.2 mol% Rh catalyst,
the dehydrogenated products from substrates DMAB and MAB were dimeric [H,B=NMe;,], and
polymethylaminoborane (M, = 22700 g/mol, PDI = 2.1), respectively. The authors showed that all the
catalytic, stoichiometric and kinetic data point to the presence of similar mechanisms for both

substrates, in which a key step was the generation of the active catalyst, postulated to be a Rh
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amidoborane complex that reversibly binds the amine borane substrate. The mechanism is only
divergent in that the B-N bond formation, resulting in chain growth is more favored for MAB

compared to DMAB, thus giving a polymer for MAB.
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Scheme 24. Suggested mechanistic cycle and intermediates for the dehydrocoupling of DMAB and the
dehydropolymerization of MAB.

Baker, Dixon and co-workers discussed earlier whether the free transient aminoboranes such as
MeHN=BH, and Me,N=BH, which form by dehydrogenation and may be the most important
intermediate could still strongly bind to a metal center and then rapidly insert aminoboranes into the
growing polymer chain. Otherwise, if the intermediate does not coordinate to the metal center borazine
would form via trimerization (Scheme 25).1'%! These free aminoboranes can be trapped by
hydroboration of cyclohexene and thus form Cy,B-NH,. According to Weller, it should however be
noted that if the formation of hydroborated product or borazine were not kinetically competitive with
metal-promoted B-N coupling, even if free aminoboranes appeared transiently, Cy,B-NH, would not
be observed. The trapping experiment using cyclohexene is in this case not suitable to verify the
presence of a free aminoborane. They also figured out how to control the molecular weight of the
polymer. Hydrogen was presumed to act as a chain-transfer reagent and low-molecular-weight
polymers were formed in closed systems. On the contrary, THF retarded chain transfer, so that, longer

polymer chains were obtained.
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Scheme 25. Proposed ways for dehydropolymerizaion of MAB (top) and dehydrocoupling of DMAB (bottom).

In 2008, Weller and co-workers discussed previously published studies and pointed out that sigma

complexes of amine boranes should be present in the reactions with transition metal complexes.

[103]

However, such intermediates involved are elusive at that time.!'”* ' They presented a rhodium

complex that can be applied for both dehydrocoupling and dehydrogenation. DMAB could be

dehydrogenated in moderate rate in an open system under argon (TON = 34 h™', 5 mol% loading, 298

K, 100% conversion) and produced cyclic dimer [H,BNMe,],. Most importantly, two Rh(I) and Rh(III)

o amine borane complexes of H;B-NMe,R (104-2-a and 104-1-b), and a o-complex of a cyclic
aminoborane [Rh(PiBus),{#*~(H.BNMe,),}][BAr"s] (104-2-¢) were observed by means of NMR

spectroscopy and X-ray analysis (Scheme 26).
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Scheme 26. Synthesis of new amine borane 6-complexes ([BAr'4] not show).
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In 2006, Goldberg, Heinekey and co-workers reported on the dehydrogenation reaction of AB
mediated by (POCOP)Ir(H), (1) (POCOP = [k’-2,6-(OPfBu,),C¢H;]) which was developed before by

10301051 One equivalent of hydrogen was

Brookhart’s group for alkane dehydrogenation (Scheme 27).!
found to evolve with different rates depending on the catalyst loading (it took roughly four minutes to
release one equivalent of hydrogen with 1 mol% loading and 30 minutes using 0.25 mol% loading,
respectively). The IR spectrum and X-ray powder diffraction data of the precipitated B-N product was

(1061 1 ater, Manners et al.

found to be in good agreement with a known cyclic pentamer [H,NBH;]s.
discussed the B-N product of AB dehydrogenation as the linear polymer [H,NBH,],.""”! The resting
state complex, [(POCOP)Ir(H),(BH3)] (105) was isolated after reaction and can be activated by
reaction with hydrogen to form POCOPIr(H), (106) which eliminates hydrogen to give the dihydride
catalyst again. Paul and Musgrave, in order to address questions about the iridium complex catalyzed
AB dehydrogenation, calculated the process via density functional theory (DFT) and proposed a
catalytic cycle.!"® They suggest that the dehydrogenation of AB takes place by a concerted proton and
hydride transfer from AB to the metal catalyst with the hydride of the B-H bond binding to iridium and

the NH proton approaching the metal hydride. This results in the formation of 106 and an aminoborane.

The dehydrogenation cycle is closed by H, release from 106 and formation of the active catalyst 1.
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Scheme 27. AB dehydrogenation proposed by Paul and Musgrave.

Our group also utilized Brookhart’s (POCOP)Ir(H), complex when looking for proper catalysts for HB
dehydrogenation."™™ In order to further explore the influence of substituents at the aryl backbone of
the iridium complex on the catalytic capability, we synthesized a series of 3,5-disubstituted
cyclometalated iridium(III) hydrido complexes [3,5-R,(POCOP)IrHX] ((POCOP) = «’-2,6-
(OPBu,),C¢H; with R = #-Bu, COOMe; X = Cl, H) (Scheme 28, right) and applied them for
dehydrogenation of HB and compared with the original iridium catalyst. It turned out that iridium

catalyst with an electron-withdrawing group (110), surprisingly, shows a significantly higher activity



2. Dehydrogenation of amine boranes

as this complex took only about 60 seconds (1 mol% loading) for evolution of one equivalent of
hydrogen from HB. This trend is in line with a report on dehydrogenation of alkanes with [3,5-
(CF5),POCOPIr(H),] (112). These complexes show slightly better activity.'® In addition to that, the
resting state of catalyst could be identified based on a species that was separated from reaction
solutions after reaction. Compound 113 is a Ir(Ill) dihydrido hydrazine complex that still is
significantly active as it can be used to dehydrogenate HB at least four times with only minor loss of
activity. We deeper analyzed the mechanism of the reaction by in situ NMR and found that even at
low temperature (198 K) formation of the tetrahydrido complex 106 takes place.!"'” This Ir complex
fully converted into (POCOP)Ir(H),(N,H,4) (113), the resting state of catalyst. Formation of complex
105 as it was discussed by Heinekey and Goldberg was not observed (Scheme 28, left). As for the
dehydrogenated material, ''B solid state NMR indicates the presence of four-coordinate B centers with
different B-H and B—N-H proton environments, thus suggesting a three-dimensional, most likely

polymeric structure.
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Scheme 28. Catalytic cycle of HB dehydrogenation proposed by our group (left). The catalysts used by our
group (1, 107 - 111) and literature (112) (right).

Motivated by Heinekey’s and Goldberg’s study, Manners and co-workers showed that this iridium

71 MAB was found to react

system can catalyze the dehydrocoupling of other primary amine boranes.!
with 0.1 mol% loading of complex 1in THF at 0 °C, followed by stirring for 20 minutes at 20 °C. The
resulting product was isolated and purified, then characterized by NMR, elemental analysis (EA), IR
spectroscopy, gel permeation chromatography (GPC) and dynamic light scattering (DLS). The results
showed that they obtained a high molecular weight polymer (M,, = 160000) with a polydispersity
index (PDI) of 2.9. Furthermore, AB, n-butylamine borane and MAB were tested in
homopolymerization and copolymerization reactions (Scheme 29). All products, like dehydrogenated

MAB, were characterized by GPC, DLS, NMR, EA, IR and thermogravimetric analysis (TGA). These
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characterization results resembled those of polymethylaminoborane, but the NMR data was much
more complicated. Later, Manners and co-workers revealed in another paper that temperature, solvent,
substrate concentration, catalyst loading and nature of the catalyst could affect the molecular weight of
the polymer as well. Moreover, details on the polymer characterization were given.*'! However, in
neither of these studies, it was mentioned how much hydrogen evolved during reactions, an
information that is very valuable for the interpretation of the reaction mechanism. Recently, the Ir
complex was also employed by the Manners group for a dehydrocoupling reaction of NH;-BH,Ph, a

[111

boron substituted amine borane.!"'"! Two high molecular weight polyaminoboranes were thus prepared

for the first time.

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 29. Brookhart’s Iridium system for catalytic dehydrocoupling of primary amine boranes.

2.3.7. Group 10 complexes

In 2007, Baker reported the first Ni complex for dehydrogenation of AB. After being generated in situ
from Ni(COD), and a carbene ligand, the complex has a high catalytic ability and can release more
than two equivalents of hydrogen from AB at 60 °C in a benzene/diglyme mixture within four hours.**!
It should be emphasized that the NHC (NHC = 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene)
ligated Ni complex has the best performance, and exceeds the activity of noble transition metals
catalysts based on Rh and Ru. The authors measured KIE values and NMR spectra, however, as
information from KIE were limited, they only proposed that the initial step was B-H activation and 3
N-H elimination. Later, Hall and co-workers also investigated this reaction though DFT
calculations.!''* Nevertheless, they only reasonably explained how the first equivalent of hydrogen is
released. The research team of Paul also computed the reaction and presented a catalytic pathway
according to their results (Scheme 30).'"*! In spite of the fact that several important species were
presented during catalytic dehydrogenation such as Ni(NHC)(H,N=BH,) and non-innocent free NHC

ligand, in view of the complexity of the catalytic process, far more studies need to be done.
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Scheme 30. In situ generated catalyst (a). Mechanism proposed by Paul and co-workers (b).

In 2011, a rare paramagnetic organometallic Ni(I) olefin complex (115) was presented by Trincado,
Griitzmacher and co-workers."'¥ The Ni complex was isolated and fully characterized by the authors.
Dehydrogenation of DMAB catalyzed by this species was compared with its derivative
[Ni’(trop,NH)(PPhs)] (trop,NH = bistropylidenylamine) (116). It turned out that 115 was an extremely
active precatalyst. Even at a very low loading (0.3 mol%) with base activation (1 mol% to 3 mol%),
one equivalent of hydrogen could be released from DMAB within one minute in THF at room
temperature. Ni(0) complex 116 was significantly slower and in the first reaction step the linear chain
dimer BH;-NMe,-BH,-NMe,H was the kinetically favored dehydrogenation product and would
gradually be converted to the cyclic dimer [Me,NBH,], which could directly be obtained by 115
catalyzed DMAB dehydrogenation. It is noteworthy that the catalytic capability of 115 and even of
116 for dehydrogenation of DMAB was much better than that of a similar Ru complex reported by the

11
same authors.!'"”

I When discussing the individual steps of the catalytic cycle, the authors suggested
that radical pathways took part in the reaction. Nevertheless, since 'H NMR signals showed Ni(0)
hydrido complexes, these may also be involved in DMAB dehydrogenation (Scheme 31). Different
from the Ru analogue where the olefinic binding sites served only as placeholders for ‘vacant’
coordination sites, the ligand coordinating to the Ni center proved suitable as steering ligands in the

catalytic reaction.
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Scheme 31. Ni catalysts used for DMAB dehydrogenation (above). different pathways for 115 to hydrido Ni(0) complexes
(below).

In 2010, Kang, Michalak and co-workers synthesized three cationic palladium complexes for
dehydrogenation of AB (Scheme 32).["'®" All three complexes showed outstanding performance for
dehydrogenation of AB. Even the slowest one, [Pd(MeCN),][BF,] can release two equivalents of
hydrogen in 60 seconds at 25 °C. For the fastest, it took only 20 seconds. The authors thoroughly
studied the reaction and optimized it for the catalyst [Pd(MeCN),][BF,4]. The KIE values of ND;-BHj3,
H;N-BDj; and D;N-BD; were measured (2.5, 8.2 and 9.5, respectively) for probing interaction between
substrate and Pd center which indicated that B-H and B-D bonds weakened markedly. Amine boranes
with alkyl and aryl groups binding to B or N end were also employed for investigation of the
interaction. The authors discovered that every two equivalents of hydrogen releasing from AB result in
the formation of two B-B bonds and one B-N bond and the first equivalent of hydrogen actually
completely originated from the borane moiety of AB. As a consequence, the structural features were
different from the linear B-N polymer that the Manners group synthesized via metal-catalyzed

dehydropolymerization."””! No more information was given about how the second equivalent of

hydrogen is liberated.
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Scheme 32. Proposed process for the first equivalent of hydrogen generation.
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In 2013, the first platinum dehydrocoupling catalyst was published by Conejero, Lopez-Serrano and
Rosello-Merino (Scheme 33).1''"! Generally, for main group and early transition metals employed in
amine borane dehydrogenation and dehydrocoupling reactions, the first step is always the activation of
N-H bond of amine borane. For late transition metal catalysts, on the contrary, the activation
commonly starts from the opposite terminus, i.e. the B-H bond. Different from the literature
knowledge, the authors found a new mechanistic scenario that involved the initial formation of
boronium cations (NMe,H),BH," through hydride abstraction from DMAB by highly electrophilic
Pt(II) complexes with concomitant formation of a Pt(II) hydride. The [Pt(I/Bu’)(I/Bu)][BAr" 4] (I/Bu =
1,3-di-tert-butylimidazol-2-ylidene) catalyzed reaction was monitored by ''B{'H} NMR and pressure
change in a sealed system. The states of Pt catalyst during dehydrocoupling of DMAB were supported
by a series of stoichiometric reactions and monitoring with multinuclear NMR spectroscopy. The
authors suggested that the mechanism involving the highly electrophilic Pt complex dehydrogenating
DMAB is related to that of Frustrated Lewis Pairs. It includes several steps: First, hydride transfers
from the BH; fragment to the platinum center, followed by nucleophilic attack of free HNMe; to the
coordinated B atom to afford the boronium ion [(HMe,N),BH,]". After that, Pt(II) hydride complex is
formed and next protonated by the acidic NH of the boronium cation [(HMe,N)(THF)BH,]" (one
NHMe, of [(HMe,N),BH,]" is replaced by THF). In the meantime, NMe,=BH, and hydrogen release

with regeneration of the Pt catalyst.
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Scheme 33. Catalytic dehydrogenation of DMAB by Pt catalyst 117, [BAr",] not shown (left). Pt catalyst (right).

2.3.8. Group 11 complexes

In 2015, the first air stable copper borohydride complex [(CAAC)CuBHy4] (118) and its parent
complex [(CAAC)CuCl] (119) [CAAC = cyclic(alkyl)(amino)carbene] were reported as catalysts for

the hydrolytic dehydrogenation of AB by Hu, Bertrand and co-workers.!'*!

The general procedure for
dehydrogenation experiments was that 1 mol% Cu catalysts in acetone/H,O solution (20 wt% of H,0)

was added to AB at 25 °C. When complex 119 was employed, 2.6 equivalents of H, were released



2. Dehydrogenation of amine boranes

over five minutes with a TOF of 3100 h™'. Meanwhile, when adding complex 118, 2.8 equivalents of
H, evolved within two minutes, giving a TOF of 8400 h™'. Efforts for augmenting reactivity of
complex 119 were made as well by using potassium tetrakis(pentafluorophenyl)borate (KBAr4) as
additive in the reaction of complex 119. The amount of H, released increased to 2.8 equivalents with a
TOF of 3360 h™'. This approach also works for the recycling processes: complex 119 and KBAr", (1:1)
were reused 15 times without noticeable loss of catalytic activity. For each cycle, the dehydrogenation

reaction was finished within five minutes with around 2.8 equivalents of H, released.

i or AB dh

(|3u (Iiu

Cl BH,
(119) (118)

Scheme 34. Cu complexes for hydrolytic dehydrogenation of AB.

2.4. Metal-free catalytic dehydrogenation of amine boranes

2.4.1. Frustrated lewis pairs (FLP)

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

(64191 Miller and Bercaw first proposed that FLP may be suitable for amine boranes

which can split H,,
dehydrogenation. The FLP rBusP/B(C¢Fs); acts as a mediator for DMAB dehydrogenation in C¢DsCl
at 25 °C, producing approximately 97% of [NMe,BH,],, trace amounts of (BH;),NMe,(u-H) and the
linear dimer H;B-NMe,BH,-NMe,H alone with [HtBu3P][HB(C(,F5)3].['2°] H, was released by heating
the phosphonium and borohydride salt between 90 °C to 130 °C. However, it is a stoichiometric
dehydrogenation process. More recently, catalytic dehydrogenation of amine boranes by a FLP bearing
a dimethylxanthene backbone was reported by Aldridge’s group (Scheme 35)."*) The postulated
mechanism involves initial B-H bond activation at the phosphorous moiety to give the zwitterionic
phosphonium-boronate species. Subsequent reaction with substrate MAB results in reaction of the B
terminus of the substrate with the amine group of the zwitterion and release of H,. As a consequence,
the linear MAB dimer is formed. Finally, a third equivalent of amine borane would react with the two

coordinated BN units, dissociating a cyclic borazane which can be further dehydrogenated to borazine

by the FLP catalyst.
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Scheme 35. Dehydrogenation process proposed by Aldridge’s group.

2.4.2. Acid-catalyzed dehydrogenation

In 2007, Baker, Dixon and co-workers observed that H, is released from mixtures of the Lewis acid
B(CFs); and AB. During the course of the reaction a prominent NMR resonance corresponding to the
anion [HB(C¢Fs);]” was detected.'” Based on this result, various acids were added to AB and reaction
conditions were modified for optimizing 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 H;BNH,BH,NH; transformed a NH; to boronium [NHzBH3]+, which originated from AB
deprotonation. As in the chain-transfer mechanism, the equilibrium Eq. (1) elucidates that adding acid
to AB will not liberate the equimolecular amount of H,. While, it was confirmed that by reducing the
concentration of acid (B(CgFs);) from 25 mol% to 0.5 mol%, up to 1.1 equivalents H, produced in 20
hours instead of 0.6 equivalent in 24 hours. The same behavior was formed when using HOSO,CF; as

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

2.4.3. Based-catalyzed dehydrogenation

Opposite to acid-catalyzed dehydrogenation, theoretically, a base is able to dehydrogenate amine
borane as well. In 2009, a strongly non-nucleophilic base bis(dimethylamino)naphthalene (Proton
Sponge, PS) was announced that can promote the release of H, from AB either in the solid state or in

jonic-liquid and tetraglyme solutions."*!

The dehydrogenation starts with PS initiating the
deprotonation of AB to give the anion [NH,;BH;] in solid state or ionic liquids through an anionic
dehydropolymerization pathway, in which the in situ generated anion activates AB to form initially
branched-chain polyaminoborane and cross link to polyborazylene. 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, a large number 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 compounds for 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 dehydrogenation of ammonia borane, primary amine boranes and secondary
amine boranes for extracting H, or 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 become more 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,
capacity, 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 dehydrogenation of hydrazine borane under
homogenous conditions was described before. Therefore, the main objective of this work was to
further study suitable transition metal complexes for efficiently dehydrogenating HB under mild
conditions. Also, insights into the mechanism 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 borane substrates.

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 reaction conditions 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.
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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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Fig. 3 Hydride region of the VT-in situ H NMR spectra of HB dehydro-
genation with complex 1-H in THF-dg (300 MHz, c(1-H) = 1.4 x 10°°
mol 1%, ¢{HB) = 2.7 x 10 ° mol ).

at the POCOP ligand framework was discussed before'* and Ir
complexes of this type were described on various occasions as
common tools in dehydrogenation chemistry.'”” Waterman
reported on the influence of introduction of COOMe and
NMe, groups in the 4-position of the POCOP ligand on the
catalytic performance of Ir chloro-hydrido compounds in
silane dehydrocoupling and redistribution.'® Examples for Ir
hyvdrido complexes with 3,5-substituted POCOP ligands were
published before by Driess and Hartwig, who also prepared
compound 2-CL."7

The preparation of 3,5-disubstituted Ir hydrido complexes
was possible using a procedure established by Brookhart and
co-workers (Scheme 1)." Starting from the resorcinol, the sub-
stituted POCOP ligands were obtained after deprotonation and
reaction with #Bu,PCl in good yields."® Addition of
[(coD)rCl], and heating in toluene at 150 °C furnished the
corresponding chloro-hydrido complexes 2-Cl and 3-CI. Typical
spectroscopic features include the upfield hydride resonance
at —41.60 (2-CI) and —40.59 ppm (3-ClI) as well as the *'P NMR
signal at 176.6 (2-Cl) and 181.5 ppm (3-Cl) and are in line with
data for the unsubstituted complex 1-CL'*" Reaction of these
complexes with H, in the presence of NaOzBu yields dihydrido
complexes which show well-precedented resonances for the
hydrido ligands (*H: 2-H: —18.1; 3-H: —17.3 ppm) and for the P
donor atoms (*'P: 2-H: 206.5; 3-H: 210.6 ppm). Single crystals
suitable for an X-ray analysis were obtained from 3-CI and 2-H
by slow evaporation of THF and pentane, respectively. The
molecular structure of 3-Cl (Fig. 6) shows the five-coordinate Ir
centre with the hydrido ligand in the apical position of a
square-pyramidal arrangement. Notably, the hydrido ligand
is slightly tilted towards the POCOP ligand (C1-Ir1-H1
79.3(18)°), a phenomenon that is also observed in structurally
similar Rh(m) and Ir(m) hydrido chlorido pincer complexes."
In 2-H (Fig. 4), the metal centre adopts a distorted trigonal

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

Fig. 4 Left: Molecular structure of complex 3-Cl. Thermal ellipsoids
correspond to 30% probability at 150 K. Hydrogen atoms except H1 and
the second position of the methyl carbon atom of the disordered
COOMe group are omitted for clarity. Right: Molecular structure of
complex 2-H. Thermal ellipsoids correspond to 30% probability at 150 K.
Hydrogen atoms except H1 and H2 are omitted for clarity.

bipyramidal coordination geometry with Ir-H bond distances
of 1.59 A.

Dehydrogenation of HB under similar conditions as before
using complexes 1-Cl and 1-H showed that 2-Cl and 2-H
display similar activities for H, release. To our surprise,
COOMe substituted complexes 3-Cl and 3-H significantly out-
performed all other complexes, giving approximately 1 equiv.
of H, after very short reaction times of (e.g. full conversion
after 28 s (3-Cl) and 18 s (3-H) using 2 mol% catalyst). A com-
parison of volumetric data is shown in Fig. 5.*°

An explanation of the higher activity of COOMe substituted
complexes based on spectroscopic features is difficult as reac-
tions are much too fast for NMR observation. Also, binding

|z-h
104
o 3 e
£ [}
£
T 064 —
c
04
| 1-Cl
i
o2k 2-Cl
—3<Cl
oo T T T T T T 1
] 50 100 150 200 250 300 350
time/min
144
—
1.2
- 104
o
£ 084 et i oo™
=
L -
----- 1-H
-~ 2-H
—3H
024
0.0 T T T T T 1
0 50 100 150 200 250 300
time/min

Fig. 5 Volumetric data of HB dehydrogenation using complexes 1-Cl,
2-Cl, and 3-Cl (top) as well as 1-H, 2-H, and 3-H (bottom) (THF, T =
25°C, ¢ = 2 mol%).
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parameters of the dihydrido moiety determined by deuterium
labelling®"** do not point towards significant differences in
the nature of the hydrido ligands in the series 1-H/2-H/3-H.
However, some NMR properties of dihydrido and chloro-
hydrido complexes differ considerably (see ESIt).

Recycling experiments showed that also {Bu and COOMe
substituted catalysts are reusable without loss of overall H,
production activity (Fig. S24 and S25%). However, similarly as
observed for compounds 1-Cl and 1-H, initial activities are
lower, thus giving longer reaction times for the release of
1 equiv. of H,. To rationalise this behaviour, we investigated
the soluble fraction of the reaction mixture. 'H and *'P NMR
analysis of the filtered solution after every HB dehydrogenation
experiment showed that all spectra show identical spectro-
scopic features, i.e. similar values for Spygrige and Jpy as well as
the aforementioned characteristic resonances of equal inten-
sity that could be assigned to a N,H, fragment (Fig. S8 and S97).
Fortunately, we were able to isolate single crystals sui-
table for an X-ray analysis from the THF mother liquor of the
dehydrogenation reaction using 3-H. The molecular structure
of the isolated Ir complex 4 shows the metal coordinated by
the POCOP ligand, two hydrido ligands and N,H, in an octa-
hedral geometry (Fig. 6). NMR analysis of these crystals shows
the aforementioned spectroscopic features, which clearly point
to the presence of complex 4 and its analogues as the catalyst’s
resting state after each dehydrogenation experiment (¢f. Fig. 3).

The Ir1-N1 bond length of 2.169(3) A indicates the presence
of a dative amine ligand and is slightly shorter than the values
found in the only mononuclear Ir-N,H, complex
[Ir( pyb)(N,H,),] (2.192(6) and 2.213(5) A).>® Additionally, the
presence of coordinated N,H, is corroborated by the N1-N2
bond length of 1.447(5) A, which is slightly longer than the
sum of the covalent radii (Free, = 1.42 A**) but well in line
with distances found in the above mentioned complex.”

Analysis of the dehydrogenation residue

A catalytic dehydrogenation with hydrogen abstraction from
NH and BH would theoretically yield a B/N atomic ratio of
1:2. However, elemental analysis of the insoluble white
residue formed upon HB dehydrogenation with 1-CI and 1-H

Fig. 6 Molecular structure of complex 4. Thermal ellipsoids correspond
to 30% probability at 150 K. Hydrogen atoms except H1C, H2C and
hydrazine-bound are omitted for clarity.

17700 | Daiton Trans, 2016, 45, 17697-17704
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revealed B/N atomic ratios of approximately 1 : 1.3, which indi-
cates the presence of more than one dehydrogenation pathway.
The "B magic angle spinning (MAS) NMR spectra of these
materials are essentially identical and show three intense reson-
ances at isotropic chemical shifts of +18, +1 and —7 ppm vs.
BF;-Et,0 solution (see Fig. 7b). By comparison with analogous
experiments based on different catalyst to substrate ratios (see
ESIt) a fourth resonance with a chemical shift near to —3 ppm
was identified. As shown in Fig. 7a significantly enhanced
resolution is available in the 2D "B triple-quantum (TQ)-MAS
NMR spectrum from which the relevant NMR interaction para-
meters have been extracted (see Table S2t).

The signal at an isotropic chemical shift of +18 ppm shows
the characteristic line shape for three-coordinated B com-
pounds. This line shape is caused by second-order quadru-
polar perturbations arising from the interaction of the ''B
nuclear electric quadrupole moment and the substantial elec-
tric field gradient generated by the electronic charge distri-
bution around the three-coordinated B atoms. Furthermore,
the line shape indicates that this quadrupole coupling tensor
has axial symmetry, consistent with a trigonal-planar BN;
environment. The ''B chemical shifts for the signals at +1, —3
and —7 ppm are consistent with four-coordinate B centres. For

F1/ppm

N

25 20 15 10 5 0 -5 -10 =15
5("'Byppm
b)
experimental
simulation
30 20 10 0 -10 .20 .30
5("'B)yppm

Fig. 7 Solid-state NMR spectra of the dehydrogenation reaction
product obtained with 1-H as the catalyst (¢ = 2 mol%) recorded at a
field strength of 11.7 T under *H high power decoupling. (a) 2D B
TQ-MAS NMR spectrum recorded at a spinning speed of 29762 Hz,
showing the different g species as indicated. (b) Experimental g MAS
NMR spectrum recorded at a spinning speed of 10000 Hz and the
corresponding simulation based on the NMR interaction parameters
obtained from the 2D B TQ-MAS experiment in (a), see Table 52.1
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the 1 ppm resonance, no second-order quadrupolar induced
line shape is observed because the local electronic environ-
ments of this four-fold B species are more symmetrical. In con-
trast, the —7 ppm peak shows clear evidence of a second-order
quadrupolar effect, causing a signal displacement towards
lower frequencies. This indicates a four-coordinated horon
species in a less symmetric environment. Solid-state "'B MAS
NMR spectra similar to those shown in Fig. 7 have been
observed for various BN pre-ceramics®® and for thermal de-
hydrogenation products of HB.?® On the other hand, the spec-
trum in Fig, 7b differs substantially from that of the BH;N
local environment observed in the molecular HB adduct.*
Therefore, we can confidently exclude the presence of such
species in our samples.

'H-"'B cross polarization experiments and “'B{'H}
rotational echo double resonance (REDOR) experiments
(Fig. 8) show that the four-coordinate B species interact
strongly with '"H nuclei, whereas the three-coordinated BN;
units show relatively little interaction with protons. For the B
species at the chemical shifts of =7 and —3 ppm the extremely
strong REDOR effect signifies B species with B-H bonds. In

e ECHO

— difference

— T T
20 0 -20
1.2 3("B)/ppm
1.04
0.8+
o
w
==
) 0.6
< = 18 ppm
4 1 ppm

* -3and-7 ppm
~—— simulation B-H 1.2 A
~———simulation B-H 2.5 A
~—— simulation B-H 2.0 A
—— simulation B-H 3.0 A

00 02 04 06 08 10 12 14 186
NTR/ ms

Fig. 8 “B{*H} REDOR data recorded at 11.7 T (v (*B) = 160.4 MHz) on
the dehydrogenated reaction product obtained with 1-H as the catalyst
(c = 2 mol%). Top: Stack plot of the rotor-synchronised spin echo spec-
trum (dotted red) and the H recoupled spectrum (grey) at a dipolar
evolution time of 134.4 pus. The difference spectrum (black) only
includes B species with spatial proximity to H. Bottom: Plot of the
REDOR difference signal AS/S, against the dipolar evolution time NTg
for the three intense B species (see Fig. 4b). Two-spin simulations with
selected B---H distances as listed in the inset are included.
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comparison with reference data on AB systems, we tentatively
assign the isotropic shifts of =7 ppm and -3 ppm to a BH;N,
and a BHN; species, respectively.”” Moreover, the much
smaller magnitude of the REDOR effect observed for the ''B
resonance at 1 ppm is consistent with a four-coordinated B-N-H
motif. Simulations of the observed REDOR curves suggest a
minimum B-H internuclear distance of 2.0 A for this particu-
lar species, whereas the estimated minimum B-H distance for
the trigonal B species at 18 ppm is 2.5 A.

'"H MAS NMR studies (Fig. S11) reveal two sharp reson-
ances at 1.5 and 4.0 ppm. Furthermore, a shoulder that corres-
ponds to a significantly broader 'H signal at 3.5 ppm can be
observed. '"H{"'B} REAPDOR experiments show a pronounced
signal decrease for the latter resonance, consistent with a H-B
bonding motif. In contrast, the 'H signals at 1.5 and 4.0 ppm
reveal a much weaker dipolar coupling with "B nuclei. This
observation is also manifested in a 2D "'B{'H} cross-polari-
sation heteronuclear correlation (CP-HETCOR) experiment
(Fig. $12%), where the ''B signal at 18 ppm includes no corre-
lation with any of the protons. However, the 'H signal at
4.0 ppm does show a selective correlation with the ''B species
at 1 ppm, consistent with its assignment to a B-N-H environ-
ment. We note that, in this experiment, the proton resonance
at 3.5 ppm shows a strong correlation to the overlapping "'B
signals at —3 and —7 ppm. All of the solid state NMR studies
discussed above are fully consistent and indicate the presence
of four-coordinate B-H and B-N-H species as well as three-
coordinated BN; units in the dehydrogenated material.
Further information on the structure of the dehydrogenated
material might be accessible using °N labelled HB, the syn-
thesis of this starting material is however more challenging.
The results of further studies will be presented in due course.

The IR spectrum of the dehydrogenated material (Fig. S167)
shows an isolated sharp band at 3220 cm ', indicating the
presence of NH fragments in a most likely polymeric environ-
ment.*® This was observed before by Sneddon for poly(borazy-
lene) structures.”® In addition, a weak band is found for the
asymmetric NH bend (1605 cm ‘). A band for the NN stretch
could not be observed unequivocally. A broad band with a
shoulder was observed at 2300-2450 cm ', thus pointing
towards a material containing BH and most likely BH, groups.
Note that the IR spectrum, especially the NH stretch region, is
slightly different than seen before for similar material
obtained from group 4 metallocene catalysed dehydrogena-
tion, thus corroborating the different nature of H, release from
these systems.

Computational analysis and mechanistic considerations

To get insight into the dehydrogenation reaction and the
coordination chemistry of catalyst 1-H we carried out detailed
B3PW91 density functional theory computations including van
der Waals dispersion correction (D3) as well as solvation effect
of THF. In our discussion we used the computed Gibbs free
energy at 298 K and one atmosphere including both effects.
For comparison we also discussed the results without dis-

Datton Trans., 2016, 45, 17697-17/04 | 17701
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Scheme 2 Coordination geometries and energies (kcal mol™) of H,,
N;H4, THF and N,H,BH3 with 1-H as well as the transition states for H,
dissociation and HB dehydrogenation.

persion correction. All computational details are given in the
ESL+

At first we computed the electronic structure of 1-H.,
Without dispersion correction {B3PW91), 1-H has a trigonal
bipyramidal geometry with both P-ligands in the axial posi-
tions as well the hydrido and phenyl ligands in the equatorial
plane (1-H-tri-bipy; Scheme 2). The H-H distance is 1.580 A;
and the H-Ir-C angles are 152.5 and 148.1° and the H-Ir-H
angle is 59.4°,

Including dispersion correction (B3PW91-D3), however, the
geometry of 1-H becomes tetragonal pyramidal with one
H ligand in the axial direction (1-H-tet-py) and the H-H distance
is 2.100 A and the H-Ir-H angle is 82.2°. For checking their
energy difference, we computed the energy of the B3PW91
optimized 1-H using B3PW91-D3. It is found that 1-H-tet-py is
more stable than the 1-H-tri-bipy by 1.16 kcal mol ' in
enthalpy (AH), while the latter becomes more stable than the
former by 0.49 keal mol™ in Gibbs free energy (AG); indicating
the contribution of the entropy effect. Such very small energy
differences might indicate their dynamic exchange between
two geometries.

Having both geometries in hand, we computed the coordi-
nation of H, and hydrazine. For the H, complex, we obtained
only one stable minimum structure 1-H-H,; where the H-H
distance of the H, ligand is 0.911 A at B3PW91 and 0.904 A at
B3PW91-D3; and both show a H, molecular coordination;
since they are only slightly longer that in free H, (0.745 and
0.746 A, respectively); and this is in agreement with the experi-
mental and computational studies for a dihydrido-dihydrogen
complex [Ir(H,)(H),]. Despite very similar geometries, B3PW91
shows that H, coordination is endergonic by 4.55 keal mol™,
indicating that 1-H-H, formaticn would be thermodynamically
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not possible. While B3PW91-D3 shows that H, coordination is
exergonic by 0.88 kcal mol™; indicating that 1-H-H, formation
should be feasible thermodynamically. Compared with the
experiment, B3PW91-D3 gives the reasonable results, ie.; 1-H-
H, is a stable complex; and under H, atmosphere 1-H and 1-H-
H, can form a temperature dependent equilibrium in favour of
1-H-H, at lower temperature or 1-H at higher temperature. In
addition, we computed the barrier of H, addition to 1-H or H,
elimination for 1-H-H,. The barrier heights of 13.49 and
14.37 keal mol ! are in line with experiment carried out in
toluene-dy in the temperature range from 23-100 °C, All of
these calculations reveal the rapid interconversion of 1-H and
1-H-H, under H, atmosphere.

For hydrazine coordination, hydrazine can be either in the
equatorial position frans to the phenyl ligand (1-H-N,H,-Eq) or
axial position (1-H-N,H,-Axial). Without dispersion correction
(B3PW91), the formation of 1-H-N,H,-Eq and 1-H-N,H,-Axial
is endergenic by 6.20 and 11.43 kcal mol ™, respectively, which
shows that it would be not possible to form hydrazine com-
plexes. Including dispersion correction (B3PW91-D3), however,
the formation of 1-H-N,H,-Eq and 1-H-N,H,-Axial becomes
exergonic by 4.71 and 1.41 keal mol ™, respectively, indicating
that the formation of hydrazine complexes is thermo-
dynamically possible. Furthermore, it also shows that 1-H-
N,H,-Eq is more stable and favourable than 1-H-N,H-Axial by
5.22 or 3.30 kecal mol™*, without or with dispersion correction,
respectively, The enhanced stability of 1-H-N,;H,-Eq is in agree-
ment with our experiment. In addition, we computed THF
coordination, which is endergonic by 24.10 or 9.55 keal mol ™,
without or with dispersion correction, respectively. This shows
that THF does not affect the coordination and plays only the
role of a solvent; and this is also in agreement with our experi-
mental observation. All these results demonstrate that it is
absolutely necessary to include dispersion correction for such
iridium pincer complexes.

On the basis of these results we computed the energies and
geometries of other intermediates involved in the catalytic
dehydrogenation cycle of HB (NH,NH,BH;), where we used
only the more stable isomers with equatorial coordinaticn and
the less stable axial coordinated isomers are given in the ESL}

As shown in Fig. 9, the equatorial coordination of hydrazine
borane via the terminal nitrogen atom (1-H-N,H,BH;-Eq) is

1-H-HBH,N,H4-Eq-TS

| 1078 | 1-H-Hy TS
! 843 |
i
0.00 118 | i=
—, 057 _"1-H-HBHyN,H,-Eq 1 |
1-H-tetpy 1 H-NyHABH,-Eq ] \
W— i | | 506
= {594 | —
e 1-H + Hy
1-H-N,H,4-Eq 1-H-Ho 3
+ HoB=NHNH,
HoB=NHNH,

Fig. 9 Potential energy surface (kcal mol™) of 1-H catalysed NH4BHs
dehydrogenation.
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Scheme 3 Proposed catalytic cycle for 1-H catalysed HB

dehydrogenation.

exergonic by 0.57 keal mol ', while the coordination of the B-H
bond (1-H-HBH,N,H,-Eq) is endergonic by 1.18 kcal mol %
and the former is more stable than the latter by 1.75
lcal mol™*. On the basis of 1-H-N,H,BH;-Eq, the dehydrogena-
tion step has a barrier of 11.33 keal mol ™" and is exergonic by
5.37 keal mol™". The second step is the dissociation of the co-
ordinated H,; which has a barrier of 14.37 keal mol *, and is
slightly endergonic by 0.88 keal mol ™.

On the basis of the potential energy surface, one can
propose the cycle of 1-H catalysed N,H,BH,; dehydrogenation
(Scheme 3). Starting from the active catalyst 1-H-tet-py, the
first step is HB complexation via either NH, or H-BH,
coordination; and both coordination modes separated by
1.75 keal mol ™" can form an equilibrium. The second step is
the dehydrogenation of HB resulting in the formation of
the dihydrogen complex 1-H-H, and H,B—NHNH,. The last
step is H, dissociation and the regeneration of the active
catalyst 1-H-tet-py.

Without considering the coordination of hydrazine (Fig. 9),
the H, dissociation step having higher barrier than the de-
hydrogenation step (14.37 vs. 11.33 keal mol ') should be rate-
determining. However, this situation can be changed by con-
sidering hydrazine coordination (—4.71 kecal mol '), which is
stronger than that of H, (—0.88 kecal mol™") and HB
(=0.57 keal mol ). Starting from the hydrazine complex, 1-H-
N,H,-Eq, the effective barrier of the dehydrogenation becomes
15.41 keal mol™?, which is higher than that of the H, dis-
sociation step (14.37 keal mol ). This indicates that hydrazine
dissociation imposes an additional off-cycle pre-equilibrium.
Such pre-equilibrium could shift the turn-over limiting step
from H, dissociation to substrate dehydrogenation, as well as
shift the rate law from zero order to first order in substrate.
That might actually explain the abrupt slowing of the rate
during catalysis as being associated with buildup of free hydra-
zine during the reaction. To verify this, we have added free
hydrazine to the reaction mixture and found that dehydrogena-
tion proceeds significantly slower (Fig. S27%).
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In a recent mechanistic study of AB dehydrogenation using
complex 1-H, Paul and Musgrave have shown that dehydro-
genation proceeds through a concerted proton/hydride abstrac-
tion from the substrate after initial B-H coordination to the Ir
centre with the tetrahydrido complex being the most stable
intermediate.®® This is well in line with the experimental
observation of this species as the major intermediate.
However, our computations show different intermediates in
structures and energies from those of Paul and Musgrave; in
their study neither van der Waals dispersion correction (D3)
nor solvation effect of THF were included. On the basis of the
agreement between theory and experiment, it is very important
to include dispersion correction for the interpretation of such
dehydrogenation mechanisms.

Formation of the hydrazine complex and free hydrazine as
well as the fact that in some cases slightly more than one equi-
valent of hydrogen are obtained suggests that a second, more
complex dehydrogenation mechanism is operating. Also,
(metal free) dehydrogenative coupling of the transient [H,N-
NH=—BH,]| as it was observed before by Manners and co-
workers for amine borane dehydrocoupling®® might explain
the amount of hydrogen formed. Further studies to rationalise
these observations are ongoing in our group, details will be
published in due course.

Conclusions

We have reported the first highly active homogeneous catalysts
for the dehydrogenation of the hydrogen storage material HB.
The activity of the Ir hydrido complexes varies with the substi-
tution pattern of the POCOP ligand with the COOMe substituted
complexes 3-Cl and 3-H outperforming other complexes signifi-
cantly. The dehydrogenated material contains four-coordinate B
centres with different B-H and B-N-H proton environments,
thus suggesting a three-dimensional, most likely polymeric
structure. The presented system shows potential for the reali-
sation of a closed HB based cycle for H, storage. Investigations
on the regeneration of the spent fuel either by addition of hydra-
zine or by re-hydrogenation as well as on the dehydrogenation
mechanism are ongoing in our group.
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The complex [(PNHP)Fe(H{CO)HBH3z)] (PNHP = HN(CH>CH:Pi-
Pr:);) serves as a catalyst precursor for the selective dehydro-
coupling of methylamine borane at room temperature, tentatively
via an off-metal polymerisation pathway.

In recent years, the dehydrogenation of ammonia borane (AB)
and other amine borane adducts has attracted considerable
interest due to the ability of such Lewis acid-base complexes
to release significant amounts of H, under mild conditions.!
Apart from H,, depending on the substitution pattern of the
amine borane, a variety of cyclic and linear oligomeric and
polymeric BN products can be obtained.” These compounds
are very interesting as BN compounds are generally isoelectro-
nic to hydrocarbons and a number of polymeric polarised
B® N°" analogues of non-polar all-carbon structures were pres-
ented.” Particularly borazines and linear polyaminoboranes,
formally formed by dehydrogenation with subsequent oligo-
merisation or polymerisation of the unsaturated BN intermedi-
ates, appear to be very attractive as these can be of importance
in high-performance polymers.® Also, ammonia borane was
discussed as a precursor for boron nitrogen ceramics® and
single-layer hexagonal BN.® In this context, the control of
polymer stereochemistry and molecular weight as it is possible
for polyolefins by means of transition metal catalysed dehydro-
polymerisation is a highly desirable, yet challenging goal. An
approach to benefit from the isoelectronic BN/CC analogy in
terms of catalysis was reported by Goldberg and Heinekey,
who used the alkane dehydrogenation catalyst [(POCOP)IrH,]
(POCOP = «*-C¢H;-2,6-(OPt-Bu,),) (Fig. 1) for the release of H,
from AB, the inorganic analogue of ethane and observed the
formation of an insoluble white BN product, tentatively
assigned as the pentamer [H,NBH,]s.” Manners and co-
workers have later reinvestigated this reaction and character-
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Fig. 1 Selected catalysts for MAB dehydropolymerisation.

ised the BN material as the linear polyaminoborane based on
solid state *'B NMR studies.® Additionally, using the same Ir
complex as well as a series of other dehydrogenation catalysts
the dehydropolymerisation of methylamine borane (MAB) to
afford soluble high molecular weight polyaminoboranes was
described.” Also, the photoactivation of metal carbonyl com-
plexes was found to form active catalysts for the dehydropoly-
merisation of MAB'™ and molecular Fe(i) catalysts were
reported.'’ Detailed catalytic and mechanistic studies on the
application of mononuclear and dinuclear [Rh(Xantphos)]
catalysts for the generation of polyaminoboranes were pres-
ented by Weller and co-workers (Fig. 1)."* Depending on the
catalyst species and the amine borane substrate different
mechanisms for the polymer growth were discussed; giving
also insights into the pathways for AB dehydrogenation.
Whereas dehydrogenative insertion of AB was suggested for
Baker's (dcpe)Fe amido complex,”® metal-based dehydrogena-
tion of AB followed by insertion of the transient aminoborane
[H.N=BH,] was reported for [(POCOP)IrH,].® Moreover,
Schneider and co-workers have presented a study of AB de-
hydrogenation using [(PNP)Ru(H)(PMe;)] (PNP = N(CH,CH,Pi-
Pry),)."* In this case, metal-ligand cooperation, ie. involve-
ment of the Ru amido moiety, was found to be crucial for
effective dehydrogenation. Notably, this complex was also used
by Manners et al. for MAB dehydropolymerisation (Fig. 1).*
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In a more recent communication, the group of Schneider
has used a Fe pincer complex [(PNP)FeH(CO)] (1, PNP =
N(CH,CH,Pi-Pr,),) for the dehydrogenation of AB, also yield-
ing an insoluble polymeric BN material.'® Fe hydride com-
plexes of this type were described for a series of hydrogen-
ation/dehydrogenation reactions using organic substrates in
the past.'® For example, [(PNHP)FeH(CO)(HBH;)] (2) was used
for the selective hydrogenation of aromatic and aliphatic
nitriles with the amide complex 1 being present in reaction
mixtures, thus suggesting this species to be of relevance for
catalytic activity.'” In this contribution, we present a catalytic
and mechanistic study of MAB dehydropolymerisation in
different solvents using the Fe amine complex 2 as a pre-
catalyst to  give linear  polyaminoborane  and/or
N-methylborazine, respectively.

When a solution of MAB in THF was treated with 2 mol%
of complex 2, vigorous gas evolution was observed without pre-
vious activation by heating, irradiation or addition of a base
(Scheme 1). The addition of elemental Hg does not affect the
reaction, thus indicating that the nature of this process is
homogeneous with a molecular active species. Also, phosphine
poisoning gave no evidence of a heterogeneous active species
(Fig. S11 and S12%). GC analysis of the gas phase showed that
H, is the only gaseous product. Volumetric curves are depicted
in Fig. 2.

The release of approximately 1.2 equivalents of H, was
observed in all cases, indicating the presence of an additional
dehydrogenation step, assuming that the formation of poly-N-
methylaminoborane (p-MAB) requires only the release of one
equivalent of H,. The addition of a fresh portion of MAB to the
filtered bright yellow catalyst solution resulted in immediate
further dehydrogenation, suggesting that the Fe catalyst is still
intact. Performing the same reaction in toluene gives a slightly
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Scheme 1 MAB dehydropolymerisation using complex 2.
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Fig. 2 Volumetric curves of MAB dehydropolymerisation with complex
2 in THF (IMAB] = 0.33 M, T = 25 °C).
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different picture as slightly less H, is evolved (Fig. S10%)
without the induction period. Reactions in THF were slower
than in toluene.

The addition of n-hexane to the reaction mixture results in
the precipitation of the pale yellow polymeric material that is
soluble in organic solvents such as CHCl;, THF, and DMF."®
'H and "B NMR data (Fig. S5) corroborate the assignment as
a linear polymer. The "'B NMR spectrum shows a broad sym-
metrical signal centred at —6 ppm which is in good agreement
with the reports by Manners and co-workers and others.>'*¢
No further "B resonances were observed at +5 < § < =5 ppm,
thus suggesting a highly linear structure of the polymer
without significant branching.'® Moreover, the absence of
splitting upon proton coupling indicates the presence of a
material of high molecular weight as similar coupling pro-
ducts containing short-chain oligomers or the linear dimer
H;B-NMeHBH,-NMeH, show significant 'H-''B coupling.*”
Also, "H NMR spectra closely resemble those reported before.
The 'H-""N HMQC NMR spectrum shows a correlation at
—365 ppm, which can be resolved as a doublet with a coupling
constant of approximately 65 Hz (Fig. S61). Further analysis of
the isolated material by ATR-IR spectroscopy (Fig. S71) and
comparison with literature data® corroborates the assignment
as P-MAB (D = 3265, Dy = 2983, Pgy = 2373 cm ). GPC ana-
lysis of the polymer obtained from reactions using different
conditions showed that in all cases p-MAB of medium- to
high-molecular weight was formed (Table 1). GPC data
(Fig. S9t) from p-MAB obtained in different solvents show no
significant differences that could point to an influence of the
coordinating solvent THF for the dehydrogenation and poly-
merisation process.

NMR spectroscopic reaction monitoring showed that in
solution besides the main product p-MAB also
N-methylborazine is present (d, dug = 33 ppm), thus explaining
the formation of slightly more than one equivalent of H,. A
signal that points to the presence of free MeNH—BH, was not
observed.”" In previous studies of AB dehydrogenation,*” the
formation of N-methylborazine and other cyclic oligomers of
the transient aminoborane [H,N=BH,] was assigned to the

Table 1 GPC data of p-MAB

Time M,
Entry  Reaction conditions® [h] [gmol™] PDI
1 | THF, 1 mol% 2 28 27.000 2.2
2 THF, 2 mol% 2 16 31.000 1.8
3 THF, 5 mol% 2 9 35.000 2.9
4 THF, closed system, 2 mol% 2 24 23.000 2.0
5 THF, 2 mol% 2, addition of 32 38.000 2.4
50 equiv. MAB after reaction
6 Toluene, 1 mol% 2 23 29.000 1.6
7 Toluene, 2 mol% 2 6 27.000 1.9
8 Toluene, 5 mol% 2 2 24.000 1.6
9 Toluene, closed system, 2 mol% 2 24 31.000 1.9
10 Toluene, 2 mol% 2, addition of 12 26.000 2.2

50 equiv. MAB after reaction

“[MAB] = 0.33 M, T= 25 °C.

This journal is & The Royal Society of Chemistry 2017
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latter species being able to react in a metal-free oligomerisa-
tion pathway. In our case, the "'B NMR spectra of MAB de-
hydropolymerisation in the presence of the trapping agent
cyclohexene showed a weak resonance for the aminoborane-
cyclohexene adduct at 46 ppm in THF and no resonance in
toluene. Also, significant amounts of N-methylborazine were
formed in THF solvent, whereas in toluene only very little
N-methylborazine was obtained (Fig. $14 and 157). This might
point to the presence of a so-called off-metal polymerisation
pathway for the formation of p-MAB in THF. However, we
cannot exclude this mechanism in toluene as the hydrobora-
tion of cyclohexene might be too slow in toluene, which would
explain the absence of the hydroborated product Cy,B=NMeH
as it was discussed before."*® Monitoring of the dehydropoly-
merisation reaction by ''B NMR spectroscopy (see the ESIT for
details) reveals that the resonance for N-methylborazine is only
observed after full consumption of the starting material MAB,
thus pointing towards the sequential formation of p-MAB and
N-methylborazine. To further corroborate this, we added 5 mol
% of catalyst 2 to analytically pure p-MAB in THF and found
that the formation of N-methylborazine takes place. We thus
conclude that this species is generated by a partial metal-
mediated cleavage of the polymer chain at longer reaction
times and the formation can be avoided by stopping the de-
hydropolymerisation reactions after the release of 1.0 equiv. of
H,. Nucleophilic main chain scission of poly(N-methyl-
aminoborane) was reported before.>® The absence of borazine
during polymer formation is an important benefit of the
herein described system as further dehydrogenation of the
polymer giving thermodynamically stable cyclic borazine
species is a general problem with the synthesis of
polyaminoboranes.”'***

In line with the above assumption of an off-metal pathway,
dehydropolymerisation reactions in a closed system, i.e. under
H, pressure gave p-MAB with values for M, that are in the
same range as in reactions with H, venting (Table 1, entries 4
and 9). According to this, H, does not compete with the co-
ordinated [MeNH=—BH,] monomer or the growing polymer
chain and does not act as a chain transfer reagent. Also, a com-
parison of molecular weights and PDIs of polymers made
using different concentrations of 2 shows that the values do
not deviate substantially. In cases where a metal centred poly-
merisation is operating, a significant decrease of M, with
increasing catalyst concentration would become evident. A
slight increase of M, in THF (entries 1-3) and a decrease in
toluene (entries 6-8) suggest that the metal plays a role in the
polymerisation process. We thus conclude that the metal is
responsible for the dehydrogenation of MAB and formation of
the intermediate aminoborane [MeNH=—BH,]. Subsequent off-
metal polymerisation appears to be dominant; however, the
involvement of the Fe centre cannot be excluded.

Analysis of the polymerisation kinetics (i.e. M, vs. conver-
sion/consumption of MAB)*® shows that M, is not affected sig-
nificantly by the degree of conversion and high molecular
weight polymers are also formed using lower concentrations of
the catalyst (Fig. S137). This points towards a chain growth
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mechanism for the formation of p-MAB rather than a step
growth pathway.® Also, analysis of M, after addition of further
MAB shows that the catalyst is not living (Table 1, entries 5
and 10).

Monitoring of the dehydrocoupling process by multinuclear
NMR spectroscopy was performed in order to shed light on the
fate of the Fe catalyst. It should be noted that spectroscopic
data of Fe species involved in the catalytic process were
reported before.™ In situ "H and *'P NMR spectra show the
presence of Fe complexes 2 (6 99.7 ppm), 3 (§ cis-3: 113.1,
trans-3: 116.8 ppm), and 4 (6§ 108.7 ppm) in THF solution
during MAB dehydrogenation (see the ESIt for details). The
highly reactive amide species 1 was not observed which is in
line with Schneider’s results for AB dehydrogenation."® The
formation of the amide-BH; adduct 4 is likely to take place
either by BH; addition to 1, a reaction that we performed inde-
pendently (vide infra), or by H, elimination from the catalyst
precursor 2, which was described by Langer for a complex dis-
playing t-Bu substituted P donor atoms.”® Based on these
observations, we believe that the abstraction of BH; from the
precatalyst 2 yields the dihydrido complex 3 as it was discussed
before by Beller, Langer and Guan (Fig. 3)."7*%*"

Complex 3 most likely represents the resting state of the
catalyst and is in equilibrium with the pentacoordinate amido
complex 1,”” which could add BH; to form 4. Alternatively,
complex 4 might be present due to H, abstraction from 2.*°
Cooperative interaction of the metal centre and the amine
moiety of the PNP ligand via the intermediate INT as it was
also proposed earlier by Schneider et al™ is likely to be
present in our case as well.

To further corroborate the presence of complex 4 during
dehydrogenation reactions we prepared this species by the
reaction of 1 with BH;. Spectroscopic data resemble those
from in situ experiments ("H: —11.28, —14.76 ppm; *'P:
108.7 ppm, Fig. $1-837). The IR spectrum shows a distinct BH
band at 2340 cm™" (Fig. §41). The molecular structure of 4 is
depicted in Fig. 4 and shows the Fe centre in the expected dis-
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Fig. 3 Proposed mechanism for the dehydrogenation of MAB in THF
and the formation of p-MAB.
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Fig. 4 Molecular structure of complex 4. Thermal ellipsoids correspond
to 30% probability at 150 K. For clarity, the second molecule of the
asymmetric unit and hydrogen atoms (except B and Fe bound) are
omitted.

torted square bipyramidal coordination environment with an
agostic interaction to one hydride of the BH; fragment (Fel-
H1B 1.62(3), B1-H1B 1.29(3) A).

We have presented a study of the dehydrogenation of
methylamine borane followed by polymerisation to selectively
give a high-molecular weight linear polyaminoborane. Analysis
of the polymer obtained using different reaction conditions
suggests that the Fe catalyst is only involved in the dehydro-
genation process and does not participate in the polymer for-
mation itself. This system represents a rare example of a cata-
lyst for the borazine-free dehydropolymerisation of amine
boranes. Future studies will aim at the rationalisation of this
effect using this and related catalysts.

We thank our technical and analytical staff in particular
Susanne Schareina, Dr Christine Fischer (GPC) and
Dr Wolfgang Baumann (NMR) for support. We gratefully
acknowledge support by Josh Turner and Prof. Ian Manners
(University of Bristol).
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Eifited fry . & e, Universinpof Netre The synthesis and crystal structure of the multidentate PPN ligand 2-[bis(di-
Dame, USA isopropylphosphanyl)methyl]-6-methylpyridine (1), C;oH3sNP», are described.

In the isostructural tetrahedral Fe and Ce complexes of type LMCl,
Keywords: coordination chemistry; phosphane; (M = Fe, Co), namely {2-[bis{diisopropylphosphanyl)methyl]-6-methylpyridine-
crystal structure; pyridine; PPN ligand; iron(lly; «*P,N)dichloridoiron(II), [FeCly(CioHysNP,)], and {2-[bis(diisopropylphos-
sebalilll; diangancsll. phanyl)methyl]-6-methylpyridine-«°P,N}dichloridocobalt(IT), [CoClx(CioHssNPs)],
the ligand adopts a bidentate P,N-coordination, whereas in the case of the
octahedral Mn complex {2-[bis(diisopropylphosphanyl)methyl]-6-methylpyri-
dine-«”P,P'}bromidotricarbonylmanganese(I), [MnBr(C;sHssNP,)(CO)s], the
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CCDC references: 1550599; 1550598;
1550597; 1550596

1. Introduction

The coordination chemistry of pincer ligands in general is well
described, and corresponding transition-metal complexes
have been used in a variety of stoichiometric and catalytic
applications (Albrecht & van Koten, 2001; van der Boom &
Milstein, 2003; Choi ef al., 2011). A plethora of complexes with
potentially tridentate aromatic PNP pincer ligands, with two
P-donor atoms adjacent to the central pyridine fragment, are
known, possessing a variety of different backbone and side-
arm structures. The most prominent catalytic applications
include N, activation (Arashiba ez al., 2011), CO, and ketone
hydrogenation (Tanaka et al., 2009; Langer ef al., 2011), and
dehvdrogenation reactions (Montag ef al., 2012). In most
cases, the synthesis of aromatic PNP ligands is easy, starting
from the corresponding pyridine or pyrrole derivatives.
However, in cases where 2,6-lutidine and derivatives are used
as starting materials, the formation of asymmetric PPN ligands
has to be considered as a side reaction, owing to the fact that
these compounds are present as intermediates due to partial
deprotonation of the methyl groups (see Scheme 1). In a
broader context, these PPN ligands can be regarded as hetero-
functionality-containing analogues of the well-known short
bite angle ligand bis(diphenylphosphanyl)methane (dppm).
This concept has been discussed previously by Zhang et al.
(2011).

Pyridine-based PPN ligands have been described before.
For example, Jansen & Pitter (1999) reported a procedure to
access 2-[bis(diisopropylphosphanyl)methyl]pyridine. Mo, Cu
and Pd complexes bearing this ligand were mentioned by Lang
et al. (2002) and point towards a diverse coordination chem-
istry due to the possibility of adopting various coordination
modes. Similar PN ligands based on a 6-methylpyridine
© 2017 International Union of Crystallography backbone with only one PR, group [R = Ph (Nelson et al,
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1976), i-Pr (Shih & Ozerov, 2015) or ~Bu (de Boer et al., 2012;
Kinoshita er al., 2012)] have been described on several occa-
sions and the role of an Ru complex in acceptorless alcohol
dehydrogenation has been evaluated (Langer et al., 2015). In
this article, we describe the synthesis and characterization of
the PPN ligand 2-[bis(diisopropylphosphanyl)methyl]-6-
methylpyridine, (1), along with a study of its coordination
chemistry to selected 3d metal centres.

® ®
ﬁ base, R,PCI N7 R,
N7 R,P PR, PR,
| =
+ N/ PRz
PR,
N
|
—i N
7N _nBuli, (PrzPa (-Pr)eP P-Pr,
Nig 195K to r.t. =9
L = I N/ P(i-Pr),
P(iPr),
Scheme 1

2. Experimental
2.1. Synthesis and crystallization

All manipulations were carried out under an oxygen- and
moisture-free argon atmosphere using standard Schlenk and
glove-box techniques. All solvents were dispensed from a
solvent purification system (PureSolv, Innovative Technology)
or dried over sodium/benzophenone and freshly distilled prior
to use. i-Pr,PCl, 2,6-lutidine, n-BuL.i (2.5 M in hexanes), FeCl,,
CoCl, and Mn(CO)sBr were purchased from Sigma—Aldrich
and used as received.

NMR spectra were recorded on a Bruker AV 300 or AV 400
spectrometer. All '"H NMR spectra are referenced using the
chemical shifts of residual protio solvent resonances (CDClj:
dH 7.26, 6C 77.2). Chemical shifts are reported in ppm (§)
relative to tetramethylsilane. The *'P{'H} NMR spectra were
referenced to external H;PO,. Mass spectra were recorded on
a MAT 95XP Thermo Fisher Mass Spectrometer using
clectrospray ionization mode. ATR (attenuated total reflec-
tance) IR spectra were recorded on a Bruker Alpha spectro-
meter.

For the synthesis of (1), #-BuLi (20.5 ml of a 2.5 M solution
in n-hexane, 51.3 mmol) was added slowly using a dropping
funnel to a solution of 2,6-lutidine (2.5 g, 23.33 mmol) in
diethyl ether (10 ml) cooled by an ice bath. The colour of the
solution gradually changed from colourless to yellow to red.
The temperature of the reaction mixture was raised to 313 K
and the mixture was stirred for 15 h. After cooling the reaction
mixture to 195K, chlorodiisopropylphosphane (7.79 g,
48.9 mmol) was added slowly to the reaction flask, and the
reaction mixture was warmed to room temperature. The

solution became dark red and a precipitate formed. The
reaction was quenched with degassed water and extracted with
diethyl ether (3 x 10 ml). The extracts were dried with MgSO,
and filtered, and the solvent was removed in vacuo to furnish a
yellow oily residue which contains the PPN ligand (1) and the

PNP ligand (A).
| x
B
N FeCl
N Gl 2 | ;
Fo~g b /(NL PPr)

iPr),P” P -
(iPr); P, (1)P(|-Pr)2
(2)
Mn(CO)sBr CoCl,
393 K
i-Pr i-Pr | Iy
iPr
= P, -l ’N\ e
: ML GO -
/ n ~
Y pr 1 co PP~ p”
] 5o (HPr);
i-Pr (3)
(4)

Scheme 2

Analytically pure colourless single-crystalline (1) was
obtained by sublimation of the mixture at 333 K and 1.0 x
1072 mbar (1.19 g, 15%; 1 bar = 100 000 Pa). PPN ligand (1) is
pyrophoric in air.

'"H NMR (CDCl;, 300 MHz, 297K): 8 7.41 (t, Jyy = 8 Hz,
1H, m-CHyy), 6.99 (d, Jun = 8 Hz, 1H, 0-CH,,,), 6.89 (d, Jy =
8 Hz, 1H, p-CH,), 3.53 (s, 1H, CH), 2.47 (s, 3H, py-CH3), 2.07
[tsp, Jprr = 3 Hz, Jyyy = 7 Hz, 2H, CH(CHs),], 1.95 [tsp, Jpr =
3 Hz, Junr = 7 Hz, 2H, CH(CHj;),), 1.23 [m, 6H, CH(CHs),],
1.14 [m, 6H, CH(CH,),], 1.03 [m, 6H, CH(CH),], 0.73 [m, 6H,
CH(CH,),]; *'P{*H} NMR (CsDs, 121 MHz, 297 K): § 12.9 (s);
BC NMR (C¢Dg, 75MHz, 297K): & 1602 (i-C), 157.5
[Car(CH3)], 1354 (m-CH), 120.6 (0-CH), 119.5 (p-CH), 38.9
(CH), 32.7 [Ca(CH3)], 22.5 [CH(CHj3),], 22.4 [CH(CH,),],
22.4 [CH(CH,3),], 207 [CH(CH;),], 20.6 [CH(CH,),), 19.7
[CH(CH;),]. Analysis calculated for C;oH3sNP,: C 67.23,
H 10.39, N 4.13%; found: C 66.05, H 10.39, N 4.13%. ESI-MS
(positive, m/z): 340.2322 [CoHas + H] .

To synthesise complex (2), anhydrous FeCl, (21 mg,
0.166 mmol) and (1) (56 mg, 0.174 mmol) were mixed in
tetrahydrofuran (THF; 10 ml) and the mixture was stirred for
8h at room temperature. During the reaction, the turbid
solution turned pale yellow and all components dissolved. The
solution was filtered and concentrated to dryness in vacuo.
The pale-yellow residue was washed thoroughly with pentane.
Pale-yellow complex (2) was obtained after evaporation of the
solvent from the filtrate (70 mg, 91%).

Colourless crystals of (2) were obtained by slow evapora-
tion from a THF solution. Analysis calculated for C;oH3sN-
P,FeCly: C 4895, H 7.57, N 3.0%; found: C 48.87, H 7.90, N
2.62%. ESI-MS (positive, m/z): 394.206 [C,oH;sNP,Fe]".

To synthesise complex (3), anhydrous CoCl, (25 mg,
0.194 mmol) and (1) (60 mg, 0.177 mmol) were mixed in THF
(10 ml) and the mixture was stirred for 7h at room
temperature. During the reaction, the colour of the solution
gradually changed from light blue to deep blue and all
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Table 1
Experimental details.
L @ 3 )
Crystal data
Chemical formula C1oHssNFP; [FeClo{C, sHz:NP;}] [CoCL{CsHaNP;)] [MnBr{CO}3(C s HasNP; )|
M, 33642 466.17 46925 55830
Crystal system, space group Moenoclinic, P2/e Triclinie, PT Triclinie, P1 Monoclinie, P2./n
Temperature {K) 150 150 150 150
a, b, ¢ (A) 162905 {5}, 67510 (2}, 82807 (1}, 10.7222 {2}, 82603 (2}, 10.7220 {3), 10.6732 (5), 15.6935 {(8),
18.9112 (6} 13.6434 (2) 13.6314 (3) 15.1651 {7)
o, By (%) 90, 982024 (11}, 90 87.0826 {6}, 80.8448 (6}, 86.8728 (10}, 80.5491 (10}, 90, 96.0732 (8}, 90
757315 (6) 75.6607 {10}
v {1&3) 2058.52 {11} 1160.35 {3} 1153.68 (5) 25259 (2)
Z 4 2 2 4
Radiation type Mo Ko Mo Ko Me Ko Mo Ko
g {mm ') 0.21 1.02 112 2.25

Crystal size (mm}

Drata collection
Diffractometer

Absorption correction

T miny
No. of measured, independent
and observed [I > 2o(1}]

reflections
Rint X
(SI0 H/A ) max (A1)

T,

max

Refinement

R[F? > 20(F%)], wR(F?), §
No. of reflections

No. of parameters

H-atom treatment

Abrmas A (8 AT

0.38 x 016 x 0.07

Bruker APEXII CCD
area-detector

Multi-scan (SADABS;
Bruker, 2014)

(.93, 0.98

78R3, 4970, 4231

0.032
0.660

0.035, 0.096, 1.02

4970

208

H-atom parameters
constrained

0.69, —021

0.40 > 039 % 035

Bruker APEXII CCD
area-detector

Multi-scan (SADABS;
Bruker, 2014}

0.67, 072

32317, 5588, 5098

0.021
0.660

0.025, 0.069, 1.05

5588

235

H-atom parameters
constrained

0.35, —0.29

023 » 021 = 0.0%

Bruker APEXII CCD
area-detector

Multi-scan {SADABS;
Bruker, 2014}

0.86, 0.91

27897, 5055, 4435

0.026
0.639

0.029, 0.076, 1.04

5055

235

H-atom parameters
constrained

0.55, —0.27

0.47 » 045 = 029

Bruker APEXII CCD
area-detector

Multi-scan {SADABS;
Bruker, 2014}

0.47, 0.56

38743, 5516, 5115

0.019
0.639

0.025, 0.066, 1.02

5516

280

H-atom parameters
constrained

1.27, -1.13

Computer programs: APEX2 (Bruker, 2014), SAINT (Bruker, 2013), SHELXS97 (Sheldrick, 2008), SHEL X1.2014 (Sheldrick, 2015), P In SHELXTL (Sheldrick, 2015) and pubICLF

(Westrip, 2010).

components dissolved. The solution was filtered and concen-
trated to dryness in vacuo. The residue was washed thoroughly
with pentane. Blue complex (3) was obtained after evapora-
tion of the solvent from the filtrate (yield 65 mg, 78%).

Blue crystals of (3) were obtained by slow evaporation of
solvent from a THF/n-hexane solution (1:1.2 v/v). Analysis
calculated for C;¢H;sCoCLNP,: C 48.71, H 7.56, N 3.01%;
found: C 4863, H 7.52, N 2.98%. ESI-MS (positive, m/z):
468.0945 [M]*.

To synthesise complex (4), Mn(CO)sBr (62 mg,
0.226 mmol) and (1) (161 mg, 0.474 mmol) were mixed in
toluene (10 ml) and the mixture was stirred for 24 h at 393 K.
During the reaction, the colour of the solution changed from
colourless to yellow and gas evolution was observed. The clear
yellow solution was filtered and concentrated to dryness in
vacuo. The residue was washed thoroughly with pentane.
Yellow complex (4) was obtained after evaporation of the
solvent from the filtrate (yield 78 mg, 62%).

Yellow crystals of (4) were obtained by slow evaporation of
solvent from a THF/n-hexane solution (1:1.5 v/v). "H NMR
(THF-dg, 300 MHz, 297 K): 8 7.54 (¢, Jyy = 8 Hz, 1H, m-CH ),
7.25 (d, Jyuy = 7 Hz, 1H, p-CH,y), 7.15 (d, Jyy = 7 Hz, 1H,
0-CH,y), 4.98 (¢, Jpg = 10 Hz, 1H, CH), 2.50 (s, 3H, py-CH3),
3.05-347 [m, 4H, CH(CH.),], 1.25-1.57 [m, 24H, CH(CH,),|;

P NMR (CDCls, 121 MHz, 297 K): 8 42.1 (s), 36.7 (5);
BCNMR (CDCL, 75 MHz, 297 K): 216.7 (CO), 158.5 (i-C),
154.3 [Cax(CH3)], 137.6 (m-CH), 121.6 (p-CH), 119.6 (0-CH),
57.9 (CHY, 31.1 [CH{CH;),], 29.6 [Ca(CH5)], 28.1 [CH{CH3;)5],
279 [CH(CHa),|, 23.9 [CH(CHa),|, 209 [CH(CHs),|, 19.1
[CH(CH3),]. IR (ATR, cm ) w(CQO) 2008, 1952, 1911.
Analysis calculated for C,,H;sBrMnNP,O;: C 4733, H 6.32,
N 2.51%; found: C 46.71, H 6.46, N 2.57%. ESI-MS (positive,
miz): 582.0539 [M + Na]”, 560.0721 [M + H]".

2.2. Refinement

Crystal data, data collection and structure refinement
details are summarized in Table 1. All H atoms were placed in
idealized positions, with C—H = 0.95-1.00 (CH) or 0.98 A
(CH3), and refined using a riding model, with Ug,(H) =
12U.4(C) for CH or 1.5U.(C) for CHa.

3. Results and discussion

PNP pincer ligands bearing methylene side arms can, in
principle, be prepared starting from 2.6-lutidine by
deprotonation of the methyl groups and reaction with
chlorophosphanes (Kawatsura & Hartwig, 2001). When

Acta Cryst. {2017). C73, 917-922

Han et al. « CigH1sNP; and its Fe, Co and Mn complexes 919



5. List of publications

research papers

C8

C10
C12

Figure 1
The molecular structure of (1). Displacement ellipsoids are drawn at the
30% probability level. H atoms have been omitted for clarity.

aiming for the synthesis of the neutral PNP pincer ligand 2,6-
bis[(diisopropylphosphanyl)methyl]pyridine [ligand (A) in
Scheme 1] (Jansen & Pitter, 1999) according to the synthetic
protocol described earlier for the similar ligand with terminal
t-Bu groups (Kawatsura & Hartwig, 2001), we observed that
selective formation of the desired ligand (A) does not take
place. Instead, significant amounts of PPN ligand (1), formed
by twofold phosphorylation of just one of the methyl groups,
were obtained (Scheme 1). An explanation is that, after the
first phosphorylation step has occurred, deprotonation can
take place at the newly formed P(i-Pr),CH, group to give PPN
ligand (1). From in situ *'P NMR spectra, these two com-
pounds were identified as the main components [§ 12.7 ppm
for (A) and 12.9 ppm for (1)] in a ratio of 8:92. After subli-
mation of the yellow oily mixture, PPN ligand (1) could be
isolated in an analytically pure form in a yicld of 15%.

Due to structural similarities between (A) and (1), the
*P{'H} NMR spectra are very similar. For a solution of (A) in
CDCl;, a chemical shift of 12.6 ppm was reported, whereas in
our case for (1) we observed a singlet resonance at § 12.9 ppm.

C18

Figure 2
The molecular structure of (2). Displacement ellipsoids are drawn at the
30% probability level. H atoms have been omitted for clarity.

Figure 3
The molecular structure of (3). Displacement ellipsoids are drawn at the
30% probability level. H atoms have been omitted for clarity.

However, in the '"H NMR spectra, differences became evident,
with isolated and well-defined singlet resonances for the intact
methyl group (8 2.47 ppm) and the methine group containing
both diisopropylphosphane groups (§ 3.53 ppm).

The molecular structure of (1) is depicted in Fig. 1. It
confirms the twofold phosphorylation of one of the methyl
groups, resulting in a (diisopropylphosphanyl)methyl frag-
ment which shows slightly distorted tetrahedral geometry at
the methine C6 atom. Bond lengths and angles are in the
expected range.

With this hitherto unknown ligand in hand, we investigated
its coordination chemistry using a series of different 3d metal
precursors. In principle, different types of coordination should
be possible using ligand (1), namely P,P- or P,N-bidentate
complexation, as well as tridentate coordination via both P-
atom donors and the N atom. Based on the structure of this
ligand, this last coordination mode might be possible but was
not observed in this case.

The reaction of FeCl, with (1) in tetrahydrofuran (THF)
results in the formation of compound (2) with P,N-coordina-
tion of one PPN ligand to the metal, while CoCl, gives the
deep-blue isostructural paramagnetic complex (3). Single
crystals were obtained from THF solutions for (2) or from a
mixture of THF and n-hexane for (3). The molecular struc-
tures are depicted in Figs. 2 and 3, and selected bond lengths
are given in Table 2.

The molecular structure of (2) shows the iron centre in a
distorted tetrahedral coordination environment [Cl1—Fel—
N1 =107.56 (3), Cl1 —Fel—CI2 = 119.80 (2), CI2—Fel—P1 =
118.828 (16), P1—Fel—N1 = 81.10(3), N1—Fel—Cl2 =
109.28 (3) and CI1—Fel—P1 = 112.541 (15)°], with the PPN
ligand (1) in the P,N-coordination mode, thus resulting in a
five-membered chelate ring and one of the diisopropylphos-
phane groups being noncoordinating [Fel—P1 = 2.4155 (4)
and Fel —N1 = 2.1545 (11) A] Upon coordination of ligand
(1), the P1—C7—C6 angle is reduced slightly [109.45 (8)°, cf.
113.30 (9)° in ligand (1)]. The calculated four-coordinate
goemetry index 7, (Yang et al, 2007) of 0.86 confirms the
distorted tetrahedral coordination geometry. Interestingly, for
Fe’ complexes bearing similar 2-[bis(diphenylphosphanyl)-
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Table 2
Selected bond lengths for complexes (2), (3) and (4).

(2) 3) (4)

(M =TFe, X = Cl) (M = Co, X = Cl (M = Mn, X = Br)
M—N 21545 (11) 2.0637 (14)
M—Pl 24155 (4) 2.3729 (5) 23247 (5)
M—P2 23351 (5)
M—X 22483 (4),2.2420 (4)  2.2285(5), 2.2406 (5) 25231 (3)

methyl]pyridine ligands, both the described P,N-coordination
and the P,P-binding mode are known (Mague & Krinsky,
2001).

In complex (3), the bonds between the PPN ligand and
the Co centre [Col—N1 = 2.0637 (14) and Col—P1 =
2.3729 (5) A] are slightly shorter than in Fe complex (2), which
is in line with the higher electron density at the metal atom is
also reflected by the shorter covalent radius for the Co atom
(Pyykké & Atsumi, 2009). Also in this case, complexation of
(1) results in a slight conformational change of the ligand, as
can be seen, for example, from the reduction of the P1—C6—
C1 angle [109.70 (11)°]. For complex (3), the value of 7, of 0.90
is slightly closer to the expected value of 1.0 for an ideal
tetrahedral coordination geometry than for Fe complex (2). A
very similar Co" dichloride complex was reported by Mague
& Krinsky (2001) using the 2-[bis(diphenylphosphanyl)-
methyl]pyridine ligand, with bond lengths Co—N = 2.042 (3)
and Co—P = 2.3756 (10) A.

A different coordination mode of the PPN ligand was
observed in a reaction with Mn(CO)sBr. Vigorous CO release
was observed, resulting in the isolation of yellow complex (4)
(Scheme 2). The Mn' complex is diamagnetic and character-
istic *'P resonances can be found at 36.7 and 42.2 ppm, most
likely due to the presence of two different P.P-bound
diastereoisomers in solution. NMR analysis of single crystals
that were analysed by X-ray crystallography showed that the
intense signal at 42.2 ppm can be assigned to the isomer found
in the solid state (see below). The IR spectrum of (4) shows
three pronounced carbonyl-stretching vibrations at 2008, 1952,
and 1911 cm™"', in line with values for other Mn' tricarbonyl
complexes (Spall et al., 2016).

Figure 4
The molecular structure of (4). Displacement ellipsoids are drawn at the
30% probability level. H atoms have been omitted for clarity.

The molecular structure of (4) (Fig. 4) shows the Mn' fac-
tricarbonyl species in a distorted octahedral coordination
geometry, with the Br ligand in the axial position. As
mentioned above, the PPN ligand adopts a different binding
mode, namely P,P-coordination, to give a bis(diisopropyl-
phosphanyl)methane chelate ligand with the pyridine ring
being noncoordinating. The Mn—P distances are as expected
for an Mn'-bis(phosphane) complex [Mnl—P1 = 2.3247 (5)
and Mn1—P2 = 2.3351 (5) A] Compared with free ligand (1),
as is well documented for a small-bite-angle bis(phosphane)
ligand, significant distortion is observed upon coordination to
the Mn centre [P1—C1—P2 = 95.63 (8)°]. Interestingly, P,N-
binding has also been observed for group 7 metal(I) com-
plexes, as seen in the Re compound reported by Mague &
Krinsky (2001). Another example of a P.P-coordinated
2-[bis(diphenylphosphanyl)methyl]pyridine ligand was pre-
sented by Lang et al. (2002), who investigated the coordination
chemistry of that ligand to Pd.

4. Conclusions

We have presented the synthesis and coordination chemistry
of the PPN ligand 2-[bis(diisopropylphosphanyl)methyl]-6-
methylpyridine. Compounds of this type can be obtained as a
side product in the synthesis of well-established PNP pincer
ligands. The structures of the metal complexes of this ligand
reported here show two different coordination modes, cither
PN or PP, which differ depending on the metal centre.
Whereas for Fe™' and Co", the P,N-coordination was found to
be preferred, resulting in the formation of isostructural
paramagnetic complexes, for Mn' a bis(phosphane) complex
with P,P-coordination was isolated. All complexes display one
remaining free donor site that could, in principle, be accessible
for the coordination of a further metal atom.
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ABSTRACT: The catalytic dehydrogenation of hydrazine borane using molecularly defined PNP Fe(Il) hydride complexes
[(PNHP)Fe(HBH:)(H)(CO)| (PNHP = HN[CH.CH.P(; Pr)s], 1-BH;) and [(PNP)Fe(H)(CO)] (PNP = N[CH-CH:P(i Pr).], 2)is
reported. Both catalysts are highly active and recyclable and release up to 2.56 equivalent of hydrogen, giving a thermally unstable solid dehy-
drogenation product. The isolated B«NyH: residues were analysed by solid-state NMR spectroscopy combined with DFT calculation of NMR
parameters and XPS analysis. A mechanism of hydrazine borane dehydrogenation and polymerisation leading to the residue is presented.

INTRODUCTION

The development of new hydrogen-storage materials that can
ideally be used repeatedly in mobile applications is one of the main
challenges connected with the nowadays evident increasing world-
wide demand for clean and sustainable energy sources.! Hydrogen
storage in so-called chemical hydrides such as ammonia borane
{AB), displaying a very attractive gravimetric hydrogen capacity of
19.6 wi%, was thoroughly investigated in the past and numerous
examples for its catalytic dehydrogenation were described.” In this
context, the potential of hydrazine borane (HB) was also studied in
recent years. First studies on H. release from HB included ther-
molysis® and hydrolysis*, giving ideally up to five equivalents of
hydrogen by stepwise hydrolysis of HB and hydrazine decomposi-
tion.® Using this approach, formation of thermodynamically stable
B-O bonds takes place which can be regarded as problematic when
considering rehydrogenation of spent materials, Our group has
reported on transition metal catalyzed dehydrogenation of HB
using group 4 metallocene complexes® as well as ring-substituted
POCOP Ir complexes (POCOP =«*CsHs-2,6-(OPBw).). As
the former example only showed very poor activity and formation
of N3, most likely by decomposition of hydrazine, was observed, no
non-noble metal catalyst are known for hydrolytic hydrogen release
or homogeneous dehydrogenation of HB to date.

Beller and Schneider have developed Fe(I) complexes bearing
tridentate PNHP and PNP pincer ligand environments®
(PNHP = HN[CH.CH.P(i Pr):], PNP = N[CH.CH:P(i Pr)])
which turned out to be a very potent catalyst motif for a series of
hydrogenation and dehydrogenation reactions of organic sub-
strates.” As an interesting feature of these complexes, cooperativity
between the metal center and the PNP ligand was found to be
important for the outcome of the reaction, giving highly active
dehydrogenation catalysts for the amido form and hydrogenation

catalysts for the amine form of the ligand (complexes 1-BH; and 2,
Scheme 1).

1) HBH;
H. | ‘.-“PRZ (Bass) .\“‘PR"‘
N—Fe-CC N;FB*CO
Cal | -
PR2 4 PRz H
R = HPr (1-BHy) R=#Pr(2)
b) Fe catalyst
THF, 25 °C

NgH,+BHg Hp + BNH, product
Scheme 1. a) PNP Fe(Il) hydrido complexes 1 and 2. b) HB
dchydrogenation nsing Fe complexes.

Ammonia borane (AB) dehydrogenation using amido complex
2 as a catalyst resulting in the formation of a linear polyaminobo-
rane was presented by Schneider and co-workers.'® Moreover, in a
recent study, we have described the use of complex 1-BH; as a
precatalyst for the dehydropolymerisation of methylamine bo-
rane.”* In this contribution we extend these studies to HB as the
substrate and report on the first example of homogeneous dehy-
drogenation of HB using the above mentioned pincer Fe(Il) com-
plexes as noble-metal free, molecularly defined catalysts.

RESULTS AND DISCUSION

Upon addition of complex 1-BHj as the catalyst to HB in THF
under an atmosphere of Argon at room temperature, immediate
evolution of gas was observed. Simultaneously, the color of the Fe
hydrido complex slowly faded from yellow to pale yellow and a
white solid precipitated. The progress of the reaction was moni-
tored by volumetric analysis, indicating that complex 1-BH; cata-
lyzes the release of approximately one equivalent of H> per mole-
cule HB (Figure 1).
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Figure 1. Volumetric curves for dehydrogenation of HB (1.1
mmol) using different concentrations of complex 1-BH; in
THF atT=25°C.

For (POCOP)Tr hydrido complexes as the catalysts full conver-
sion could not be observed using low catalyst loadings of less than 2
mol%.” In the case of Fe complex 1-BHj, full conversion (ie. for-
mation of at least one equivalent of H,) could also be observed in
catalytic runs using lower Fe concentrations. Analysis of the head-
space of the reaction mixture indicated that Hz was the only gase-
ous product. Formationof N» asa product of hydrazine decomposi-
tion was not found. In all cases, a significant time of induction was
observed with lower activity. In a previous report on methylamine
borane dehydropolymerisation", we have found a similar behavior
in THF, which can be traced back to the generation of the active
species from complex 1-BHs. Here, BH: elimination is needed in
order to generate the active catalyst species 1, a Fe(Tl) dihydrido
complex (vide infra). This Lewis base induced BH; elimination was
also reported earlier by Langer and co-workers. " After separation of
the insoluble dehydrogenation product from the catalyst solution
by filtration, a pale vellow solution was obtained, which upon addi-
tion of fresh HB was still active for dehydrogenation. *'P NMR
analysis of this solution showed the presence of complex 2 (§116.3
ppm), Fe(11) dihydrido complex (& 116.7 ppm), PNP ligand (& -
1.0 ppm) and oxidized PNP ligand (£52.1 ppm).

As we observed an induction period for HB dehydrogenation
using complex 1-BHs, we next focussed on the investigation of the
amido complex 2, which in principle forms upon BH; abstraction
from 1-BH;, followed by H. dissociation. Thus, this complex is
likely to be present during HB dehydrogenation using 1-BH; as
precatalyst species as well. In dehydrogenation reactions using the
amido complex 2, significantly more than one equivalent of H,
evolved in much shorter reaction times than for complex 1-BH;
(Figure 2). Also, reaction rates at the onset of the dehydrogenation
reaction were much higher compared to reaction with 1-BHs as the
precatalyst (cf. Figures 1 and 2). A maximum of approximately 2.56
equiv. of H: was observed in a long term experiment using 5 mol%
of 2 after 74 hours. Notably, dehydrogenation of HB using both
catalyst precursors 1-BH; and 2 was found to be a homogeneous
process as evidenced by a PMe; poisoning experiment (see Sup-
porting Information for details)." In-sitt NMR studies at -78 °C
showed that both Fe complexes are also active at low temperature,
forming the aforementioned Fe(II) dihydrido complex (*'P: &
116.7 ppm) and hydrogen (*H: 4.55 ppm), thus suggesting the
presence of a dehydrogenation process that shows essentially no
activation barrier (see Supporting Information for details).
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Figure 2. Volumetric curves for dehydrogenation of HB (1.1
mmol) using different concentrations of complex 2 in THF at
T=25°C,

Interestingly, the B-IN material obtained from high-extent hydro-
genrelease (i.e. > 2 equivalents Ha) was found to be rather unstable
in air, leading to spontaneous self-ignition. However, when stored
under Argon the material did not show any signs of decomposition.
Due to the limited stability, detailed characterisation of this dehy-
drogenation residue was not possible. Also in this case, the separat-
ed catalyst solution still showed significant activity in further dehy-
drogenation runs using fresh substrate.

Release of significantly more than one equivalent of hydrogen at
room temperature (Figures 1 and 2) suggests the presence of an
additional dehydrogenation step which plays a role especially for
higher catalyst loadings. To further evaluate this, we performed
dehydrogenation reaction using 2 mol% of complexes 1-BH; and 2
at lower (T=15°C) and higher temperatures (T=40°C) and
found that in the latter case rapid release of more than two equiva-
lents of hydrogen takes place (see Supperting Information for
details). At T=15°C a maximum of 1.3 equivalents of hydrogen
was released, slightly less than at room temperature. We assume
that — as suggested by Manners and co-workers for other amine
borane adducts' — the additional amount of Ha is caused by metal-
free dehydrocoupling of the transient [H;NNH=BH:] and higher
temperature is needed to overcome the activation barrier for this.

To further investigate the fate of the Fe catalysts 1-BHs and 2,
we performed in situ NMR studies under reaction conditions, i.e. in
an open system with samples taken after certain reaction times. In
situ NMR spectra using complex 1-BH; suggest activation of the
precatalyst by B abstraction as only complex 1-BHs was detected
at the onset of dehydrogenation. With time, decay of this species
and formation of the frans-dihydrido complex ("H: -9.56 ppm; *'P:
116.7 ppm) were observed. Also, free hydrazine was detected (*H:
$2.95 ppm). In "'B NMR spectra, apart from a decay of the HB
resonance and the characteristic signal for 1-BHs, no other B con-
taining intermediate species was observed. In situ NMR experi-
ments using complex 2 in an open system very little amounts of the
starting material 2 were detected (see Supporting Information for
details). Additionally, *'P resonances for two cis/trans isomers of
the Fe(11) dihydrido complex were observed at §113.0 and 116.7
ppm”™, which slowly decayed during dehydrogenation. Multiplet
signals in 'H NMR spectra at -8.7 and -9.56 ppm support this as-
signment. In sitt NMR spectroscopy at 195 K (closed J. Young
NMR tube) showed that also at low temperature formation of the
dihydrido complex 1 and Ha takes place. In 'H NMR spectra with
1-BH; and 2 as the catalyst apart from the decay of the starting
material HB formation of free hydrazine was observed. Interactions
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of the latter or of BH; with the Fe catalysts 1-BH; or 2 were not
observed by NMR spectroscopy. In line with this, dehydrogenation
reactions with 1-BHz and 2 in the presence of free NoHy or BH: did
not show significant differences compared to the catalytic runs
shown in Figures 1 and 2. In the case of {POCOP)Ir hydrido com-
plex catalysed HB dehydrogenation, formation of a hydrazine
complex — most likely the resting state of the catalytic cycle — was
observed.” Deactivation of the Fe catalyst can be rationalised based
on the slow build-up of P resonances for the free PNP ligand (-
1.0 ppm) and its oxidised form (552.1 ppm) in both cases.”

STRUCTURAL CHARACTERISATION OF THE
DEOYDROGENATION PRODUCTS

For characterization of the reactions residue, neither liquid-state
NMR nor X-ray diffraction was applicable due to the amorphous
nature of the precipitated solid and insolubility in all common
organic solvents. Thus, to investigate these residues, we conducted
solid-state NMR experiments in combination with XPS analysis.
The "B MAS NMR spectra in Figure 3 of HB dehydrogenated
using catalyst 1-BH; and 2 reveal two different boron species with
"B jsotropic shifts of -7 and -4 ppm. The "B chemical shifts show
that these species correspond to boron in four-fold coordination
(BN:Hy, x+y = 4) as also observed in our previous work using an Ir-
based catalyst.” Surprisingly, both catalyst 1-BH; and 2 lead to
essentially the same "B MAS NMR spectrum (Figures 3) despite
their different reaction behavior at 2 mol% catalyst loading (Figures
1 and2).

——— 2mol% cat 2
—— 2mol% cat 1

+

20

Figure 3. "B MAS NMR spectra of HB samples after abstrac-
tion of 1 eq. H; using 1-BH; (black) and 2 (grey) as catalysts
measured at a magnetic field strength of 11.7 T and a MAS
frequency of 25kHz. "'B snbgroups were assigned to the two
resonances simulated on basis of MQMAS results (Figure 4).
Impurities caused by a reaction of the residue with air are
marked with a + sign.

Hence, it is reasonable to assume a common hydrogen abstrac-
tion mechanism for both catalysts, leading to similar BJNyH. struc-
tures. Additionally, the B MAS NMR spectra of HB dehydrogen-
ated using 2 or 5 mol% of the catalysts are identical (see Supporting
Information for details). As the precipitated solid appears to in-
clude identical boron environments independent of the reaction
conditions, the following structural discussion will focus only on
the dehydrogenation product using 2mol% of catalyst 2 at an
abstraction rate of 1 eq. Ha. To further increase the resolution and
determine the quadrupolar coupling parameters from the overlap-
ping "B species in the "B MAS NMR spectrum, we conducted a
triple-quantum (3Q)MAS NMR experimnt (Figure 4). From this
spectrum (Figure 4, top), the extracted horizontal rows give clear
proof for the two different boron species in the precipitated solid

(cf. Figure 3 and Figure 4 a, b). Moreover, we extracted the B
quadrupolar coup]jng parameters (CQ and qq) for both boron
species using the 3QMAS experiments in Figure 4 combined with
lineshape deconvolution of the "'B MAS NMR spectrum in Figure
3 (see Table S1). These parameters are comparable to those de-
termined for similar boron species in our recent work using an Ir-
based catalyst.’
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Figure 4. "'B 3QMAS NMR spectrum of HB dehydrogenated
using 2 mol% of 1-BH; as catalysts up to an abstraction rate of
1.0 eq. H: measured ata magnetic field strength of 11.7 T and a
MAS frequency of 25 kHz. Both observed ''B slices were ex-
tracted at maximum intensity, corresponding to the dashed
lines (shown below). An impurity caused by reaction of the
residue with air is marked with a + sign. Table $1 summarizes
the determined "B chemical shifts and quadrupolar coupling
parameters.

Before linking these boron species and their NMR parameters to
the precipitate structure and hydrogen abstraction mechanism it is
essential to gain further insight into the atomic composition. To
this end we characterized the sample used for the solid-state NMR
experiments via XPS analysis as summarized in Table S§3. These
measurements revealed a significant amount of solvent (THF)
incorporated into the structure, which could not be removed even
under the high vacuum conditions employed in the XPS measure-
ment. Concerning the atomic ratio of boron to nitrogen (BN) a
ratio close to 1:2 as expected for HB, taking into account that no
gaseous nitrogen species were detected during the dehydrogena-
tion reaction and that only a minor amount of free NoH: was found
in the in situ liquid-state NMR (see Supporting Information for
details). However, the experimentally determined B:N ratios can
be seen to fall in the range from 1.0 to 1.3, see Table S3. From the
work of Goubeau and Ricker who studied the thermolysis of HB
(up to 1 eq. H2)", this discrepancy can however be understood. In
their work, as in this work, they observed an insoluble amorphous
solid with a B:N ratio of ~1.0, where large amounts of solvent mol-
ecules were incorporated, which upon further dehydrogenation
lead to explosive/unstable products.”® On this basis, we can attrib-
ute the additional loss of nitrogen content compared to HB, to the
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Figure $. Left: BNyHx structures used for DFT geometry optimization and calculation of "B NMR parameters (for details See sup-
plemental information). Right: GIAO-DFT calculated ''B parameters using TURBOMOLE with B3-LYP as functional and an Ahl-

rich def2-TZVP basis set.

release of N:Hy molecules that are strongly bound to the precipi-
tate. Such adsorbed N;H; molecules are neither detected in solu-
tion-state NMR nor using solid state methods as they are removed
when drying the resulting residue. Due to the nature of the precipi-
tate, Goubeau and Ricker further proposed a polymeric structure
containing cyclic B:NyH: monomers (cf. Figure S, 19-21). With
these results in mind, we have performed DFT calculations for a
series of BuNyH: model structures as summarized in Figure 5. These
structures include plausible small clusters and polymeric structures
similar to previous work'*'® and report the DFT calculations of *'B
chemical shifts and quadrupolar coupling parameters (Table 1).
Such calculated NMR parameters can be used as structural finger-
prints, since they are sensitive to the chemical environment of
boron and can be compared to the experimental "'B chemical shifts
and quadrupelar coupling parameters determined from Figure 3
and 4. We note that DFT calculations for similar B«NyH. structures
have recently been performed by Kobayashi and co-workers'’;
however, their work focussed on the calculation and correlation of
experimental N chemical shifts.” Also note that our DFT ap-
proach are gas-phase calculations and as such does not include
effects from a solid-state packing of the structures. Referencing of
the chemical shift calculations, were performed using four different
reference structures {1-4 in Figure 5) with known "B chemical
shifts (see Supporting Information for details). The comparison of
experimental and calculated "B chemical shifts (Figure §) and their
associated quadrupolar coupling parameters show that the domi-
nating "B species at -7 ppm can be assigned to a BH,N» group. The
model compounds containing this particular motif with a good
agreement between experimental and calculated NMR parameters

are the model structures 13, 16, 20, and 21. However, as discussed
above on the basis of the XPS results, the precipitate shows a B:N
ratio close to 1 and clearly has a polymeric nature, we can exclude
structures 13 and 16. Thus, we conclude that the precipitate most
likely consists of five- or six-membered rings as depicted in struc-
tures 20 and 21, or also a mixture of both systems taking into ac-
count their similar "B NMR parameters. Goubeau and Ricker
assumed that thermal decomposition of HB most likely leads to the
six-membered ring structure, considering its thermal stability, IR
properties, and the fact that solvent molecules are easily incorpo-
rated.”® This is achieved by helical or random-coil-like macrostruc-
tures with varying cis- and trans-isomers of the six-membered rings.

The second "B species located at -4 ppm was in our previous
study attributed to a BHN; group due to the increased "B chemical
shift and reduced quadrupolar coupling constant compared to the
dominating boron component.” However, taking into account the
results from our more extensive DFT calculations of model struc-
tures, Figure § and Table 1, this minor component can equally well
be a BH:N, group, resulting for instance from the adduct formation
of a free BH: end group with N:H,. Figure 6 presents a possible
polymerisation pathway leading to the proposed structure 21
where such free BH, end groups are present. The reaction is initiat-
ed via the catalytic abstraction of H: from one HB molecule, result-
ing in BN>Hs, which can then abstract BH; from HB due to its
increased basicity compared to NoH..'* B,NyHs is formed after a
second catalysed dihydrogen abstraction step. These BaN:Hs units
can easily undergo cyclic ring closure leading to a more thermody-
namically stable product. Further addition of B,N»Hs then results
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in the polymer formation. The polymerisation to structure 20 can
be explained using an analoguous reaction pathway.

[cat.] H HB H H  _ BiNyHg
HB —= H,B——N——NH, — H,B——N——N —BH; ———»
-Hy -NoH, [cat.]-H,

H
/BH:\/BHZ /gsz\ﬁ/BH:\/BHz

Figure 6. Possible reaction mechanism for abstraction of leq.
H; from HB leading to polymerisation with six-membered
rings as repeating unit.

The homogeneous dehydrogenation leading to only one major
BH:N: species might in fact be advantageous for the potential
application of HB as a hydrogen storage material as the cydization
of this compound appears to be more likely than for thermodynam-
ically stable boron nitride. For this reason, we investigated the
stability of the obtained precipitate in terms of exposure to air to
test its sensitivity to moisture and O, especially when stored for an
extended period of time. From the B MAS NMR spectra acquired
for two different samples, one stored in air and the other under
argon for four weeks, it can be easily seen that the precipitate stored
in air changes its structure significantly, i.e,, the precipitate includes
two new boron species at 1 ppm and 18 ppm. The "B chemical
shifts as well as their associated quadrupolar coupling parameters
show that the boron species at 1 ppm is likely from a BN+xOx group
and that the signal at 18 ppm is due to threefold-coordinated BNa.
10« (see Supporting Information for details). Thus, these results
show that the reaction with air needs to be excluded when consid-
ering the possible application of HB as hydrogen storage material
using an abstraction rate of only one equivalent of Hz. On the other
hand, this approach with abstraction of only one equivalent H:
clearly has the advantage that any formation of explosive residues,
due to increased H, abstraction®, can be prevented using proper
reaction monitoring, Additionally, the catalytic dehydrogenation of
HB compared to thermolysis using the Fe catalysts 1 and 2 can be
easily achieved at room temperature.

MECHANISTIC CONSIDERATIONS FROM DFT
ANALYSIS

On the basis of our experimental results, we also carried out
B3PW91 density functional theory computations to clarify the
reaction mechanism, where we discussed and interpreted from
experiment to theory and vice versa. In our experiment, we ob-
served the immediate H, evolution from the dehydrogenation of
hydrazine borane (HB) catalyzed by complex 1-BHs as the catalyst
in THF under an atmosphere of argon at room temperature. Con-
currently, the color of the Fe hydrido complex slowly faded from
yellow to pale yellow and a white solid precipitated.

First we computed the thermal dehydrogenation of HB (H.N-
NH,-BH; = H,N-HN=BH, + Hz). It is found that this reaction is
exergonic (—12.13 kecal/mol); indicating a thermodynamically
favorable process. In addition, we computed the direct dehydro-
genation via a four-membered [2+2] transition state; and the com-
puted free energy barrier is very high (34.97 kcal/mol), revealing
the high thermodynamic stability of HB towards dehydrogenation;
and therefore catalytic dehydrogenation is necessary. The trimeri-
sation of H-N-HN=BH: to borazine (B:NsHs) and NHs is exergon-
icby 180.02 keal/mol.

Since our experimental work showed that both amino complex 1
and amido complex 2 are active catalysts, we computed HB dehy-
drogenation using 1 and 2 for comparison. The computed results
are shown in Figure 5.

For the reaction between complex 1 and HB, we tried to find a
double-hydrogen bonding interacted intermediate, i.e.; between
the proton of the catalyst N-H bond and the hydride of the BHs
group as well as between the hydride of the catalyst Fe-H and the
proton of the central NH, group. We tried several configurations by
varying the conformations of the terminal BHs and NH. group; and
the most stable intermediate HB-A has only one hydrogen-
bonding between Fe-H and the proton of the central NH: group.
This hydrogen bonding has a NH-HFe distance of 1.505 A and the
hydrogen-bonding is slightly exergonic by 0.20 kcal/mol. It is not
possible to get the structure of the intermediate with double-
hydrogen bonding, Starting from intermediate HB-A, we tried to
get one concerted transition state (HB-TS1) for double H; for-
mation to get complex 2 and H:N-HN=BH,, but failed. Further-
more, we tried to eliminate one H» molecule between the hydrogen
bonding via the Frustrated Lewis Pair concept, i.e; one Hs mole-
cule between the Fe center and the B center; and optimization for
searching the transition state (HB-TS2) leads to the direct for-
mation of an artificial structure with coordinated Hz; and removal
of H: forms intermediate HB-B; and this step is exergonic by 3.59
kcal/mol. Starting from intermediate HB-B (the HB-B-trans iso-
mer is less stable by 3.99 keal/mol) it is also not possible to get the
transition state (HB-TS3) for the second H: formation. From HB-
A to 2 and HoN-HN=BH,, the reaction is exergonic by 11.61
keal/mol. However, the formation of complex C from 2 and H.N-
HN=BH: is exergonic by 8.10 kcal/mol; and this is much smaller
than the free energy (—180.02 kcal/mol) of the trimerization of
H:N-HN=BH. to borazine and release of NHs.

Starting from the amido complex 2 and a second HB molecule,
we computed the second dehydrogenation cycle. At first, we tried
to find a double-hydrogen bonding interacted intermediate ( HB-
D), i.e.; between the proton of the central N-H bond and the cata-
lyst amido nitrogen center as well as the hydride of the BH; group
and the Fe center. However, structure optimization results in the
formation of intermediate (HB-E), in which the central N-H bond
is already broken and the hydrogen atoms is transferred to the
amido nitrogen atom as well as one hydrogen bonding between B-
H-Fe. In contrast, the formation of the hydrogen bonding complex
(HB-F) between the amido nitrogen atom and the central NH,
group of HB is endergonic by 3.46 kcal/mol, and therefore, not
competitive with HB-E. Starting from intermediate {HB-E), we
tried to get the transition state for the hydride transfer from B to Fe
(HB-TS4), but failed. Structure optimization directly yields cata-
lyst 1 and H,N-HN=BH,. All these findings indicate that this de-
hydrogenation might have very low barrier (if any); and that the
reaction can be considered as typical and simple acid and base
reaction; and only such type of reaction is in line with our experi-
mentally observed reaction kinetics, i.e.; fast at room temperature
and detectable at very low temperature. On the basis of this discus-
sion, we propose a simple acid and base reaction mechanism (Fig-

ure 6).
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CONCLUSIONS

We have presented the first study of hydrazine borane dehydro-
genation using non-noble metal based homogenecus catalysts at
mild conditions. Iron(II} hydrido complexes were found to be very
active and recyclable catalysts, releasing at least one equivalent of
hydrogen. In cases where significantly more than one equivalent of
hydrogen evolved, the obtained solid dehydrogenation product
showed signs of decomposition in line with its tentative structural
assignment as a material containing highly energetic cyclic unsatu-
rated B-N units containing a nitrogen-nitrogen bond. Solid-state
NMR investigation of the solid residue with an abstraction of
1.0 eq. Ha gave essentially the same "B spectra for both investigated

residues. This is in line with the suggested common dehydrogena-
tion mechanism of both catalysts. Structural analysis of the precipi-
tate lead to an assignment to a homogeneous polymer with a six-
membered or less likely a five-membered ring as repeating unit.
These structures were derived from a combination of XPS analysis
with solid-state NMR spectroscopy as well as DFT calculations of
different B,NyH. structure models. These structural models and
calculations might also lead to an improved understandjng of boron
clusters in similar fields of research. DFT analysis of the first Fe
catalysed dehydrogenation step suggests the presence of an essen-
tailly barrier-free reaction mechanism that involves acid-base-type
interactions between the Fe hydride catalyst and the substrate.
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