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Preface

This dissertation is divided into three chapterscéhtly, metal-free hydrogen activation using
phosphorous compounds has been reported in scimag@azine. We have investigated the
interaction between hydrogen and phosphorous congsoin presence of strong Lewis acids
(chapter one). A new generation of metal-free hgdroactivation, using amines and strong
Lewis acids with sterically demanding nature, Wasaaly developed in our group.

Shortage of high storage capacity using large gubeh to improve sterical effect led us to
explore the amine borane derivatives, which ardagx@d in chapter two.

Due to the high storage capacity of hydrogen imaimbrane derivatives, we have explored these
materials to extend hydrogen release. These congsostore hydrogen as proton and hydride on
adjacent atoms or ions. These investigations eguft developing hydrogen storage based on
ionic liquids containing methyl guanidinium catiohhen we have continiued to develop ionic
liquids based on methyl guanidinium cation withfeliént anions, such as tetrafluoro borate
(chapter three). We have replaced these anions trattsition metal anions to investigate
hydrogen bonding and catalytic activity of ioniguids.

This chapter illustrates the world of ionic liguéd a green solvent for organic, inorganic and
catalytic reactions and combines the concept @lysts and solvents based on ionic liquids. The

catalytic activity is investigated particularly Witespect to the interaction with GO



Chapter 1
Metal-free hydrogen activation (Frustrated Lews

Pairs)

1.1. Introduction

In 1923, Lewis explainéchew descriptions of acids and bases categorizivigeules as electron
pair donors or acceptors, which is central to ondasstanding of much of main group and
transition metal chemistry. A basic concept of ttescription in chemical reactions is that the
combination of Lewis acids and bases results ifdheation of simple Lewis acid-base adducts.
A simple demonstration of this concept is the faroraof ammonia-borane adducts (pBHs),
upon combination of the Lewis acid borane with t@svis base ammonia. The use of Lewis
acidic boron and aluminiuimased activators in olefin polymerisation is annepke of transition
metal coordination chemistfy’. Lewis acids are characterized by low-lying, lowasbccupied
molecular orbitals (LUMOSs) which can interact withe lone electron-pair in the high-lying
highest-occupied molecular orbital (HOMO) of a Levease. Thus the combination of a simple
Lewis acid and Lewis base results in neutralizatfoim 1942, Brown and co-workers reported
that, although most of these combinations of Leatgls and bases formed classical Lewis
adducts, lutidine formed a stable adduct with B&t did not react with BMg(Fig. 1)*

Fig.1 Treatment of lutidine with BMeand BR. (NR: no reaction)

BMe3
N—BF; NR



This result was attributed to the steric conflitbdho-methyl groups of lutidine with the methyl
groups of the borane. Wittig and Benz repoftedphenylenebridged phosphonium-borate by
treatment of dehydrobenzen with a mixture of thevisebase triphenylphosphine and the Lewis

acid triphenylborane (Fig.2).

Fig. 2 Frustrated Lewis-pair reagents

F i T PPh,
Mg
—> —y
BPh; _

Tochterman reported later that the addition of B®ha mixture of butadiene and trityl anion did

not result in polybutadiene (Fig. 3).

Fig.3 Lewis pairs reagents

BPh,

Na"
beC Na" + / / Bprb > N
PhC

These reports realized the special nature of stenids pairs, that did not yield the classical

Lewis adduct.

1.2 Metal-free H,activation based on frustrated Lewis pairs

The Stephan and co-workers have repdttesiversible hydrogen activation, which was derived
through an unusual reaction from the nucleophil@mraatic substitution reaction of B{Es)s with
dimesitylphosphine, which was treated with J8#1Cl, yielding zwitterionic species cleanly
(Fig. 4).
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These Lewis acid and Lewis base functions wererpuarated into the same molecule and
sterically precluded from quenching each othersTompound can releaseg ¢éleanly above 100
°C and activate it at room temperature.

To gain further insight into mechanisms, the kinetata of hydrogen loss usiftP {*H} NMR

in bromobenzen over the temperature range 100 150 °C were collected. Over this
temperature range the enthalpy and entropy of at@iv were reportedH” = 90 + 1 kJ/mol and
AS" =-96 + 1 J/mol.K.

Fig.4 Syntheses of zwitterionic species

R F R F
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Initially, spin-lattice relaxation time ¢J showed first-order decay kinetics. The entropluea
and the first order kinetics are consistent withraramolecular process, and the enthalpy value
suggests substantial bond breakage in the tramstage. IntramolecularHlimination requires
proton and hydride on adjacent atoms. This coulddbgeved by proton migration from P to B,
or alternatively by hydride migration from B to Pig. 5). This innovation represents the first
non-transition-metal system known that both releasel takes up dihydrogen. This combination
of a Lewis acid and Lewis base in which steric deasapreclude classical adduct formation, was

classified under “frustrated Lewis pairs” or “FLPSs”

Fig.5 Possible mechanisms of itlease

R F
H
@®
(Me3CgHy),P B(CsFs)
/ ©
H
"W
Proton Migration Hydride Migration
F F F F
H H
@® / ® )
(MeCgH2)2P B(CgFs)2 (Me3CgH2)oP B(CeFs)2
S| /
H H
F F Lo . F
\i,z H, eI|m|nati>y
R F
(MezCgH2)oP B(CsFs)2
F F



1.2.1 Heterolytic activation of K by phosphine/borane

This observation led to wide investigation on saniFLPs systems. In order to establish working
on FLPs based on phosphorous and boron, the Stepbap found® that toluene solutions of
stoichiometric mixtures of # (R ='Bu, GH,Mes) with B(CsFs); showed no evidence of the
formation of Lewis acid-base adducts at 25 °C orcoaling to -50 °C. The absence of Lewis
adduct formation is consistent with the stericalgmanding nature of the phosphine® RR =
'Bu, GsH,Mes), which precludes coordination to the Lewis acibaron center or nucleophilic
aromatic substitution at a para-carbon of ). Exposure of these phosphine/borane solutions
to an atmosphere oftt 1 atm pressure and 25 °C resulted in the ga#img formation of white
precipitates [RPH][HB(CsFs)3] (R = t-Bu, GH>Mes)(Fig. 6).

The crystallographic data showed that the catimaisamions pack such that the BH and PH units
are oriented toward each other with the BHP approach being 2.75 A, which is much larger
than typical dihydrogen bonding. Despite this aia&ion in the solid state, heating of these
compounds in toluene solutions to 150 °C did nigtase H.

Fig.6 Heterolytic cleavage of Hby phosphine and borane

H,
1atm, 25 °C

B(CeFs)s + PRy [RsPH][HB(CsFs)s]

R ='Bu, CgH,Me;

In order to gain insight into the generality of tieaction, several phosphine/borane combinations
were reported. For instance, toluene solution mguof “BusP and BPh led to hydrogen
activation in a 33% vyield, although longer reactibmes are required for Hactivation,
presumably due to the reduced Lewis acidity at Boro

Following the results of the Stephen group, Erked @o-workerS have developed linked
phosphine-boranes for hydrogen activation. Thistesgscontains a weakly intramolecular
interacting phosphane Lewis base/borane Lewis paidthat splits dihydrogen rapidly at room
temperature and low Hpressure to yield the ethylene-linked phosphoniwdridoborate
zwitterion. The zwitterion (Fig. 7) serves as aficednt hydrogenation catalyst for a variety of
substrates, such as enamines, bulky imines arsidfésiently) silyl enol ether¥’

The computational studies described an almost plema-membered heterocycle containing a

rather weak PB linkage. One pair of mesityl andgles substituents at P/B, arranged nearly
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parallel to each other at the framework, is in @ergation to support the weak'B contact by
an energetically favourable-n stacking interactions between an electron-rich amcelectron-
poor arene system.

Fig.7 H activation by linked phosphine-borane

H
© B(CgHs),
H,
»

(Mes)P~---B(CeFs)2
® P(Mes),

B(CgHs)2

P(Mes),

The examination of related alkenylene-linked phasplborane systems derived from
hydroboration ofBu,P(C= CCH) with HB(CsFs), led to clean reactions withHat ambient
conditions, giving corresponding zwitterionic phbepium hydridoboratéFig.8)

Fig.8 H, activation with alkenylene-linked phosphine/borane

CHg H CHgy
25°C .
(BuP—' 7 TBCFs T 7 (BuP— T TBCF),
) -
60 bar ‘
H
H H

The Erker group has also reported, that when X@Hphenylphosphino)naphthalene and
B(CsFs)s were stoichiometrically mixed ingdoluene, thé'P, *°F and"'B NMR spectra remained
practically unchanged, suggesting that no Lewisiatidias formed, and exposure of this solution
9



to an atmosphere of;Hat 2 atm pressure and 25 °C resulted in the ga#aé formation of the
mono-phosphonium/hydridoborate salt (Fig:9).

A solution of this salt in flbenzene can release hydrogen at 60 °C, resulting virtually
guantitative formation of 1,8-bis(diphenylphosphmaphthalene and B§Es)s, indicating
stoichiometric loss of H

Fig.9 Reversible hydrogen activation with 1,8-bigfegnylphosphino)naphthalene and B£)s

H \<+>
PPh, PPh, PPh, PPh, )

[HB(CgFs)3]

r.t.
+ B(CgFs)3 >
if———

60 °C
-H,

Hydrogen activation based on bulky amines as L&ase and tris(pentafluorophenyl) borane has
been developed in our research group. Exposureoloti@s of stoichiometric mixtures of
diisopropylethylamine, diisopropylamine, or 2,2:#&amethylpiperidine and BgEs)s in
toluene to hydrogen were investigated’by *'B, and**F NMR spectroscopy. The reactions of
diisopropylethylamine and diisopropylamine with BE§)s gave mixtures of the salt or and the
zwitterion as expected (Fig. 11).

Fig.10 Interactions between bulky amines and¢B{g

i H i ) + -

PrNEt + B(CsFs)3 2 [I PBLNHEt][HB(CeFs)3] + ! PrN=CHCH,B(CgFs)3

. H2 . . + -

'ProNH  + B(GsFs)3 ['PENHo][HB(CeFs)3]  + 'PraN=C(CHs)CH2B(CsFs)3
110°C

Interestingly, the exposure of a solution of 2 @-&tramethylpiperidine and B§Es)s in toluene
to an atmosphere of H1 atm) at 20 °C resulted in the quantitative fation of the salt (Fig.
11).

Later, the first ansa-aminoborane, able to revirsittivate H under mild conditions through an

intramolecular mechanism was reportédhe structural and theoretical findings show it
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dihydrogen interaction in molecular tweezers igipty covalent in nature (Fig. 12).

Fig.11 Heterolytic cleavage of;Hby bulky amines and BEEs)s

H,, 1 atm

+ B(CgFg)3 —
(CeFs)3 20°C 1h

Ir=

Fig.12 Reversible Hactivation based on ansa-aminoborane

+H,, 20 °C

B_C6F5
CeFs

- H,, 110 °C

11

I=z+

HB (CgFs)3




1.3 Scope of this work

Due to spliting of hydrogen with FRs, the goal bistinvestigation is activation of hydrogen

molecules between bifunctional sterical demandirgyvis acid and Lewis base, which are
bridged via dihydrogen bonding to give a polymé&elstructure (Fig. 13). The starting materials
are diphosphanes, which are commercially availald diboranes, which were prepared by

hydroboration reaction.

Fig. 13 Polymer based on dihydrogen-bridging

Q © ® ®
~-1-H—B B——H---—-H—FP P

1.4 Results and discussion

In our research, we have focused on alkane-bridfjgarane and diphosphane compounds in
order to activate hydrogen, resulting in a chairzwitterionic species, bridging via dihydrogen
bonding. For this issue, we have synthesized tBebis(bis(perfluorophenyl)boryl) hexang)(
and investigated the interaction with 1,3-bis (éipyiphosphino)propan&)( as lewis base (Fig
14).

Fig. 14 Structure of and2

a2

P

F
F F F F
/\/\/\/B
F B F
F F F
F
F
F F .
F

1,6-bis(bis(perfluorophenyl)boryl) hexans ( 1,3-bis (diphenylphosphino)propar® (
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By hydroboration of 1,5-hexadien with Piers’ boréidB(CsFs)2), 1 can be isolated in good yield
(Fig. 15).

Bis(pentafluorophenyl)borane was prepared fromktievn chloroborane (¢Es).BCl %° in the
absence of Lewis bases by reaction with hydridecssusuch as [GBr(Cl)H],, BusSnH and
Me,Si(CIH (Fig. 16).

Traditional metathetical methods for transformasiaf this typé' were not advisable because
they necessitated the use of donor solvents whate wifficult to remove completely (if at all)
owing to the high Lewis acidit}?

The most convenient hydride trandfeagent proved to be M8i(CI)H since it also served as
solvent for the reaction and the by-product,.$I€l,, was easily removed. The product was

observed to precipitate over the course of one hndrwas isolated in high yield by filtration.

Fig.15 Hydroboration of 1,5-hexadien

Toluene

F
F F E
F
F
F F
R F
B\/\/\/\
B
F F
F F
F
F
F F F

13



Fig.16 Synthesis of ((Es).BH .

R F
F F
Me,SnCl, M
—_— FF Sn
Me
F F
F F
BCl,
Q Me,SnCh
R F
F F
Me25|(CI)H
FE B—Cl
Mezslclz
F F
F F

A solution ofl in toluene was added to a toluene solutioB. & white precipitate was formed in

a short time. The spectroscopic investigation inQGusing*'P NMR confirmed the simple
Lewis acid-base adducts. TH#® NMR data of2 was measured at — 5 ppm but this signal was
shifted after adding th& to 5 ppm, which indicated internal adduct formati&xposure of this
system to an atmosphere of ekhibited no change fftP NMR. Although the acidity and basity
of 1 and2 due to similarity to active species published gpgari* seem to be enough for,H
activation, presumably the required steric effectdrecluding of Lewis acid/base quenching was
failed. This is probably due to open side of borahearbon, which intensifies the nucleophilic
attack, therefore leading it to form the Lewis albake adducts.

Taking into account that more sterically demandjngups need to prevent the Lewis acid/base

14



reaction, we have decided to use tris(pentafluceaph borane as it is a stronger acid with more
steric effect.

Crystallographic dafé of B(CsFs); exhibited alleviating steric interactions betwekree ortho
fluoro groups on opposing aryl rings, thus leadmgnore steric demand and stronger Lewis acid

in comparison to thé (Fig. 17).

Fig.17 Molecular structure of tris (pentafluoropii@riborane

Unfortunately, the reaction again resulted in tlegvis acid-base adducts, which was investigated
by *P NMR. The*P NMR was measured at — 5 ppm f2r however addition of Tris
(pentafluorophenyl) borane shifted this signal tppm. A CHC} solution of product under H
was investigated usingd NMR in order to approve the reactivity of prodattpresence of H

'H NMR showed only starting material; therefore iatton of hydrogen based on this system
was not possible.

The variation of Lewis acidity by using of triphédryorane led to the simple Lewis acid-base
adducts, which was investigated usii§ NMR. The*'P NMR was shifted from — 5 ppm to 2

ppm similar to the above demonstrated reactions.
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These experiments showed that the electron pgho$phorous can attack the vacant orbital of
the boron-compound and generate the Lewis acid-dmddects. The reason is probably a shortage
of steric effect, as reported by Stephan and EfKeey have shown that the interaction between
very bulky phosphorous such ‘8sisP or MegP and strong Lewis acid boron compounds leads to
the activation of small molecules, due to the $l&tadistance between electron pairs of
phosphorous and the vacant orbital of boron.

Looking at the values of bond angles at phosphorudl known simple phosphines shows that
they vary from slightly above 90 ° to slightly beld04 °?*%®put the C-P-C bond angles in
trimesitylphosphine assume values from 107.9 °ith 4 ° (average 109.7 %This extraordinary
expansion of the valence bond angles, which is asly due to non-bonded repulsive
interaction among the three bulky mesityl (2,4j6¥athylphenyl) groups, represents the greatest
flattening of the phosphorus pyramid in trimesitydgphine.

The same effect can be detected in tri(tert-bubgfphine. The tert-butyl groups are arranged in
a pseudosymmetric way generated by a threefoldiootaxis passing through the P atom. The
C-P-C angles are widened to 107.1, 107.4 and 10dug to steric effects. The P-C distances are
more than 0.06\ longer than in simple phosphines. This reflects lthlkiness of the tert-butyl
groups??

For definition of coordination of the Lewis acidat the Lewis bas@, we have searched the
literature to find the difference betweeéh and sterical demanding Lewis base based on
phosphorous such as tri(tert-butyl)phosphine amdesitylphosphine. The crystal structure2of
merely as ligand coordinated at metal centres wegerted®®® In a search of Cambridge
Structural Database (CSD), we did not find any segd crystal structure &, but similar
structures such as 1,2-Bis(diphenylphosphino)ethand 1,4-Bis(diphenylphosphino)butane
were reported*3°

In both cases, the presence of the lone pair osgdtavus justifies the values of the C-P-C angles
which are all around 100 ° less than the tetratiaddae of 109.5 °, with the C(8pP-C(sp)
angles slightly larger than the C8#®-C(sp) angle. The phenyl rings are perfectly planardthb
compounds and nearly perpendicular to one anothergfore, the required steric effect to
prevent forming of Lewis acid-base adducts canbegbrovided by alkyl bridged biphosphane.
Discussion of hydrogen activation based on othee ©yf Lewis base such as sulphide is lacking
in the literature. Our attempts were concentratedterically hindered sulphide compounds as

Lewis base and B(Fs)s as Lewis acid in order to activate hydrogen.
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For this issue, we opted for commercially availatilsopropyl sulphide. When a toluene solution
of diisopropyl sulphide was added to a toluene tsmuof B(GsFs)3, a white precipitate was
formed immediately at room temperature. A THE<olution of precipitate was investigated by
'H NMR and®F NMR. In this case, we have detected no chang@énNMR spectroscopy,
which implies to H activation.

As a result it is necessary to point out, that atbrically hindered Lewis acids and bases based
on amine or phosphine are able to activate smalkkcuates. These innovative results inspired a

new area in chemistry, which is nowadays well kn@asrirustrated Lewis pairs.

1.5Conclusion

Stephan et al. have reported reversible hydrogemagt using a zwitterionic species based on
phosphorous-boron compounds. We have focused amexiiridged diborane and diphosphane
compounds in order to activate hydrogen, resulimg chain of zwitterionic species based on
dihydrogen bonding. For this issue, we have syihdd, and investigated the interaction with
phosphorous-based Lewis acids. A solutiorl ahd?2 in toluene formed a white precipitate in a
short time. The spectroscopic investigation in CRBing*'P NMR confirmed the simple Lewis
acid-base adducts. Therefore, we have added mergattdemanding boron such as tris-
(pentafluorophenyl) borane to examine the hydrogetivation. Unfortunately, the reaction
resulted again in a Lewis acid-base adducts. Tasoreis a shortage of steric effectZywhich

is explained by crystal structure. As other nuckebgompounds steric demanding sulphur
compounds were investigated. A white precipitats wamediately formed by adding a solution
of diisopropyl sulphide in toluene to a tolueneusioin of B(GFs); at room temperature, which
implied to a Lewis acid-base adduct. Unfortunathe hydrogen activation based on these
systems was failed due to sterical effect, but hlgdrogen storage as another issue can be
considered.

These systems possess very low gravimetric capasitydrogen storage materials, but studying
the basic reactions of hydrogen additions to notalmgystems can result in insight into the
design of reversible systems with higher storageaciéies. Due to our experience in boron-
nitrogen and boron-phosphorous chemistry we havesiigated aminoborane derivatives as

hydrogen storage materials, which are explaineteit chapter.
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1.6 General Experimental Methodology

All reactions and product manipulations were peried under an atmosphere of dry argon using
standard Schlenk techniques or in an inert atmosplgéovebox. Solvents were dried via
molecular sieves 4. H, gas was dried over a molecular sievek defore streaming in Schlenk
flask.

1,6-hexadien, tris(pentafluorophenyl) borane, isgdiphenylphosphino)propane,
borontrichloride, dimethylsilanechloride, diisopybpsulphade were purchased and used as
received. Solution NMR spectra were collected anrotemperature using Bruker ARX300
spectrometer.

'H, 3C NMR spectra are referenced to SiNty referencing the residual solvent peaB. NMR
spectra were referenced externally to; BEBO. *°F NMR spectra are referenced tgFgand® P
NMR to HsPO,.

Synthesis of M@Sn(GsFs)2

Bromopentafluorobenzene (5.0 mL, 40.1 mmol) waseddda syringe to a 100 mL two-necked
roundbottom flask equipped with a large egg-shagtedar. The flask was evacuated, angOEt
(15-20 mL) was condensed into the vessel at -78TH&. solution was stirred to dissolve the
solidified GFsBr.

Butyllithium (25 mL of a 1.6 M hexanes solution,.Z20nmol) was added dropwise at — 78 °C via
syringe under an argon purge over 10 min. The i@aetas stirred at -78 °C for 45 min, and
Me,SnCh (4.4 g, 20.05 mmol) was added to the solution asrecentrated ether solution. The
reaction was stirred for 15 min at -78 °C, therow#d to warm to ambient temperature, and
stirred for an additional 12 h.

A small volume of untreated, reagent grade (i.et)vaexanes (5 mL) was added to the white
suspension to quench any unreactgBsd. The solvent was removed under reduced pressure,
and the solid was extracted with hexanes (3 * 30.ndlhe solvent was removed from the
collected extracts; distillation of the residue endeduced pressure gave a clear, colorless liquid

that crystallized on standing (9.19 g, 19.0 mmoi95% yield.

'H NMR: §(ppm) = 0.88 (s, 6H,*'Sn (7.7%) and*®Sn (8.4%) satellites] = 31.9 Hz and) =
32.4 Hz).
F NMR: §(ppm) = -122.2 (dd,J = 8.7 Hz and) = 25.0 Hz, k), -150.4 (tt,J = 2.3 Hz and) =
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20.0 Hz, F), -159.5 (m, F).

Synthesis of CIB(GFs)2

Me,Sn(GFs)2 (9.19 g, 19.0 mmol) was placed in a 100 mL thicklad glass bomb and
evacuated. Hexane (50 mL) was condensed into tsel;eand the bomb was tared on a balance.
BCls (2.23 g, 19.0 mmol) was condensed into the vesyste the appropriate amount of BCI
was condensed into the bomb, the vessel was biged-fivith argon and closed. After the
contents were stirred at room temperature forthénpomb was placed in a thermostated oil bath
set to 120.0 °C and heated for 48 h. The bomb am®ved from the oil bath and allowed to cool
to ambient temperature while crystals of JeClL were formed. After allowing crystallization to
occur for several hours, the supernatant liquid reasoved from the crystals via cannula into a
vessel flushed with argon. The crystals in the glasmb were washed once with hexanes (10
mL), and then the wash was transferred to the Vgsseannula. The solvent was removed under
reduced pressure, leaving a residue that was &adfto a sublimation apparatus. Residual
Me,SnClL was removed by sublimation under an atmospheegguin at an oil bath temperature
of 35 °C. The crystals of M8nCL were removed from the coldfinger, and the proceduas
repeated until no more M8nC}L could be obtained. Sublimation of the remainingtevbowder
under full vacuum at an oil bath temperature of °& produced CIB(gFs), as a colorless,
crystalline solid (4.90 g, 12.9 mmol) in 63% vyield.

¢ NMR: §(ppm) = -129.6 (dtt,J = 4.9 Hz,J = 6.6 Hz, and = 20.9 Hz, k), -143.9 (it,J = 6.6
Hz andJ = 21.2 Hz, ), -160.4 (m, F)

1B NMR: 8(ppm) = 59.1

Synthesis of HB(GFs):

(10.2 g, 108 rnmol) Ms&SI(Cl)H was condensed at - 78 °C into an evacuissdt containing
(CeFs)BCI (7.00 g. 18.4 mmol). The flask was warmed ¢om temperature, upon which the
chloroborane dissolved and a white precipitate &mm

The reaction mixture was stirred for 1 h, therefitd to give 6.14 g (17.7 mmol, 96%) of the
borane as a white crystalline powder.

"H NMR (CsD¢): 8(ppm) = 4.2 (by
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B NMR (CsD¢): major componerii(ppm) = 18.0; minor componebfppm) = 60.0
% NMR (GsDe): 8(ppm) = -130.5(2F), -143.4(1F). -161.7(2F)
MS: m/z = 346 (M)

Synthesis of 1,6-bis(bis(perfluorophenyl)boryl) heane(1)

To a suspension of HB§Es), (0.65g, 1.88 mmol) in dry toluene (10 mL) 1,5-heiea (0.11 ml)
was added in a Schlenk tube, and the suspensiostimasl until all of the solid had dissolved
(approximatelyl5 min). After 15 h, the solvent was removed un@eluced pressure and the

white solid was washed twice with 10 ml dry hex&sd.0).
'"H NMR (300 MHz, CDCJ): 8(ppm)= 2.25 (m, 4H), 1.73(m, 4H), 1.38 (m, 4H)

13C NMR (300 MHz, CDGJ): 5(ppm) = 146.3, 140.2, 126.9, 117.6 and 1094;40.1, 32.1,
32.5 and 32.1(Cp)

B NMR (300 MHz, CDC}): §(ppm) = 81.7

1F NMR (300 MHz, CDGJ): 8(ppm) = -130.7 (d, J = 17.1 Hz)F-146.6 (t,J = 20.5 Hz,.J; -
160.1 (m, k)

Interaction between 1,6-bis(bis(perfluorophenyl)boyl) hexane (1) and 1,3-bis
(diphenylphosphino)propane (2) in solution

1,6-(bis(perfluorophenyl)boryl)hexane (0.400 g) dnd-bis (diphenylphosphino)propane (0.213
g) were placed in a 100 mL Schlenk flask. 15 mLadsgd toluene was added and after several
minutes a white precipitation has detected. Noalisund experimental changes were detected
with exposure to KHlatmosphere.

The*'P NMR data oP was measured at — 5 ppm but this signal was shéfier adding thé to

5 ppm.

Similar observations were detected using 1,3-bisiph@hylphosphino)propane and
tris(pentafluorophenyl) borane or triphenyl borafte. NMR was shifted from -5 ppm to 7 ppm

or 2 ppm, respectively.
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Chapter 2.
Hydrogen Storage Material

2.1 Introduction

The manufacturing and use of hydrogen is an imporfocess in transformatiohdl and
biological systems.

Using hydrogen as an alternative to traditionakgyeesources such as oil and natural gas has in
the recent years been the focus of research ginwgdstechnologically advanced countries of the
world. It is believed that in one side, hydrogen sapply the growing demand for energy and,
the other side, prevent climate change. In factrdgen can be made from different sources,
including fossil fuels, water and renewable enexggh as wind and solar energy.

It is non-toxic and, as an energy carrier, envirentally pleasing, since water is merely a by-
product when hydrogen is converted into energy.

In spite of that, the instantaneous incorporatibrhydrogen into economical energy faces a
number of challenges. The most important of thelsallenges is the lack of large-scale
infrastructure to support its transportation.

The cost of hydrogen storage and delivery is tagh Hor many energy applications; thus the
introduction of a “hydrogen economy”, in which hgden is a major energy carrier, is
threatened. The hydrogen economy infrastructuresistsn of five components: Production,
Storage, Delivery, Conversion and Application (Fi§).

Because the technology of hydrogen production am¢ersion is already established, the serious
challenge at the current time seems to be stonadeal@livery. For instance the transportation of
pure hydrogen with existing natural gas transmissiay be unsuitable. Therefore, other options,
such as mixing with natural gas, a compressed gagyogenic liquid, as well as possibile
hydrogen carriers (methanol, ethanol and othermacdaguids), are being considered.

To date, none of these options satisfies the needsers, thus, the interest and investment in
hydrogen related-research and development is ggowine potential hydrogen storage materials,
which are able to free hydrogen with a high peragatof weight at low temperature like
ammonia borane, hydrides, amides, metal-organiendveork, etc. have been explored

extensively.
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Fig.18 Hydrogen economy infrastructure
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One of the most promising scenarios for the implaatéon of hydrogen as a hydrogen- based
propulsion system for vehicles is the onboard-gteraf hydrogefi. For transportation
applications, an energy carrier should have a leigérgy content in as compact a volume as
possible, to preserve available passenger spadegsasmall a mass as possible to maintain fuel
efficiency.

The current targets set by the U.S. Departmentnefd@y (DOE) specify that the vehicles should
have a similar range (480 km or 300 miles), operdtelose to ambient conditions, and be
quickly and safely refuelled. As hydrogen has agipnately three times the gravimetric energy
density of petrol, and fuel cells are expected édgrm at least twice as efficiently as internal
combustion engines, only 5-10 kg of hydrogen messtored (although 4 kg or less would be
required by smaller, more practical passenger 2afsle 2010 energy density targets for the
hydrogen storage system (including the containdrratessary components) are 7.2 M3 &gd

5.4 MJ L}, which translates to 6.0 wt % and 45 kg pér ni.'° The goals for 2015 are even
more demanding: 9.0 wt % and 81 kg Per n?¥, which approach the expectations of the
automotive industry”

This daunting task is easily put into perspectiyenbting that the mass density of elemental
hydrogen is only 70.8 kg tin its liquid state at 20 K (1 atm), and that 5dfchydrogen gas fills

a volume of 56 rhunder ambient conditions. Furthermore, both of¢himsights ignore the
contribution of the mass of the necessary container

There are currently four leading methods to stoydrdgen: physical means, sorbents, metal
hydrides, and so-called chemical hydrides. All foull be concisely summarised, and then

chemical hydrides with B—N bonds will be discussedreater detail. Details of the potential of
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ammonia borane compounds as a hydrogen storageiahads well as the advantages of using

similar systems, will be discussed in succession.

2.2 Hydrogen Storage

2.2.1 Physical hydrogen storage

Physical hydrogen storage requires strong tankg;hwinakes safe transporting at high pressure
or even liquid hydrogen possible. Problematicatlympressed hydrogen gas tanks sufficient to
provide the equivalent energy content derivablenfomnventional liquid-filled gasoline tanks are
heavy and volumetrically large. Moreover, althowgirently being used in prototyp&sthe use

of high-pressure (350 bar) hydrogen tanks in corgwautomobiles lessens their attractiveness.
The tanks must be lightweight to maintain a higavgnetric capacity. Carbon-fibre reinforced
composites seem to be suitable for this purposangahe capability of transporting hydrogen
up to 700 bar, but the toughness of this mategabl$ to difficulties in manufacturing and
shaping. In the other hand, because of the higlsitgeof liquid hydrogen in comparison to
compressed gas, maintaining a low temperature negjwther equipment, which limits the

volumetric and gravimetric storage capacity.

2.2.2 Sorbents

A wide range of nanoporous materials have beenestuas potential hydrogen storage materials.
The associated hydrogen molecule can be physisaneda high-surface-area porous structure
of lightweight materials. In general, these mateniilize the adsorption of molecular hydrogen,
while the bonding of hydrogen molecules to theaefis relatively weak (van der Waals), which
is less than 1.4 kcal mibl hence low temperatures (normally 77 K for liquiitrogen
temperature) are necessary to obtain reasonableodgeml uptaké® This is their biggest
disadvantage in contrast to their ready revergybili

Nanotubes (SWCNTY, nanofibres, solid foams, and activated carbon, hwhiee by weight,
primarily carbon, have been extensively investidaléhe maximum adsorption is about 5 wt %
hydrogen at 77 K, as shown by various methods eyedlavithin the same study.

Zeolites are another type of microporous matefidlased on hydrate aluminate and silicate.
They allow control over the pore size and make anr&ion easier. Since zeolites consist of
atoms heavier than carbon, the gravimetric cap&iiynited.

The zeolite structures could be used as a temgathape carbon networksbut the templating

25



can not be successful because of the structuratddis The hydrogen uptake using zeolite-like
carbon materials reaches to 6.9 wt % at 77 K anida20

An emerging field is using organic polymers withrimsic microporosity (PIMs}® which are
made of rigid monomers to maintain microporositiglding a gravimetric storage capacity of up
to 3 wt % at 77 K and 15 b&tIncreasing the pore siteads to higher storage capacity because

of increased surface area (Fig. 19).

Fig.19 PIMs make up rigid monomers

Increased attention is being focused on metal-acgitameworks (MOF) as candidates for
hydrogen storage materials. This is a result oir thny favourable attributes, such as high
porosity, reproducible and facile syntheses, amétyato scale-up, and chemical modification

for targeting desired properties. The manufactuhgnetal-organic framework coordination

polymers enables the new family of nanoporous riadseand the concept of so- called ‘reticular
design’. Nowadays several hundred different type8MOF are known. The self-assembly of
metal ions, which act as coordination centres,elthkogether with a variety of polyatomic

organic bridging ligands, results in nanoporoud naeterials robust solids with high thermal and
mechanical stability.

The simple preparation and high yield and scalghifiake the MOFs one of the most interesting
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hydrogen storage materials. The void regions cbelduned using different ligands extended to
the length between metal centers. The tunable sia&l using different ligands and robustness at
a great range of temperatures make MOFs suitablgafostorage (Fig. 20). Considerations of the

geometric requirements for a target framework amglementation of the design and synthesis of

such a framework have been termed reticular syisthes

Fig.20 Examples of metal-organic frameworks (MOB&)died for hydrogen adsorption include a) MOF-177,
Zn,O(btb), (btb=benzene- 1,3,5-tribenzoate); b) IRMOF-8,,@fmdc) (ndc=naphthalene-2,6-dicarboxylate); c)
MIL-53, M(OH)(bdc) (M=AE* or CP*); and d) Za-(bdc)(dabco) (dabco=1,4-diazabicyclo[2.2.2]octane). Bdne
the evacuated crystalline frameworks are illusttdig yellow spheres that contact the van der Weads of the
framework atoms (C: black, N: green, O: red, Zmehbolyhedra, M: green octahedra).

2.2.3 Metal hydrides

Fundamental research on metal hydrides and comipjekides has recently become very
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important in the attempts to develop practical logeéin storage materials with higher gravimetric
hydrogen capacity. These materials often have a gavimetric capacity, requiring heating at
high temperatures to release hydrogen, and reviagsib impractical. First of all, NaAll has
been proposed as a hydrogen storage mafesiati many attempts has been made to promote
hydrogen storage reactions based on metal hydftdes.

One way to achieve higher gravimetric capacity s;n@ lighter main-group elements. These
complex metal hydrides, such as alanates, amide, bamohydride compounds, have been
evaluated as reversible hydrogen storage matéfialsN can absorb roughly two equivalents of
hydrogen to form lithium amide (LiN}) and two equivalents of lithium hydride at elevhte
temperatures (200—250 °C) to enhance hydrogen epta®.3 wt %Eq. 1)>* Under vacuum and
at temperatures below 200 °C releases 6.3 wt %ydfdgen, the remaining 3 wt% could be

removed by heating above 320 °C.

Ho

H
LioNH + LiH ==2= LiNH, + 2LiH

LioN

Eq.1 Reversible hydrogen storage usingNLi

The features of alkali borohydride LiBHNaBH,, and KBH, are relatively well exploretf:
while sodium and potassium cannot be rehydridégiutin borohydride is hydrogenated at 600-
650 °C at 100-160 bar.

Ca(BH,), releases 9.6 wt % of hydrogen heated to 400 °@rdog to Eq.2 supported by the

thermogravimetry®

3 Ca(BHy), CaB +2 Cah + 10 Hy

Eq.2 Reversible hydrogen storage usinghLi

By adding of catalytic amounts of the dopants, Ji@hd Pd, the ‘spent fuel' can be
rehydrogenated at 700 bar and 400-440 °C in 60%.yie

New investigation has concentrated on a mixtunaetal hydride as a potential hydrogen storage
material. Ternary mixtures of MgHLINH, and LiBH, show increasing rates and a greater extent
of hydrogen release compared to binary systems gHJMLINH, and LiBH, components.
Depending on the amount of Mgl the mixture, 8-11 wt % hydrogen was releaseelatated

temperatures. The magnesium compound contains yanide and amines, Mg(Bfit. 2NHs has
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a maximum storage capaditpf 16 wt %, although it releases to 13.1 wt % hgem above 150
°C. The hydrogen release has been reported to Hethermic, therefore, rehydrogenation

process may be possible.

2.2.4 Chemical hydrides

Hydrides of metals and elements lighter than matalhypothesized as hydrogen storage, which
later result higher gravimetric storage capacitiie Thecessary cleavage of covalent element—
hydrogen bonds, however, puts more stringent rements on reversibility. The Gibb's free
energy AG) of hydrogen release in a reversible system rhasat or near 0 kcal/mol. These
compounds will have a positive entropic terA8] as hydrogen gas is released. Thus, a slightly
endothermic dehydrogenation processl (> 0) is necessary to obtain a reversible systadeu
operating conditions. The reaction enthalpies atally either too endothermic or exothermic for
reversible hydrogen release in chemical hydrogerage. The other challenge is the kinetics in
some cases. Recently, there have been severalplsamf isolable compounds that add
hydrogen under mild conditions. The digermyne coomgb (Fig. 21) can add two hydrogen
molecules, as reported by Power and co-wokefhe following work of Himmel and co-
workerg® exhibits a facile hydrogen addition across twaim molecules. Schoeller and co-
workers designed N-heterocyclic carbene analogwéh, an N-aryl group substituted with a

carbon group, which add hydrogen under mild heafing

Fig.21 Non-metal compounds that add hydrogen umndlerconditions

H H
2H2 \ /
ArGeGeAr ——  ArGe-GeAr 85%
H/ H
2H H .
2SnAr, —2> Ar'Sn< >SnAr' + 2ArH

H

Ar= C6H3-2,6-(C‘6H3-2,6-i P|’2)2

H

RzN\/R‘ 2 RN R
—)
.. 35 OC ><
H H
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2.2.5 B-N compounds

The previously mentioned hydrogen storage materfdisolite, MOFs, PIM’s, Metal and
chemical hydride) possess low gravimetric capacitior on-board hydrogen storage
requirements. There are several B-N compounds thehpotential to meet these requirements.
Both boron and nitrogen are lightweight elementshwthe capability of bearing multiple
hydrogens. Thus, these compounds are well studiedieveloped.

B-H and N-H bonds possess hydridic and protic attarg, respectively, resulting in facile
hydrogen releas&®

Several classes of B-N materials that may be daitab hydrogen storage applications will be
explained in this work, and then the simplest B-eshpounds, amine boranes, will be discussed
in more detail. The preparation, structure, charészation and properties of guanidinium
borohydride and methylguanidinium borohydride asirbgen storage materidfswill also be

demonstrated in this work, as developed in our grou
2.2.5.1 Hydrazine borane compounds
Both hydrazine borane and -bis(borane) have besthasised by the addition of hydrazine salts

to borohydride (Fig. 22). These compounds are tefé@st as commercial propellarits

Fig.22 Synthesis of hydrazine bis(borane) and aideamonoborane

N,H,.H,SO, +2NaBH, > N,H,.2 BH, +2 H, + Na,SO,

N,H,.HCI + NaBH, > N,H,.BH, + H, + NaCl

Hydrazine borane (-bis(borane)) comprises hydroggmwage capacity of 13.1 [13.4] wt%
assuming loss of 3 [4] eq. of,HUnfortunately, hydrazine bis(borane) is shocksgare and
explosivé®; it explodes as air heats Yipand therefore is not suitable for hydrogen storage

applications

2.2.5.2 Amine triborane compounds
In his pioneer studies, Kodama et al. reported lyighd synthesis of ammonia-triborane;H

BsH-).3® Tetraborane (BHio) is treated with ammonia to yield ammonia-trib@aand a half
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equivalent of diborané&Jnfortunately, tetraborane is a volatile, unstadid toxic compound and
toxic that is explosive in air, which makes thisthwal of synthesis impractical. An alternate
synthesis treats BNB3sHg with 0.5 eq. 4 with glyme to vyield glyme-BH, BuNI*® and 0.5 eq. of
H,. The glyme is displaced by ammonia to yield the pobd(Eq. 3,4)

BuN B3Hg+0.5 1, +glyme — » (glyme)B;H; + Bu,NI + 0.5 H, Eq.3
(glyme)B;H; + NH; — NH;B3H; + glyme Eq.4

Ammonia-triborane, NgBsH7, forms two crystalline modifications, a disorderezgtragonal form
stable at about 25 °C, and an ordered, monoclimim fstable at lower temperatures. Single
crystal x-ray diffraction studies of both modificats show that the molecule contains a triangle
of boron atoms with a non-coplanar Nigroup attached to one corner. The arrangement of
hydrogen atoms suggests that thelBgroup is a rather strongly distorted fragmenthaf B,H1o
molecule, but the alternative description of 4BgH; as a bridge substituted diborane,
(HsNBH,)B,Hs, can not be entirely ruled out (Fig. 28).

Fig. 23 Crystallographically redetermined structof@mmonia-triborane

Ammonia-triborane comprises 10.6 wt % hydrogenyassg 3 eq. H are released), but any
kinetic measurements were reported. Kodama memtidinat upon treatment with sodium in
ammonia, one equivalent of hydrogen is releasednAnia-triborane releases 7.85 equivalent of

H, after 120 min in 1 M HCI or various metal catatydead to release approximately 7.5
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equivalent of H after 25 mirt’

Ammonium hydrotriborate ([NE[B3Hg]) has been reported as a stable colourless digstal
solid** This is in contrast to thermally unstable [NIBH 4], which decomposes at temperatures
above — 40 °C. Ammonium hydrotriborate underwettydeogenation to form NiBsH; and B

in benzene or ether. Surprisingly, it is apparestible in water and alcohols. It possesses a
potential hydrogen storage of 13.9 wt % (assummss lof 4 eq. K by dehydrocoupling).
Dehydrogenation has been carried out by adding llice®i or Al (Eq. 5,6% Upon treatment
with Si 5 eq. of hydrogen gas are released, gi9i8gwvt % H. These polyborane compounds are

likely to be explosive, as many related compouradseheen used as rocket propellants.

(CH) H, NBH

4-n 3fg + n Si —>nSiC+BN+ZB+(6-n)H2 Eq.5

+(4n/3) Al —— > (n/3)Al,C,+BN+2B+(6-n)H, EQ.6

(CH3)n H4 NB,H,

2.2.5.3 Amine compounds of higher-order polyboranes

There are many polyborohydride compounds known,yneémvhich can be a good candidates for
hydrogen storage, depending on their stability tued ability to release hydrogen. For instance,
upon treatment of ammonia with decaborane leadsigqammoniate) of decaborane (TAD).
This compound has a [NHB 1¢H:13(NHs),] formulation, with a loosely bounded NHjroup®
TAD is stable under ambient conditions and releas@s equivalent of hydrogen and one
equivalent of ammonia upon heating to 75 °C. Coteptiehydrogenation occurs by addition of
hydrazine and heating to 800.*€

Ammonium salts of (BH14), (BizH12)> and (BoH10)” were all synthesized and hydrolyzed in

the presence of a metal catalyst to yield hydrogemmonium borate, and boric acid (Fig. 2%).

Fig.24 Hydrolysis of ammonium polyborane salts

[NH,][B,jH.4] + 32 HO —————> [NH,][BO,]+ 10 B(OH); + 24 H, 6.55 wt %
[NH,J,[B1,H,J + 34 HO ——— 2 [NH,][BO,] + 10 B(OH); + 23 H, 5.82wt %
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2.2.5.4 Amine borane compounds

Low molecular-weight species with high contentsco¥alently bound hydrogen are promising
candidates for hydrogen storage. For this reasomania borane (NgBH3) (AB) as a high
potential capacitor of hydrogen (19.6 wt %) hashbegestigated extensively.

By varying the substituents on B and N, a varidtpmperties can be altered, such as melting
and decomposition points as well as dehydrogenagiothalpy and nature of the reaction
products. N6th and Beyer investigated the phygcaperties of a variety of alkylamine boranes

obtained by addition of the alkylammonium saltitoilm borohydride (Tab. 1

Tab.1 Physical properties of some alkylamine baane

Alkylamine borane Metipoint /°C Decomp. point/°C
HsNBH; 104 eal
H,MeNBH; 56 70
H,EtNBH; 19 30-40
H,"PrNBH; 45 50-70
H,'PrNBH; 65 90-100
H,"BUNBH; -48 10-15
H,'BUNBH; 96 120-140
HMe,NBH; 37 150
HEt,NBH; -18 200
H"PL,NBH; 30 140
H'PLNBH, 23 250
H"Bu,NBH; 15 120
H'Bu,NBH; 19 150

Carboni and co-workers reported an alternative twagynthesis these compounds by treatment
of HsB.L (L=Me,S, THF, MeN) with the amine derivative¥.The physical behaviors of these
compounds are confusing. For examplg=tHIBH; is one of the least stable, while HEBH3 is

one of the most stable amine boranes.

Manners and co-workers reportedhe effect of B- and N- substituents on th& andAH of
dehydrogenation of HRIBR,H. The process of reversibility is too difficult ceise of B-N
strong bonding. ThAG of dehydrogenation can be reduced with diffeofghe substituents on
HR:NBR’;H. This study shows that HRBR;H compounds with electron donating groups on
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nitrogen (resulting in a more Lewis-basic aminell aectron-withdrawing groups on boron
(resulting in a more Lewis-acidic borane) are Isested for reversible dehydrogenation. Taking
into account the DSC measurements of Rieger anglockers, which exhibit the decreasing of
enthalpy by substitution of electron withdrawinggps on boron and nitrogéhthe reversibility
process of dehydrogenation is still a big challenggdrogen loss from amine borane can be
achieved by solvolysis (Acid- and metal-catalysed)thermolysis. The product distribution
depends on the reaction conditions (Temperatunecestration) and presence of additives or
catalysts. The resulting product of thermal anélgtit decomposition as well as controlling the

structure of product is reported in the literature.

A) Thermal solvolysis of amine borane

There have been several reports of amine borangdd®denation. The dehydrogenation of AB
(NH3BH3) as a high potential capacitor of hydrogen (19t@4¥ has been reported in the solid
state and in solution. Thermolysis occurs at teatpees’ that are too high (around 110, 150,
and 1400 °C for the first, second, and third edems of H) and reactions of amine boranes
with alcohol or water are thermodynamically enhahdéowever, high temperatures (above the
boiling point of water) are necessary to inducerblysis with slow rates under neutral or basic
conditions>* Hydrolysis results in strong B-O bonds that madgeneration difficult.

Varma and co-workers have reported recently théyaradluced solvolysis in two different
ways>? The first capitalized on an exothermic hydrogetease to induce a self-sustained

reaction, and the second relied on pressurisingnatincrease its boiling point.

B) Acid-catalysed solvolysis

The oldest known process for dehydrogenation fromina boranes is acid-catalysed
hydrolysis>®

It is suggested that the acid functions by protogathe amine, which releases BHbr
subsequent hydrolysis (Eg. 8). The nature of thmanm the complex has a profound influence
on the reaction rate. For examplBNHj; is hydrolysed 600 times faster thapM&NBH; and
4.8 *10" times faster than HMBIBHs.

H;NBH; +H' + 3 H)O —— 3 H, + B(OH); + NH,' Eq. 7
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C) Metal-catalysed solvolysis

Many metals and metal complexes have been repturteatalyse amine borane solvolysis

(Table 2)** The investigations on non-precious metals show thanickel heterogeneous

systems, hollow spheres of nickel exhibit substhmtatalytic activity versus nickel powder. The

recent focus on catalyst development has beereingé of non-precious metals.

The rate of hydrogen release could be increas#ttée equivalents within 30 min by using of Pt

hollow spheres? Solvolysis can be catalysed by iron nanoparticlég. iron nanoparticles can be

synthesized by borohydride reduction of FgSO

Tab.2 Catalysed amine borane solvolysis

Amine borane catalyst solvent EdHef Temp/°C Time
1 H'BUNBH; 10% Pd/C (50%wet)  MeOH 3 30 100 min
MeNBH; 20 h
2 Various 10% Pd/C (50%wet) ,OkVarious High efficiency 20 5min (MeOH) to 190 min
Raney Ni alcohols 'BUOH)
3 sHNBH; Pt (20% on C) 0 3 20 2 min
[Rh(1,5-cod)(u-Ch] 2.7 20 min
Pd 25 250 min
4 sHNBH; Dowex 48] 2.8 20 8 min
ef€) nozHNBH; left 7 days
5 3HNBH; Co (10% on C) 0 2.9 20 60 min
Ni (10% on-Al,03) 2.9 60 min
6 3HNBH3 N&‘gé:’bllz H,O 3 20 30 min
7 3HNBH3 Rh Colloids 8 2.8 20 40's
Ir Colloids 3 105 min
Collids 3 60 min
8 3HNBH; Rud MeOH 3 20 5 min
9 3HNBH; Fe nanoparticles H 3 20 8 min
10 3sHNBH; Co, Ni, Cu nanoparticles ,CH 3 20 20-300 min

These nanoparticles slowly catalyse solvolysis Bf A was found that FeSOeduction forms

crystalline material in the absence of AB, but feramorphous nanopatrticles in the presence of

it, which may account for the difference in actyvit

D) Thermal dehydrogenation of amine boranes

The dehydrogenation of AB is an exothermic pro¢ass = - 5.09 kcal met)*® as the dative B-

N bond is converted into a stronger covalent oneontrast ethane, which is isoelectric to AB,

under goes an endothermic dehydrogenation. Cleavh¢wo strong C-H bond is not totally

35



compensated for by formation ot ldnd the C=G-bond. Taking into account the intramolecular
hydrogen release from AB in the gas phase the aitiv barrier (32-33 kcal md)°’ is larger
than the B-N dissociation energy (25.9 kcal Mo According to this result, AB should
dissociate into Ngland BH before H loss.

Theoretically the newly formed Bftan catalyse AB dehydrogenation through a six-nexet

transition state at a barrier 6.1 kcal thbigher in energy than separated AB and; BHy. 25).

Fig.25 Mechanism of Biicatalysed AB dehydrogenation

H,B-H
HNBH AR -H
HsNBH3(g)—— NH3+ BH33—3> H H —2 . H,BNH,(g) +
N/
H,B-NH, BHj3

Thermolysis of amine boranes such as AB and maethigka borane (bMeNBH3) have been
shown to proceed in the condensed phase by amioliecular mechanism that involves initial

formation of a diaminoboronium borohydride salty(F26).

Fig. 26 Formation of the diaminoboronium borohydrghlt

+

2 H;B-NRH, ——> RHzN\B _NHR | gy,
R=Me, H H,
This salt undergoes further reaction with additloremine borane molecules to make
aminoborane chains, formation a new B-N bond fochedydrogen molecule released.
Computational studies show the low energy coiled &elical conformations are favoured
products of presumed linear polyaminoborah®ehydrogenation of amino borane leads to
different oligomeric products depending on reactionditions (Fig. 27).
Thermodynamic calculations of formation of smatégomers in both gas and condensed phase
were investigated by Dixon and co-work&td arger oligomeric products formed in condensed
phase, were calculated by Miranda and C&ter
These products result from both a polymeric ammoébiane cycle (ammonia borane to PAB to

PIB; see Fig. 48 for structures) and a cyclic aligoic pathway (ammoniaborane to CTB,
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borazine or 1,4-polyborazylene). While the overatction enthalpies depend on the products
formed, all reactions in the study are estimateHetanildly exothermic [-1.6 to -20 kcal m!
Direct rehydrogenation will not be possible undeaigtical conditions and amine boranes will
need to be regenerated in a chemical process. Affeducts, such as borazine, are volatile. Loss
of these products leads to contamination of thedneh stream (potentially poisoning the fuel

cell), and material loss (limiting regeneration@éncy).

Fig.27 a), b) Some products of dehydrogenation fAdn

a)

B WNANNAN 7
HN,  H
HZB/ \BH2 HZB/ \ﬁ/ \BH2 H, \ s H,
2 B B B
H, N N N
HZN\B/NHZ HZN\B/N\B/NHZ Hz Hz /N—
H, H, H, HB T_|
Cyclotriborazane Cyclopentaborazen |
(CTB) [V CAVaVA)
— —n
Polyaminoborane
(PAB)
b) — —
HB——NH
~ m 7\
SN HN\ /B—
I |
B HN JJ*‘J B—N
i I Ml S
B—N —
B B
A NP N\ /7 N\
HB\N4BH N H i\ll HN// \B_N \B |
: BH ) =—NH HB=—NH
Borazine «vL\»
HN=N\
- -n —N BH
- N4
Polyiminoborane HB—N
(PIB) ?}ff
— —n

Polyborazylene
E) Solid state thermolysis

Thermolysis of alkylamine borane between 90 to 42Q0eads to a mixture of cyclic amino- and
iminoborane oligomers as well as undefined prodifd®razine compounds have been reported
by heating N- and B-substituted amine borangR(BH3; or HsNBRH,) to 200 °C in good
yield.®® The thermolysis of methyl ammonia borane reveated hydrogen is released in two
stages, one at ~100 °C, and the second at 1900t@h¢€ latter, a competing pathway to borazine
formation was identified as dehydrogenative crasssig of (HMeNBH,); to give an insoluble

polymer®
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The investigations show three-step decompos$tifor AB demonstrated in figure 28.
Fig.28 Thermolysis of AB

_H2

HsN—BH3 > 1/n "(H,BNH,)," (1)
107-117 °C
-H
"(H.BNH.)." 2 > "(HBNH)," (2)
( 2 2)n 150 °C n
n n -H2
(HBNH), » BN 3)
> 1400°C

The first peak between 107 °C and 117 °C showsiéialiweight loss of 1.1 eq. of dihydrogen,
which equates to 7.2 wt %. The second equivaldiosisover a broader temperature range, with a
maximum rate at 150 °C. The rest of the hydrogéeased at much higher temperatures. The
decomposition temperatures and products of dehpdiaigon are dependent on the rate by which
the temperature is elevated. IR and MS analysthetolatile thermolysis products for the first
dehydrogenation step exhibit traces eHg H,N=BH, borazine and hydrogéf B solid state
NMR studies showed the formation of diammoniate ddforane [BH(NHSs)2][BH4]. This
molecule forms from two ammonia boranes by a hydtrdnsfer, which initiates hydrogen loss
and B-N bond formatiof,

The dehydrogenation rate can be improved by inoythe additives. Benedetto and co- workers
showed that AB milling with Pt (1%) extended theltggen release at low temperatures (23 %
increase in Krelease at 140 °CY.Autrey and co-workers found that addition of namoposite

of mesoporous silica to the AB (1:1 by weight) decaes the hydrogen release at 50 °C with a
half-reaction time of 85 min compared to a halfetem time of 290 min at 80 °C for neat AB.
The heating rate of 1 °C /min decreased the peaeloydrogenation temperature from 110 °C to
98 °C. Encapsulation of AB in a 24 wt% carbon celdgwered this peak to 90 °C and there was
no decomposition at elevated temperatifékhe volumetric measurements exhibit 9 wt % loss

of hydrogen, but there was no evidence for borafonmaation (mass spectrometry).

F) Solution thermolysis of ammonia borane
Thermal decomposition of AB in a variety of polardaaprotic solvents results in a mixture of
cyclic amino- and iminoborane oligomeric dehydraagem products! The dehydrogenation is
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very slowly but Sneddon and co-workers found tbatd liquids provide advantageous media for
AB dehydrogenation in which both the extent anc rat hydrogen release are significantly
increased?

In contrast to the solid-state reactions, AB debgédnations in bmimCl| showed no induction
period with hydrogen evolution beginning immedigtelpon placement of the sample in the
heated oil bath. Separate samples heated for ohlatl85, 90, and 95 °C evolved 0.5, 0.8, and
1.1 equiv of H, while samples heated at these temperatures opr®dduced 0.95, 1.2, and 1.5
equiv. Heating for 22 h gave a total of 1.2, 1.4d 4.6 equiv. of K respectively, which are
values significantly greater than the 0.9 equitimadtely obtained in the solid-state reactions.
Including the bmimCI weight, the final values capend to the evolution of 3.9, 4.5, and 5.4 wt
% H,. B NMR monitoring of these reactions provided evickerfor rapid formation and
stabilisation of DADB ([BH(NH3),][BH]) in ionic liquids. ** B NMR analysis of pyridine
extracts of the colorless non-volatilesidue indicated linear and branched acyclic aborane
chains, such as #N(BH,NH,),.BH; and HNBH(NH.BH3),, in addition to DADB. Volatile
products such as borazine resulting from solidestaactions can poison a fuel cell, but it is

significant that in the bmimClI reactions only tra@# borazine were detected.

G) Acid-catalysed dehydrogenation of ammonia borane

Treatment of AB with strong Lewis or Bronsted ad&hds to effectively dehydrogenation.
Addition of B(GFs)s at 25 °C in ether affords the boronium cation salt
[BH2(NH3)(OEL)]|[BH(CeFs)3]. Strong Bronsted acids, such as trifluoromethankonic acid
(HOTT), protonate a B—H bond in AB yielding hydregand the analogous boronium triflate.
These boronium cations are more reactive versibiisab found in DADB and can, as a result,
initiate hydrogen release from AB even at 25 °Cm@otational studies showed that the cation
interacts initially with a B—H bond of AB, drawiragprotic N—H in proximity to a hydridic B—H,
resulting in loss of hydrogen. Further moleculeBf then interact similarly with the resultant
cationic complex to build the aminoborane chaiepwise (Fig. 29).

The relative concentration of acid needs to be kapt(0.5 mol %) to avoid chain termination to
aminodiborane, BHs(u-NH,), and concentrated solutions afford high yieldbafazine at 60 °C
in4h’
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H) Anionic dehydropolymerisation of ammonia borane

Recently, Sneddon and co-workers reported that rgBae of catalytic amounts of metal
complex [HNBH3;]™ anion increases the rate of hydrogen release.eTimetal complexes have
also been investigated as hydrogen storage mat&rititeatment of AB in situ with LiH, LiNHl

or proton sponge [1,8-bis(dimethylamino)naphthglgemerates the anion. The use of the proton
sponge eliminated the formation of LiBldnd NH side products identified when LiNtdr LiH
was used as the base. The mechanism of this reastiourrently unknown but it has been
assumed that the increased hydricity of the B-Hdbon[NH,BH3] leads to facile hydrogen

release?

Fig.29 A Lewis-acidic [HBNH;]" molecule interacts with ammonia borane to losediyen and form a new

compound that is capable of attack at two positions

-

H H B H, 1t
H\ \N/ H /N\H
-2
H—p~ ™h ‘HgBNH; |H:B. B~ NHy
S — Ty
N - -
\B/ or
7N\ H
H NH |
_ i HB-NH,

I) Metal-catalysed dehydrogenation of amine boranes

Both the extent and rate of hydrogen release casobgolled by application of metal-catalysed
dehydrogenation of amine boranes.

The dehydrogenation of a variety of amine borarssguRuy(CO), at 60 °C was reported by
Laine and Blunf® Roberts and co-workers found conversion of HMeBHiBto the
corresponding aminoborane using heterogeneous Bal@lyst at 120 °C’ A selection of
reported metal catalysts is shown in Table 4; deghis wide range of metal catalysts, there has
yet to be catalyst capable of both a high ratelarge extent of hydrogen relea$&° Moreover
this system is to be practical by low catalyst logdand at last the engineering of hydrogen
releas has been only developed for solid catalgstgffective heterogenisation strategies will be
required.
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The metal complex catalyst precursor will often emgd changes under significantly reduced
conditions of amine borane dehydrogenation. Thévaapecies is much different from the
[Rh(1,5-cod)(u-CP] catalyses the

dehydrogenation of a variety of amine boranes wattemperatures, but the analogous Ir or Rh

precatalyst. Manners and co-workérsfound that

precursors with different supporting ligands showeder activity under the same operating

conditions.

Tab.3 Selection of reported metal catalysts fomaniorane dehydrogenation

Catalyst (mol%) Substrate Conditions Products®

Equiv.H
1 CpTiMe,(0.5%) HMeNBH; 16 h, 25 °C No reactidii 0
2 CrTi (2%) HMeNBH; 4h,20°C (MgNBH,), % 1
3 CrTi (2%) H(i-PryNBH3 1h,20°C 'PLNBH, % 1
4 {[Cp(SiMes),]Ti}N 5 (2%) HMeNBH; 7 min, 23 °C (Me;NBH,), 1
5 {[Cp(SiMes)]-Ti}N 2 (2%) HNBH; 161 h, 65 °€ CTB, boraziné* NF
6 [indenyl-(SiMe),].Zr HMeNBH; 147 h, 65 °€ (Me;NBH,), & 1
7 [P(Pr)].Bro(CH:CN)(NO)Re  HMeNBH; 4h, 85°C (MNBH,), "8 1

(1%)
8 Rw(COY2 (0.2%) HNBH; 85h, 60 °C BNisHs, ™ NR
9 Rw(COY2 (0.1%) MeNBHs, PrNH, 32 h, 60 °C [-N(Pr)B(H)<](57%)* NR
10 Ru(CO)2 (0.1%) MeNBH;, MeNH, 9.5 h, 60 °C [-B(NMeH)N(Me)=] B(NHMe)® 7 NR
11 trans-RuMgPMey), (0.5%)  HMeNBH; 16 h, 25 °C (MgNBHy), "® 1
12 FeH(PMeCH,)(PMey); (9%)  HNBH; 96 h, 25 °C CTB, borazine, polyborazyléffe NR
13 [Rh(1,5-cod)(u-CI}J(0.5%)  HMeNBH; 8h,25°C (MeNBH,), ® 1
14 [Rh(1,5-cod)(u-Cl}y] (5%) HMeNBH; >2 h, 25°C (MeNBH,), ™ 1
15 RhC}(0.5%) HMe2NBH3 22.5h,25°C (MEBH,), (90%)° 0.9
16 HRh(CO)(PP¥); (0.5%) HMeNBHs; 160 h, 25 °C (M&NBH,), (5%)° 0.05
17 [Cp*Rh(u-CICI} (0.5%) HMeNBH; 112 h, 25 °C (MENBH,), ° 1
18 [Rh(1,5-cod)(M-CH(0.5%)  H(1,4-GHg)NBH; 24 h, 25 °C [(1,4-@Hg)NBH,], (73%) ™ NR
19 [Rh(1,5-cod)(1-CI}(0.5%)  HMe(PhCHNBH; 24 h, 25 °C [Me(PhCHINBH_] (79%)" NR
20 [Rh(1,5-cod)(u-Cl})(1%) H:MeNBH; 60 h, 45 °C (MeNBH)(40%¥ ™ NR
21 [Rh(1,5-cod)(u-CH](0.6%)  HPhNBH; 16 h, 45 °C (PhNBH)(56%)"° NR
22 [Rh(1,5-cod)(u-Cl}](0.6%)  HNBH; 60 h, 45 °C Borazine (10%),e PIB, polyborazyléne NR
23 [Rh(1,5-cod)(u-CIy] (1%) HPrLNBH; 24 h,25°C 'PrLNBH, (49%)™° NR
24 [Ir(1,5-cod)(u-ChyJ (0.5%) HMeNBH; 136 h, 25 °C (MgNBH,), (95%)° 0.95
25 (POCOBIr(H), (0.5%) HNBH; 14 min, 20 °C Cyclopentaborazghe 1
26 Ni(1,5-cod), 2 NHC (9%) HNBH; 3h,60°C Polyborazyleh® 2.8
27 Pd/C HM&BUNBH; 1h,120°C [MBUNBH;,], "7 1
28 Pd/C (0.5%) HMABH; 68 h, 25 °C (MgNBH;), (95%)° 0.95
29 (IDipp)'CuCl (12.5%) HMeNBH; 24 h,20°C (MgNBH,)*8 NR

2 Inferred from reported TOF values.CTB is cyclotriborazane’. NR is “not reported.”® Yield of products not quantified; other products

possible? Isolated yields, actual yield will be higher buher products detectetk®-2,6-[OP(t-Bu].CsHs. ¢ Enders’ carbene: (1,3,4-triphenyl-
4,5-dihydro-1H-1,2,4-triazol-5-ylidené) IDipp is 1,3-bis(2,6-diisopropylphenyl)-1,3-dihyd2H-imidazol-2-ylidene.
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The dehydrogenation of DMAB using [Rh(1,5-cod)(J}£Exhibits an induction period, during
the formation of a black suspension. TEM analysiSdated Rh aggregation. Addition of Hg led
to complete loss of activity and the UV-Vis spentroonfirmed the Rh colloids.

This evidences proves the Rh(0) as the catalyicatitive species. Following the EXAFS
measurements, exhibit the soluble Rh(0) clustedeudifferent conditions are also shown to
catalyse this reactioll. These observed Rb clusters were precipitated during the reactiore du
to a ligand exchange process with formed produmis,redissolved by treatment with DMAB.
The process of colloids or clusters forming is sy dependent on the variations in conditions.
Minor changes in supporting ligands can profouridijuence the catalytic activity. Baker and
co-workers found that the catalytic activity of En@ carbene Ni complex (Enders’ carbene:
1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5- ¥éne) is 11.5 times faster than the IDipp Ni-
complex (IDipp: 1,3-bis(2,6-diisopropylphenyl)-1d#iydro- 2H-imidazol-2-ylidene.) and 8.8
times faster than the Ni-IMes complex (IMes: 1,8¢Bj4,6-trimethylphenyl)-1,3-dihydro
2Himidazol-2-ylidene;§? Also, the Enders’ Ni complex was 4.1 times faskem an Rh(NHC)
complex and 1.9 times faster than an Ru(NHC) cormplée Enders’ carbene Ni complex has
the largest extent of dehydrogenation (>2.5 equet)seen. The Ni-NHC system exhibits an
unprecedented extent of dehydrogenation to a sekrokss-linked borazine structure at 60 °C.
The most logical reaction pathway involves initfarmation of ac-compleX’ B-H bond
activation, ang-H elimination from the N-H bond (Fig. 30). The ihgation from the observed

isotope effects showed that the latter two stepe lobampetitive rates (i.e.; k k).

Fig.30 Proposed initial steps of metal-catalyzedd&Bydrogenatio

H
H Oxidative addition | R-H Elimination
M] > [M]—BH,NH; > [M] +H + HoN-BH,
|BH2 k]_ k2
NH3

The solvent and substrate using titanocen-basetlyst reported by Manné&fsand co-workers
and developed by Chirik and co-workers applyingeotiCp-based ligands and %Zf° is

significant. Chirik and co-workers mentioned thp{>(CsHs(SiMes)] 2 Ti}N » has a TOF of 4420
h™ in benzene-gland 0.29 1 in THF for the dehydrogenation of DMAB. Also, ABaw found to

have a much slower rate than DMAB. (POCOP)likl an extremely active catalyst for AB
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dehydrogenation, as reported by Heinekey, Goldaadyco-worker&®

The disadvantage of this system is that only alsieguivalent of hydrogen is released per
equivalent of AB. During the reaction a colorlesdicsis continuously precipitated. The x-ray
powder diffraction and IR data of this compoundfedd from previously reported for
cyclopentaborazane (BNBH3]s),28 but it is clear from the solid statéB NMR data (-18 ppm)
and the measured amount of hydrogen releasedniabBBH,], product is formed. It has been
suggested that the white precipitate is a polymssiopound similar to the products formed from
alkylamine borane dehydrogenation.

The mechanisms of metal-catalysed dehydrogenatwme been investigated by computational
methods for the (POCOP)IgHystem. It is generally believed that transitioetafrcatalyzed AB
dehydrogenation initiates through oxidative B-H\ation at the transition-metal centre followed
by R-H elimination from the N-H bond. Dehydrogenatipathways based on computational
studie&’ are represented in Figure 31.

In the Ni(NHC) case Hall and Yang have proposed four main stepssfer of H from N to
C(Carbene); transfer of H from C to Ni; transfertbfrom B to Ni; and release of;Hnd HB-
NH, (Figure 32).

The proposed mechanisms are merely focused onnttial loss of hydrogen. The extent of

dehydrogenation and the role of metal complex gltecgntroversial subjects.

Fig.31 Dehydrogenation pathways (POCOP)Ifbt AB dehydrogenation
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Fig.32 Predicted Reaction mechanism and relatitieadisies of ammonia-borane dehydrogenation catdlpze
Ni(NHC),

Proton transfer C-H activation H, formation H; release N

2.2.6 Regeneration of spent fuel

The products of the solvolysis method are usuakyyvstable B-O bonds, which make
regeneration of spent fuel possible only by usingng reducing agents. Ramachanran and co-
workers established a system based on transitioial noatalysed solvolysis of AB to yield
[NH4][B(OMe),4]. Treatment of this compound with NEI and Lithium aluminium hydride AB
can be isolated (Fig. 3.

Fig.33 Solvolysis and subsequent regeneration ofiama borane.

Solvolysis
H3N-BH; + 4 MeOH » NH,B(OMe), + 3H,
THF
NH,B(OMe), + LiAIH 4 + NH,Cl ——— Al(OMe); + H3N-BH3 + MeOH +

H, + LiCl + NH;3

The alternative for regeneration of solvolysis $garl was reported by Sneddon and co-workers
and Mertens and co-worketsBNH, spent fuel generated by metal-catalysed dehydaiigen
was successfully digested to form, HNH,Br, BBr3; as well as [HNBBr,]3 using HBI/AIBE in
CS. Mertens and co-workefsreported that the addition of an ether solutiorH@l to THF
solution of spent fuel leads to BZNH,Cl and H. Due to the decomposition of BGh THF the

yield of this regeneration is low.
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A super acid solution used by Sneddon and co-wsrikereased the yield of B£tio > 60 %.

The reduction of BGlto B;Hg requires high temperatures (600-700 °C) and tlsailtieg
products are always a mixture of different borodroghlorides. However, adding a Lewis-base
such as NMegreduces the hydrochlorination temperature to 200b8€ high pressure is still
required®®

The reduction of BX can be carried out in a similar way using the doahhydrides. Mertens
and co-workers reported a complete reduction gNBHRI;in the presence of a weak acid such as
NPh; and Mgh at 80 °C after 20 min. The final step is displaeatmof RN with ammonia to
yield AB.

2.3 Dihydrogen bonding and hydrogen release
The dihydrogen bonding was report&t?3as an unusual type of hydrogen bonding, in whieh a
M-H bond (where M is less electronegative than ¢4} as electron donor (Fig.34).

Fig.34 Dihydrogen bonding

A= (O, N, halogen, C)

This hydridic-to-protonic interaction, also calleihydrogen bonding, proton-hydride bonding,
HH hydrogen bonding, or hydrogen-hydrogen bondings Istrength and directionality
comparable with those found in conventional hydrogending. Consequently, it can influence
structure, reactivity, and selectivity in solutiand solid state, finding thus potential utilities i
catalysis, crystal engineering, and materials chemi

Epstein and co-workers reported the ability of Imohydrides to act as proton acceptors in
hydrogen bond&**% They studied the interaction of NBH;, P(OEtYBH; and BuN'BHy4
with different alcohol as proton donors by IR andiRl spectroscopy.

Crabtree et al. have report&d26 intermolecular N-H'H-B short contacts in the range 1.7-2.2
A. He has suggested the term “dihydrogen bonds”.ifibestigation of the crystalline structure
showed a strong preference for a bent geometry Mith"H-B angles typically between 95 and
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120 °, and N-H'HB angles tending to be larger (150-170°). Theoadly, they have also
investigated the N§BH3; dimer, which shows a LCsymmetrical geometry with two identical
HH interactions and contact distances of J/&SQFig.BS).

Fig.35 G isomer of the NEBH; dimer
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As part of my work the physical and chemical feasurof GB have been demonstrated
previously. The crystal structure of GB shows theraating BH and C(NH)3" ions connecting
by multipoint dihydrogen bonding, which can be dixmd in terms of stacks and layers of one-
dimensional GB tapes (Fig. 36). The two out of pladorohydride hydrogens are essentially
bridging two guanidinium ions in a planar tape. Tigance of dihydrogen bonding is reported
to be between 2.06 and 2.46

This three-dimensional dihydrogen bonding exteridespace is assumed to be the reason for
dehydrogenation of these compounds. In the nexitehahe stability of dihydrogen bonding, as

well as the possible reversibility via changing sabstitution will be demonstrated.

Fig.36 A one-dimensional GB tape depicting closérbgen—hydrogen bonding interactions
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2.4 Scope of this work

The goal of this investigation is developing hydrngstorage materials based on B-N
compounds, which can release pure hydrogen undérthermal and catalytic conditions with

high gravimetric capacities. Usually, thermal otabgtic dehydrogenation of B-N compounds
contains impurities in gas stream such as ammuiech damage membrane of fuel cell.

The rehydration of spent fuel of B-N hydrogen sggranaterials is another issue in this work.
This can be explored, if the product of dehydrogjenacan be controlled to a unique structure.
The B-N compounds often generate a big range afymts as illustrated in introduction.

To achieve these goals, we have sythesized angzadathe guanidinium and guanidinium

derivatives based B-N compounds.

2.5 Guanidinium and methyl guanidinium borohydride based hydrogen storage

Material
Dupont and co-workers have reporf&dhe first hydrogen storage materials based onThey
have used classical hydrogenation and dehydrogenaiti benzene substituted ILs with

commercially available noble metal catalysts, sa€lirh/C (5%) and Pd/C (5%) (Fig. 37).

Fig.37 Hydrogenation and dehydrogenation of Benzem¢aining IL

To date, there are relatively few works, that eitglee advantageous features of ionic liquids —
lower vapour pressure, high density and low viggasambined with hydrogen storage.

Herein, methylguanidinium borohydride #4C)C'BH, (MGB) an ionic liquid (m.p. -5 °G 20

°C = 0.95 g/ml) (Fig. 38) is presented, which reesn9.0 wt % K under both thermal and
catalytic conditions. To the best of our knowledg;B presents the first ionic liquid based on
BH, with an effective hydrogen storage capacity. Tdmed liquid is compared with guanidinium
borohydride (NHe)C'BH4 (GB), which, with 10.7 wt %, possesses a signifigaotential for

application as hydrogen source.

47



Fig.38 Structural formula of methylguanidinium boydrid (MGB)

The preparation of GB by ion exchange between CgEB&hd guanidinium carbonate in water,
or by reaction of NaBldand guanidinium sulfate in isopropanol, respetfivieas been already
detailed by Titov et d%*'° An alternative metathesis-based methodology isqmied herein.
Mixing guanidinium chloride with sodium borohydride THF at 0 °C affords two discrete
phases: the upper phase consisting of THF, andlalwer phase comprising guanidinium
borohydride with 2.5 equivalents of THF (as detemdi by NMR spectroscopy, GOl, external
standard). Removal of volatile components undeuwacaffords GB as a white solid. A parallel
synthesis was used for the preparation of MGB byimgi THF slurries of methyl guanidine
hydrochloride and sodium borohydride at room terapee, which affords the product as a
yellow viscous liquid. The molecular structure d8 Gomprising alternatin®®H, and (NH)sC"
ions interconnected by multipoint dihydrogen bomglinas been previously explained by Jackson
and Groshen$'! GB is a slightly hygroscopic, air stable, coloslesystalline solid. A melting
point of 102 °C with decomposition was observedl&/heating the sample at a rate of about 10
°C min™. Under 60 °C, no gas evolution was detected fgsdslery slow hydrogen evolution
started at about 60 °C. After 24 h and 48 h, 0.2&arfb 2.1 % of the available hydrogen were
released, respectively.

The thermal decomposition of GB was reported bkskat and Groshens in a good yield, but the
amount of ammonia in gas stream is problematiduer cell application. Therefore, to improve
the purity of liberated gas, a mixture of GB witther hydride additives (Mgki NaBH,, LiAIH 4)

in different ratios was investigated. The mixturghibited no improvement in thermal

decomposition reaction. A remarkable improvementhim purity of the hydrogen product was
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reported from mixtures of GB and ethylenediamirsgbbrane (EDB). The addition of EDB to GB
resulted in a decrease in the ammonia productidhowi affecting the gravimetric hydrogen

yield of mixture. This mixture is able to releasmat 4 equivalents fper mole of GB and EDB
(Tab. 4).

Tab.4 GB-EDB reaction products

wt % GB wt % EDB  wt % Hyield mol % NH mol H, generated
mol (GB + EDB)

100 0 10.6 4.1 3.94

89.5 11.5 10.4 2.7 3.89

60.0 40.0 10.4 0.10 4.11

46.0 54.0 9.60 0.069 3.87

40.0 60.0 10.1 0.026 4.12

The kinetic dehydrogenation in our studies of MGRI &B were performed in homogeneous
diglyme solution and the evolved hydrogen was measuolumetrically. The amount of evolved
hydrogen depends on the temperature, concentratidmature of catalyst (Fig. 39).

KR
3 & 4 +
2,3 1 = = i
= 21
=15 4
L
1
05 .
[] 0 T T T T T T 1
0 50 100 150 200 250 300 350
Time {min)
—— Willinson's catalyst —&— FeCl2 Thermal decomposition

Fig.39 Kinetic of thermal and catalytic dehydrogegoa of GB

During the gradual dehydrogenation of MGB, a wigtecipitate was formed from the yellow
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solution. The kinetic measurements in homogenoglyme solution at 75 °C show within 20
minutes 2.9 equivalents hydrogen evolution for \Wiglon's and 2.4 for FeglIrespectively (Tab.
5). Using bipolar coupling of hydride and protoredhetically four equivalents Hcan be
released, which leads to B—N direct bonding (B-Nydizocoupling).

Tab.5 Amount of hydrogen gas evolved from MGB with Fe@hd (PP);RhCI catalysts

Mol % Catalyst Temperature Equiv. H,
1 mol % Wilkinson's catalyst 75T 2.9
1 mol % FeCl, 75 C 2.4
Thermal - 75 C 2.3

The amount of hydrogen evolved from GB in dry digéyat 75 °C by loading with Wilkinson's
and FeC] catalyst equates to 3.9 (10.3 wt %) and 2.0 (3.86)vequivalents, respectively, thus
guantitative H evolution and higher dehydrogenation rates of GBigiimproved catalysts can
be achieved. However the observed dehydrogenatims demonstrated are still insufficient for
practical application.

TGA and DSC measurements of GB have been previagiained by Grosherd§' TGA-MS
analysis of MGB shows a 10.84 % weight loss (thgcakdehydrocoupling: 8.97 %). The weight
loss during the TGA-Measurement differs from theadttetical calculated value, because the
compound generates volatile substances by dehyalrtige, which exit through the internal gas
stream. GB shows a 10.64 % weight loss (theordétidahydrocoupling: 10.65 %) reached in the
temperature range between 40 °C and 180 °C, accoetphy a shoulder up to 200 °C, which
can not be assigned to a dehydrocoupling procégs4®6).

The purity of evolved gas has been established Byadalysis in the range of 2 g/mol to 60
g/mol using TGA-MS coupling, which indicated hydemgas the predominant product. In the
temperature range from 40 °C to 120 °C the preseheenmonia was below the detection limit
for both MGB and GB in the evolved gas stream. Ufusther heating of the compounds, traces
of ammonia were detected in the 120 °C to 580 t@p#rature range in both cases (indicating
the onset of decomposition); however, the mass @sserved for both MGB and GB is
continuous (m/z > 60) until complete decomposittbthe compounds is reached (approximately
800 °C).

The DSC curve of MGB demonstrates two exothermacg@sses which are connected by an
endothermic process at 80 °C. It is tentativelyppsed that the exothermic, Hevolution is
superimposed with several phase transitions presgs$ise enthalpy contributions of which are
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not easy to compensate.

The overall liberated energyAQ) for MGB over the range 20 °C to 200 °C is theref
determined as - 85 KJ/mol. The thermal dehydrogenaif MGB and GB were broadly similar,
with the continuous precipitation of a white sopidoduct from the diglyme solution over the
course of the reactions. In both cases, the ingolptoduct is assumed to be oligomeric or
crosslinked in nature, as confirmed by mass speetac analysis (m/z > 60 for all observed
products).
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Temperature C
Fig.40 Evolution of hydrogen gas from MGB as detdddy TGA-MS

The solution phase is found to contain unreacteghiglinium borohydrides in both cases (as
determined by multinuclear NMR spectroscopy). Theamed insoluble products from the
dehydrogenation of MGB and GB were characterizeti tie aid of solid stattB MAS NMR
spectroscopy. Thé'B MAS NMR spectrum of the thermal dehydrogenatiérViGB exhibits
sharp signals at - 38 ppm, - 27 ppm, -15 ppm, +h ppd 10 ppm. Th&B MAS NMR spectrum

of GB shows similar shifts. The three productsatatytic and thermal decomposition each show
two principle signals at around - 39 ppm and - sppith a shoulder at - 7 ppm. Minor signals
appear at - 28 ppm, - 16 ppm and + 9 ppm. Thetigpditfer only by the relative intensity of the

observed signals (Fig. 41). As a result of improsgghal intensity and simplified calculations,
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the theoretical spectra of GB were compared withabserved'B NMR spectroscopic shifts of
MGB and GB. Although GB lacks a methyl group, thigstituent has a minimal effect on the
observed chemical shifts, thus enabling comparisaie solid staté’C NMR spectrum of GB
exhibits two signals, attributed to the guanidiniomiety at + 159 ppm and methyl group at + 28
ppm, which indicate no appreciable change in carboaracter during the dehydrogenation

reaction.
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Fig.41''B solid state NMR spectra of the decomposition potslof 1 by thermal (75 °C), iron-catalyzed (2 ol
catalyst 75 °C) and rhodium-catalyzed (0.1 mol %algat, 75 °C) dehydrogenation

The results of RI-MP2/GIAO 11B NMR spectroscopieutical shift calculations (Turbomole,
TZVP-BasissatZ)*3 on possible dehydrocoupling reaction products 8f &e illustrated in
Fig. 42. The calculations based on TZVP-Niveau amployed successfully already for
prediction of 11B NMR spectra? The sharp signals at - 39 ppm are attributed siwlval BH;,
which remains unreacted in the product mixture. 3éeond signal at - 4 ppm with a shoulder at -
8 ppm is assigned to tetravalent boran nitrogerstanices, which the shift increases with the

number of coordinated nitrogen, from - 8.5 ppm Bmubstituted, over - 6.0 ppm for 3 to - 3.5
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ppm for tetravalent bonded guanidinium units (F2go4c).

a) H,N b)  NH,
HaB<, A :
TUNTENH oy N')A\‘NH NH
H 2 | 2
HzB\N,)g\N,BH3
H H
05 = -19.4 ppm §B = - 8.5 ppm (center)
05 = -19.7 ppm
. H,N  BH L HoN- - BHj
HoN7SNH Y=oy - HaNTNH =N
HN-B—-NH HN-B—NH
"NH, NH |
H3B NH2
o, = -6.0 ppm (center) &, = -3.5 ppm (center)
o, = -19.7,-20.1 ppm o, = -18.7,-18.7, -19.7 ppm

Fig.42 Calculated B NMR spectroscopic chemical shifts for proposedrucitires arising from

dehydrogenation of guanidinium borohydride

The calculations show a signal at - 19.4 ppm ferdimgle guanidinium unit coordinated at 8H
(Fig. 42a). Taking into account that the calculatesllts shifted 1-3 ppm, to a number of higher
frequency, the cited signal is therefore assigoetthé¢ measured resonance at -17 ppm. Because
all species with more guanidinium units comprigenieated BH groups, the signals between -
17 ppm and - 24 ppm can be assigned. The ESI-M&cteaization of the solid dehydrogenation
products from compounds MGB and GB were performmegvarm isopropanol. In both cases,
product dissolution was initially limited; howevéne solubility notably increases over time
(days). It is assumed that the improved solubilityhoth cases, is a direct result of hydrolysis of
the oligomeric products. The predominant formatbdimeric or trimeric boron-bridged species

is in accordance with branched oligomers as delvgdning products. Herein, we have
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introduced the first ionic liquids with covalentlgpound hydrogen. Thermal or catalytic
decomposition of compounds MGB and GB, in conttasthat of ammonia borane, affords a
series of well defined, solid products. The higlpamty of pure hydrogen renders these

compounds interesting targets for hydrogen stosggdications.

2.6 Guanidinium octahydrotriborate as chemical hydogen storage

The high hydrogen density of guanidinium octahydborate (GOTB) makes it an attractive
candidate for chemical hydrogen storage. This camgaeleases 6.2 equivpHt is a crystalline
hygroscopic compound with a density of 0.86 dctnis soluble in isopropanol, THF, diglyme
or water and insoluble in saturated hydrocarboeszéne and toluene.

The syntheses were reported by Titov and co-wotkdy treatment of C(NBsBH,4 with BoHg

in THF or by exchange reaction of solvated hdBwith [C(NH,)3]>SOy in isopropanol.

Herein we obtain the product by the exchange reaaif NaBHgand C(NH)sCl in isopropanol

(Eq. 8).

Eq.8 Synthesis of GOTB

<) @
NH, @

Isopropanol
NaBgHg + JL Cl PP > JL BsHs
NH r.t, 18 h NH,

HaN 2 -Nacl N

Its decomposition by heating started at 100 °Ctanainated after 2 h by liberation of 6.5 equiv.
gas. MS-analysis showed 6.2 mol of, 9.3 mol of N and traces of CH The IR-absorption
bands of brown residue at 1400 tand 800 crit are characteristic for BN compounds. The
decomposition occurred at lower temperatures btlt alonger induction period.

The dihydrogen bonding formed by proton of guanidim and hydride of triborane can reveal
interesting information about the length and sigbdf this bonding. This information is lacking
in the literature on the crystal structure and diogen bonding. Our attempts to prepare and
measure a single crystal of GOTB ended in failuBut the crystal structures of

octahydrotriborate-salts are explained in the ditere!****° As reported by Frei and co-

54



workerg® the crystal structure of CgBg exhibited the general arrangement of cation’s aPsl
anions (BHg)" correspond to a rock salt structure with an ottborbic distortion.

No disorder of the fluxional (81g)anion, as frequently observed in compounds with pierm
cations, was reported. The study indicated thattrihagular anion has Cs symmetry with two
asymmetric hydrogen bridges and three BH, groupke Two hydrogen-bridged B-B
connectivities are significantly shorter (179 pmart the non-bridged one (185 pm) (Fig. 43).

Fig.43 Crystal structure of octahydrotriborate sBgHg and different configuration of
fluctuational Bg-anion in solution
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2.7 Conclusion

We have introduced the first ionic liquids with etently bound hydrogen (MGB). This releases
9.0 wt % H under both thermal and catalytic conditions. Tér@d liquid is compared with GB,
which, with 10.7 wt %, possesses a significant paefor application as hydrogen source.

The thermal decomposition of GB was reported iroadgyield, but the amount of ammonia in
gas stream is problematic for fuel cell applicatibncontrast to thermal decomposition of GB,
thermal decomposition of MGB showed a pure hydrogas stream up to 120 °C. Also, the
catalytic dehydrocoupling of GB and MGB using wilkon’s and iron (llI) chloride catalysts
resulted in a pure Hstream. Thermal or catalytic decomposition of poomds MGB and GB,
in contrast to that of ammonia borane, affords reeseof well defined, solid products, but the
reversibility is still a big challenge due to inslbility of product and strong B-N bonding.

Due to our experience with ionic liquid as hydroggorage material, we have developed other

ionic liquids based on methyl guanidinium catiomjeh are explained in next chapter.
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2.8 General Experimental Methodology

All reactions and product manipulations were peried under an atmosphere of dry argon using
standard Schlenk techniques, or in an inert atnergplylovebox. Diglyme was dried via
molecular sieves 4.

Guanidinium chloride, methyl guanidinium chlorigmdium borohydride, iron (ll) chloride and
(PPh)3sRNhCI were purchased and used as received. SolNtitiR spectra were collected at room
temperature using a Bruker ARX300 spectrometer.

'H, 3 NMR spectra are referenced to SiMey citing the residual solvent peakB NMR
spectra were referenced externally to; BEO at 0 ppm. Solid staféB{*H} NMR spectra were
performed at room temperature on a Bruker 300 Mpcsometer. The solid sample was spun
at 12 kHz, using 4 mm silicon nitride rotors filléa a glove box under an atmosphere of dry
argon. Infrared spectra were recorded on a Bruke35% FT-IR spectrometer at room
temperature. DSC and TGA have been measured by RE@Qand TGAQ5000 respectively
from TA Instrument (Waters).

ESI-MS was carried out with a Varian 500 MS speueter with isopropanol as solvent.

Synthesis of methyl guanidinium borohydride (MGB)

Methyl guanidinium chloride (3 g) and sodium bordhge (1.06 g) were suspended in THF (20

mL) at room temperature in a 50 mL round-bottorsKldUnder a flow of argon, the reaction was

stirred for 18 h, the suspension turn to a homogsmarticle distribution and the organic phase

was removed by filtration under inert gd$ie organic phase consisted of two different phases
after removing the upper phase, the solvent wa®veth under reduced pressure and washed
twice with 10 ml of diethyl ether, giving pure MGB1 %) as light yellow liquid.

'H NMR (CD.Cl,-external standard, 300 MH&)= 6.78 (s, 5H, Nk, 3.07 (s, 3H, CH), 0.11 (q,
4H,J = 79.2 Hz, BH); ''B NMR (CD.Cl,-external standard, 300 MH&)= -37 (Pentett) = 80.9
Hz, BHy);

FTIR: 3327-3176 ci (N-H); 2244 cnt (B-H);1646-1620 cri (C-N, N-H); 1166 crit (CHs-N);
1084 cni* (B-H); 604 cm' (N-H).
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Synthesis of guanidinium borohydride (GB)

Guanidinium chloride (3 g) and sodium borohydrile8Q g) were suspended in THF (20 mL) at

0 °C in a 50 mL round-bottom Schlenk flask. Unddioa of argon, the reaction was stirred for
5h at 0 °C, the apparent particle size of the sngded solid decreased, and the organic phase was
then filtrated off under inert gas.

The organic phase consisted of two different phasfésr removing the upper phase, the solvent
was removed under reduced pressure and the sadidvashed twice with 10 ml of diethyl ether
affords to pure GE82 %) as white solid.

'H NMR (CDsCN, 300 MHz)s = 6.93 (s, 6H, Nb), 0.13 (g, 4HJ = 81.2 Hz, BH); 'B NMR
(300 MHz, CQXCN) & = -40 (pentet] = 81.5 Hz, BH ); *C NMR (300 MHz, CRCN): § =
157.9;

FTIR (KBr): 3150-3399 cm (N-H); 2384, 2291, 2223 cMn(B-H);1641-1741 cil (C-N, N-H);
1125 cmt (B-H); 516 cni (N-H).

Elemental Analysis:

Measured (%) Calculated (%)
C: 17.00 16.30
H: 12.80 13.45
N: 55.29 56.09

Synthesis of 1,1,3,3-Tetramethylguanidine borane

A solution of HB-NMe; (0.42 g, 5.7 mmol) in THF (30 mL) was slowly add®dcannula to a
stirred solution of 1,1,3,3-tetramethylguanidiné46mg, 5.6 mmol) in toluene (20 mL). The
reaction mixture was stirred for 18 h at 80 °C. Tésulting solution was concentrated and stored
at -20 °C to give colourless crystals ofB-IN(H)C(NMe),.

'H NMR (CsDs, 300 MHz):8 = 4.57 (s, 1 H, NH), 2.78 (br. 4= 95 Hz, 3 H, BH), 2.53 (s, 6 H,
MezN), 1.78 (s, 6 H, MeN) ppm.*'B NMR (CsDs, 128.30 MHz):3 = —19.5 (g, J = 93 Hz, B}

ppm.
MS (El+): m/z (%) = 128.2 [§H1sBN3]*, 126.2 [GH1aBN3]*
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1B and **C MAS spectra of dehydrogenation of MGB
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1B and **C MAS spectra of dehydrogenation of GB
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DCS and TGA Analysis
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Chart S1: TGA curve of methyl guanidinium borohgdriMGB)
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Chart S2: DSC Curve of methyl guanidinium borohgdr(MGB).
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ESI-MS
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Kinetic studies

In a typical experiment, (PBBRhCI (12.3 mg, 1 mol %) or FeL£(13 mg, 1 mol %) and
(PPR)3;RNCI (1.2 mg, 0.1 mol %) or Fe£(3.3 mg, 2 mol %) were dissolved in diglyme (2 ml
dried) in a 25 mL twenecked roundottom flask and heated to 75 °C. The flask wappsd
with a tight-fitting rubber septum. A solution of @B (0.1 g, 1.33 mmol) in diglyme (1.5 mL)
was transferred via syringe to the stirred catadgéiition heated at 75 °C.

The same experiment with (PHIRhCI (12.3 mg, 1 mol %) or Fe£(13 mg, 1 mol %) was
repeated for GB (0.1 g, 1.12 mmol) in diglyme (BE).

Immediate vigorous gas evolution was observed.hiuaeogen gas was collected in a separating-
funnel filled with MgCb (aq. sat.) connected to a burette. The volumeoléated hydrogen gas

was measured periodically until the reaction wasmeted (Table a-e).

Table a. Equivalents of hydrogen collected congbarigh the original amount of GBsing
1 mol % Wilkinsons Catalyst

Equiv. K Time
Collected miig)
0 0
1.006 1
1.844 3
2.347 6
2.516 10
2.851 20
3.521 60
3.857 110
3.857 180

Table b. Equivalents of hydrogen collected compavigd the original amount of GB
using 2 mol % FeGl

Equiv. B Time
Collected mif)

0

0.503
0.839
1.175
1.342
1.678

N O wR O

[oNe]
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2.014 100
2.014 180

Table c. Equivalents of hydrogen collected comghavieh the original amount of MGB
using 1 mol % Wilkinson's Catalyst

Equiv. H Time
Collected miig)
0 0
1.03 1
1.58 3
1.98 6
2.26 10
2.50 20
2.78 40
2.90 100

Table d. Equivalents of hydrogen collected comgavigh the original amount of MGB
using 1 mol % FeCl

Equiv. K Time
Collected mif)
0 0
0.97 1
1.19 3
1.58 6
1.78 10
2.18 20
2.38 40
2.46 100
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Table e. Equivalents of hydrogen collected comgbaxéth the original amount of MGBy
thermal decomposition

Equiv. H Time

Collected mif)
0 0
0.51 1
0.79 3
0.99 6
1.23 10
1.50 20
1.74 40
2.18 100

MAS B NMR spectroscopy

The precipitated solid resultinf from the thermatdmposition of MGBwvas rinsed several times
with dry THF and the solid statéB NMR spectroscopy performed.

B{H} NMR (300 MHz, solid)3(B) = - 2 ppm, - 27 ppm, - 39 ppm

The precipitated solid resulting from the catalydicthermal decomposition of G®as rinsed

several times with dry diglyme and the solid staB:NMR spectroscopy performed.
Thermal
YB{*H} NMR (300 MHz, solid)3(B) = - 4 ppm, - 39 ppm

Elemental analysis (found): C: 17.34 %, H: 8.23\646.31 %

FeCb
HB{*H} NMR (300 MHz, solid)3(B) 9 ppm, - 4 ppm, - 8 ppm, - 15 ppm, -28 ppm9 ppm

(PPh)sRhCI
HB{H} NMR (300 MHz, solid)5(B) 9 ppm, - 4 ppm, - 8 ppm, - 15 ppm, - 28 ppB9ppm
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Synthesis of Guanidinium octahydrotriborate (GOTB)

Sodium octahydrotriborate (1.44 g, 22.73 mmol) gou@nidinium hydrochloride (2.28 g, 24
mmol) were suspended in isopropanol (20 mL) at raemperature in a 50 mL round-bottom
flask. Under a flow of argon, the reaction wasrstrfor 18 h; the suspension turned to a
homogenous patrticle distribution and the organi@sehwas removed by filtration under inert gas.
The solvent was removed under reduced pressurevasided twice with 10 ml of diethyl ether,

giving pure GOTH81 %) as a white solid.

HB{*H} NMR (300 MHz, CD,Cl,) 8(ppm) = — 25.88 (sept,Bls, .+ = 32.78 Hz)

'H NMR (300 MHz, CRCl,) §(ppm) = - 0.12 (n, BHs, 4 = 32.78 Hz)$ 6.93 (s, 6H, Nh)

Elemental Analysis:

Measured (%) Calculated (%)
C: 12.30 11.94
H: 14.78 14.03
N: 40.82 41.78

Synthesis of sodium octahydrotriborate

In an autoclave, sodiumborohydride (22.73 mmol) added to a 50 ml one molar solution of
THF-BH; (50 mmol). The mixture was heated at 70 °C for. 6The pressure was increased due
to hydrogen generation. The solvent and nonreaclid&-BH; was removed under reduced

pressure and washed twice with 10 ml of diethyketbiving pure sodium octahydrotriborate.

'H NMR (300 MHz, THF-R) 5(ppm) = 0.07 (m, BHg, Iy = 32.31 Hz)
HB{H} NMR (300 MHz, THF-D}) 8(ppm) = — 27.89 (n, Bg, k.1 = 32.31 Hz)
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Chapter 3

lonic Liquids

3.1 Introduction

The concept of ionic liquid (ILs) began in 1914 kwian observation by Paul Walden, who
reported the physical properties of ethylammonititmate ([EtNH][NO3] (mp 13-14 °C).

lonic liquids are most commonly defined as matertdiat are composed of cations and anions
which melt at or below 100 °C. This temperaturesesuany chemical change.

After two decades of silence, ionic liquids appdarea patent from 1934, which claimed that
when halide salts of nitrogen-containing bases h(sas 1-benzylpyridinium chloride, 1-
ethylpyridinium chloride, etc.) were mixed with kabse at temperatures above 100 °C, the
cellulose was dissolved.

After several years, ILs remerged in the patemrdiuré and afterwards in open literattire
which described the application of mixture of alamam chloride and 1-ethylpyridinium bromide
to electrodeposition of aluminium.

In 1975, Osteryourigand Gilbert studied the chemical and physical properties sfriiade from
1-butylpyridinium chlorides and aluminium chlorid&he room temperature liquid (20 °C) range
occurs between about 60 and 67% mol per cent ahialum chloride. The fundamental
properties and application of the IL were reporteése were patented by United State Air Force.
This report was a real breakthrough in the fieldat, infortunately, the cation was easily reduced
to use as battery electrolytes.

Wilkes and Hussey used computational studies tdigiréehe LUMO energies for about 60
heterocyclic cations, and then correlated thesk @itant reduction potentiaisThe result was a
prediction that 1,3-dialkylimidazolium cations wdube substantially more stable in reduction
than the 1-alkylpyridinium cations. This led to thgnthesis of the now archetypal ionic liquid
system, [Gmim]CI-AICls, and its subsequent characterisafidh.

The phase diagram of this system is illustrate#ig 44. It is immediately clear that the liquid
range of this system is very wide. It is a low waisity liquid at room temperature from X(AKJI

= 0.33 to X(AICE) = 0.67, where X(AIG) is the mole fraction of the aluminium(lll) chlde
content, although it should be clearly noted thate is no uncomplexed aluminium(lll) chloride
present.
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Fig.44 The phase diagram for thef@m]CI-AICI; system

+

_.»N@N\/

[C;mim]*

The IL is acidic X(AICE) > 0.5, basic X(AIG) > 0.5, or neutral X(AIG) = 0.5 depending on the

mole fraction of aluminium(lll) chloride. The comgition of the system depends on X(AJLCI
(EQ.9).

[AICL]

[ALCL] + CI Eq. 9

For very acidic systems, X(Alg)l= 0.67-0.75, a further equilibrium, Eg. (10), trofs the anion

concentration.
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2 [Al,Cl] === [Al;Cl}p]" +[AICL] Eq. 10

The [Al:Clig] anion has been detected by mass spectrorfidilkes and Zaworotko report&d
1-ethyl-3-methylimidazolim based ILs containing ange of alternative anions such as
[CH3CO,], [NOg] or [BF4] . These ILs are stable in the presence of air apidtore. Since 1992,

a wide range of ILs has been developed containirgnymdifferent anions, including
hexafluorophosphate, ethanoate, trifluoroethancatiéate, hydrogensulfate, alkylsulfate, nitrate,
biscyanamide [N(CN})2, trifluoromethanesulfonate [GBOs] 2, bis{(trifluoromethyl)-
sulfonyllamide [N(CRSO,),]2, and tris{(trifluoromethyl)- sulfonyl}methanide [CRSO;)3]».

Over the years that followed, new classes of catibased on phosphonium and pyrrolidinium
were developed. It soon became clear that over roile@n simple ionic liquids could be
synthesised>*°

The melting points of inorganic salts are signifitya above room temperature, thus they may be
used as a medium for organic chemistry. Applying tinderstanding of lattice energies gained
from the Kapustinskii equatior,the effect of increasing the size of the anion banseen in
Table 6.

Tab.6 Melting points of Group 1 chloroaluminate(ll

System mol % m.p./°C

AICl 3 100 192
LiCI-AICI 3 50-50 144
NaClI-AICl; 50-50 151
KCI-AICI 3 50-50 256

The melting points of these simple tetrachloroahate(lll) salts are in the range of the boiling
points of high-boiling organic solvents. It is nesary to bring the melting point down even
further. This can be done by increasing the sizéhefcations: replacing the simple inorganic
cations with organic cations depresses the melpioigt to temperatures at or below room
temperature. Moreover, the asymmetry of the catia® been long recogniséds an important
factor in lowering the melting points. For exampdalts of the 1-butyl-3-methylimidazolium
cation (which has only Csymmetry) melt at lower temperatures (by about 10D than the
analogous salts of the 1-butylpyridinium cation igth has G, symmetry). Furthermore,

conformational differences in the cations can fatst crystallisation, leading to glass formation
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and/or polymorphism’

The effect of symmetry in melting points is alsfleeted in the higher melting points reported
for 1,3-dimethylimidazolium and 1,3- diethylimiddzon salts in comparison with the more
nonsymmetrical 1-ethyl-3-methylimidazolium or 14eB- methylimidazolium cation
analogue$’

Most common ionic liquids are formed through thembmnation of an organic heterocyclic
cation, such as dialkylimidazolium, and an inorgaor organic anion, such as nitrate or
methanesulfonate. Typical cations and anions atibguids, and their common abbreviations,
are shown in Fig. 45. However, it should be remewtdbehat, in principle, any singly charged

cation or anion could be used.

Fig.45 Some commonly used ionic liquid systems

Most commonly used cations

\ X R, R, Ri_ + R
N\ N :
@ y—NR /N\
‘\/ ;/ T\l R3 Ry R4 R3
| R/ \R
L 4 L r JL™ 1L JL |
1-alkyl-3-methyl- N-alkyl- N-alkyl Tetraalkyl ~ Tetraalkyl-
imidazolium pyridinium N-methyl ammonium  phosphonium
piperidinium
R
Rl\ / 2
/N R1\+/R2
N S
- © |
N
R
Ry Rz :
N-alkyl-N-methyl 1,2-dialkyl- N-alkyl-thiazolium Trialkyl-sulfonium
pyrrolidinium pyrazolinium

R1,2,34= CH3(CHy), (0 = 1,3,5,7,9); aryl; etc.

Some possible anions

Water-immiscible -

Water-miscible

[PFel (BRI [CHCG)"
[NTF 5" [OTH]" [CF3CO"; [NO4J"
[BR;RR R, [NCCN),] Br; CI; I
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Strong hydrogen bonds in the lattice influence imglpoint. In 1986, the presence of hydrogen
bonding in the structures of 1-alkyl-3-methylimidémam salt was reporte™d® The report marked
the first recognition of the existence of CK hydrogen bonds corresponding to the higher
melting point in halogen containing ILs.

Since then, evidence for hydrogen bonding has bé¢mined from X-ray diffraction and mid-
infrared and NMR spectroscopyocal and directional interactions, such as hydnobgends, in
imidazoliumbased ILs are indicated by shorter Gxlon distances, redshifted C-H frequencies,
and downfield-shifted C-H proton chemical shfft&'

3.2 Metal-containing ionic liquids

In 1972, Parshall report&dthe ILs of tetraalkylammonium chlorostannate witssolved PtGl

as a reaction medium and catalyst for several hemegus catalytic reactions of olefins. The
interest in ILs as a reaction medium and catalysteased after the success of Freidel-Crafts
reaction in acidic [EMIM]CI-AIC} systent> Metal-containing ILs are potentially very usefsl a
an ordered media, catalysts and catalyst precufsochemical transformations.

The two isomorphous imidazolium salts [EMINICI4] (M=Co or Ni) with m.p. 90-100 °C
were prepared directly by mixing the correspondingtal chloride with [EMIM]CI under dry
nitrogen atmospheréCrystal structure showed thettended hydrogen bonding networks were

observedetween the [MG]? chlorides and ring hydrogens (Fig. 46).

Fig.46 Local structure around a single cation mifa],[MCI 4]

N K
\M:‘\‘m

M !
cnwy cl
q/ N

)\CI
Cl Cl

M= Ni, Co
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Welton and co-workers reportédvanadium-based salt [EMIMVOCI,], which was obtained
from the reaction of [EMIM]CI with VOGI (CH;CN). In contrast to the crystal structures of
similar compounds based on Ni and Co, no hydrogenling was detected.

Shreeve and co-workers fofidthat the reaction of mono or disubstituted (trinyeth
ammonium) ferrocene iodide with azole (imidazoldr@zole) initially gave the ferrocene linked
azoles.

Freeman and co-workers repoftetlLs formed from [BMIM]CI and FeGIFeCk, in which
[BMIM][FeCl J)/[FexCl7], [BMIM] o[FeCl] and [BMIM]/[Fe(ll)/Fe(ll)-Cl,] were studied by
Raman spectroscopy and ab initio calculations.

Furthermore, Sun et &.demonstrated the use of [BMIM]CI-FeGlystem for the alkylation of
deuterated benzene with ethylene. A decrease imtdesity of 2-H of imidazolium ring after the
reaction suggested that the proton for the indgrabf the reaction was partly supplied by this 2-H
of imidazolium ring.

Copper-based ILs were reported by Bolkan and YOkepectroscopic studies of mixture of
[EMIM]CI and CuCl showed that a broad variety suah CuC§*, CwCls, CuCf, and
polynuclear complexes GCl, "™ were formed.

Fernandez et. al. reporf8dthe crystal structure of Bis(1-methylguanidiniurtétrachloro
cuprate(ll) (Fig. 47).

Fig.47 Molecular structure of Bis(1-methylguanidim) tetrachloro cuprate(ll)

+

The geometry of the [Cugf anion can be described as a flattened tetraheaksuming the
lowest energy structure for this kind of compounéts symmetry in this case has a small
deviation from Dy (trans angle CI-Cu-Cl = 130°) The N atoms helpkeep the distorted
geometry of the anion through several weak NeHoonds.

The use of [EMIM]CI/[ZnC}] ILs system in the electrodeposition of metals besn extensively
studied by Sun and co-workéfsMixing different ratios of [EMIM]CI and ZnGl produced
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Lewis acidic ILs comprising [EMIM] cation with défrent chlorozincate anions (ZnrCJl Zn,Cls
and ZnCl7).

3.3 Scope of this work

As reported in chapter 2, our investigation of log#mn storage materials led to methyl
guanidinium borohydride, which is an IL with meljipoint of -20 °C. The purpose of this study
is developing ILs and Metal-containing ionic ligsithased on methyl guanidinium cation and
exploring the properties due to strong hydrogerdban

This chapter illustrates the world of ionic liguéd a green solvent for organic, inorganic and

catalytic reactions and combines the concept @fygsts and solvents based on ionic liquids.

3.4 ILs based on methyl guanidinium as cation
Three types of ILs have been prepared and inveéstiges hydrogen solvent. Methylguanidinium
tetrafluoroborate, hexafluoro- phosphate and haraflantimonate were prepared by ion

exchange of corresponding sodium salt and methgiglinium chloride (Fig.48).

Fig.48 Preparation of ILs by ion methatesis

NH, - e NH,

J[\CI . NaBF, > /LBFJ
H,N I‘\lH -NaCl N TH

+ +

NH, - HE NH,
H,N NH -NaCl N TH

‘ X=P, Sb

Melting point of these ILs increased with incre@sthe anion size (Tab. 7). As expected, the
bigger the anion, the higher the melting point log.IThe IL with tetrafluoroborate as anion is
fluid at room temperature; however ILs with hexaflophosphate and antimonite due to bigger

anions at elevated temperature are light yellowidig and stable with exposure to air.
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Tab.7 Melting points of ILs.

lonic liquids m.p. °C

Methyl guanidinium tetrafluoroborate -5
Methyl guanidinium hexafluorophosphate 63
Methyl guanidinium hexafluoroantimonate 80

In THF-d8, the’'B NMR of methylguanidinium tetrafluoroborate exttéba signal at -1.5 ppm.
F NMR shows two signals at -152.8 and -152.9 pgiative to the EOBF; complex. The fine
structure of thé®F NMR spectrum is due to the spin-spin couplinghwiB (1=3) and*'B (I
=3/2) nuclei. Although we detected two singlets,axpected a septet and a quartet, respectively.
This is due to the fact that the spin-lattice ration times of thé%B nuclei are shorter than those
of the B nuclei owing to the difference between the electjuadrupole moments of these
nuclei®* '"H NMR exhibited a doublet at 3 ppm (€Mith coupling constant of 4.9 Hz) and a
broad signal at 7.1 ppm (amine), with the intensatyo of 5 to 3, respectively.

The ILs based on methyl guanidinium were synthesiaehis chapter. In the next step we have

tried to use transition metal as anion to inveséigae chemical reactions.
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3.4.1 Metal containing protic ionic liquids

We will now report a series of metal-containingtpraeonic liquids (MPILS), which constitute a
promising class of technologically useful and fumeéatally interesting materials, particularly in
catalytic reactions. For instance, these compowals be used as solvent and the catalyst
simultaneously or they are suitable for applicationiwo-phase catalytic reactions due to their
insolubility in non-polar organic solvents. Theostg hydrogen bonding between anion and
cation, low melting point and catalytic activityeathe interesting features of this class of
materials. We report herein two MPILs, methyl gadéamium tetrachlorocobaltate (MGCQ)(
and methyl guanidinium tetrachlorozincate (MGQZ){onic liquids. These ionic liquids are
interesting because of their activities at low temapure and strong hydrogen bonding. The
ability of guanidinium derivates in protic ionioqllids to form strong hydrogen bonding was
reported in our previous wotkand confirmed by the crystal structures and fapiRhese ionic
liquids, indicating strong hydrogen bonding betwgeaton of methyl guanidinium, with strong
acidic character, and chloride of metal anion. h®ILs are a type of ionic liquids formed by
combining a Brgnsted acid and a Brgnsted basek@heroperty that distinguishes MPILs from
other ILs is the presence of proton-donor and pratcceptor sites, which can be used to build a
hydrogen-bonded network and the catalytic abilitycontaining metal. This hydrogen-bonded
network comprises the active metals, which can lysgathe CQ and propylen oxide
cycloaddition. One of today’s big challenges is éxbausted CPOgas, which can be utilized in
chemical reaction for making new materials. Onéhefmost important reactions is the coupling
of CO, with ethylene or propylene oxide, to create a mmtof cyclic and polycarbonat&s™®
The importance of cyclic carbonates is increasedltduheir expanded application—electrolytes
in secondary batteries, valuable monomers of pdmaates and polyurethanes, aprotic polar
solvents, and raw materials in a wide range of e¢b@nreactions. The mechanistic study and

catalyst development for this has been reportethénliterature'

% Imidazolium-based ionic
liquids have been introduced as effective catalfgstshe synthesis of propylene carbonate from
the coupling reaction of COand propylene oxide, but their catalytic actiwtiexpressed low
turnover frequency (TOF = 10.63 for [bimim]Cl and4.98 for [bimim]BR at 110 C).*
Previously, the cycloaddition reaction catalysedidwyic liquids based on zinc halides with
higher TOF was reportéd. These MPILs are catalytic active ILs and were Ilsgsized and

investigated for three dimensional hydrogen bonding solid state.
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3.5 Results and discussion
3.5.1 Preparations

1 and2 were prepared in high yields by reaction of metynidinium chloride and Cogor
ZnCl,, respectively, as shown in Figure 49. The reastisare carried out at ambient temperature
in isopropanol followed by washing with THF, whitads to blue and light yellow compounds
for 1 and 2, respectively. In contrast to metal chloride, méthyanidinium chloride showed
sparing solubility in isopropanol, but the visuathgcreasing quantity of the solid compound
during reaction at room temperature in isopropangllies continuance of the reaction. The
solution mixture was filtered off, the solvent rered under vacuum and the resulting compound
was rinsed with THF to seperate unreacted metakicld. The mixture of these compounds and
THF affords two discrete phases; the upper phasesisting of THF and unreacted metal
chloride; and the lower phase, comprising the pectglurhe lower phase is comprisedladnd?2
with 2.5 equivalents of THF (as determined by NMiearoscopy, CRECI, external standard).
Removal of volatile components under vacuum affdrdad?2 as solid compounds.

NH, - X 2-

NH.
a coCl
2 4
HzNJJ\Il\IH » G0l — HZNJJ\NH
2
N
NHy - NH 2"
! > |znci
4
2 HZNJJ\NH + ZnCl, ——— HZNJ—I\NH

Fig.49 General synthetic route tdnd2

These compounds can all be handled in air, and iremplysically and spectroscopically
unchanged after 24 h of exposure to air at roonpésature. In addition, these compounds are
highly soluble in all common alcohol solvents anatev. Howeverl shows symmetry changing
from tetrahedral to octahedral in aqueous or alcsblutions, which has been studied using UV-

Vis measurements.
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3.5.2 TGA and DSC studies

The melting point of an ionic liquid depends on &ation/anion composition. Generally,
symmetric ions with a localized charge and strontgraction between ions result in good
packing efficiency and hence a high melting polanic liquids based on large, unsymmetric
cations with a delocalized charge often have lovitingepoints. Packing efficiency depends on
interactions between ions, hydrogen bonding (orilaimnon-bonded interactions), which
increases the order of the system and thus rdisas¢lting point.

DSC curves ofl and2 were obtained at a heating rate of 5 °C Tifihe melting temperatures
determined from the broad DSC traces, 92.5 °Clfand 91.8 °C foR, respectively, which are
clearly higher than imidazolium salts of these compls. The melting peak is observed to be
broad, over a range of several °K. This peak islomd to regard this melting as a simple
process. Due to the delay of heat transmissiorapidheating or cooling the DSC signals appear
as broad signals. In this experiment, howeveratheunt of the sample was very small and the
heating rate was slow enough to mimic an almossigstatic process. We thus suggest that this
apparent broad signal is due to pre-melting, whscbharacteristic of the present samples. The
absorbed energy during the melting procesd ahd 2 was determined by integration of the
exothermic DSC curves between 80 °C to 97 °C, whiehs a value oAQ = 55.91 J/g foll and
45.87 J/g foR, respectively.

TGA analysis ofl and 2 shows stable ionic liquids up to 280 °C fbrand to 283 °C foeg,
respectively. In both cases, weight loss reachetPt% approximately at 386 °C, which can be
related to release of four equivalents HCI. Theosdcstep starts after a short plateau at 390 °C,
and ends at 485 °C with 8 % weight loss.

3.5.3 Infrared studies and hydrogen bonding

The IR spectra (KBr) ot and2 show some common features. The spectral bandebet@200
and 3408 cm can be assigned to N-H stretching modes of N-khethyl guanidinium. The
signal at 2900 cihrefers to the C-H vibration of methyl group. TheNGand N-CH vibrations
can be detected at 1662 and 1166'craspectively (Fig. 50).

The investigation of hydrogen bonding using farelgried out by measuring the low-frequency
range below 600 cth This study shows characteristic intermoleculaetshing and bending
vibrational bands of hydrogen bonds between 70 206@ cni*. This assignment was reported

with supporting DFT-calculations by Ludwig et & which gave wave numbers for the bending
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and stretching modes of ion pairs and ion-pair @gages in this frequency range.

Fig. 50 The IR spectra df
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The low-frequency spectra for the neat protic idigjuids 1 and2 are shown in Figure 51, which
shows the intermolecular hydrogen bonding overange 100 and 200 ¢mThis broad signal is
shifted to higher wave numbers in comparison to ititermolecular hydrogen bonding in
imidazolium-based ionic liquids, which indicatesosiger hydrogen bonding. The measured H-CI
bond length in crystal structure confirms the stramteraction between acidic proton of methyl
guanidinium and chloride of metal anions. This measent demonstrates a strong extended
network of hydrogen bonding in the solid, withinsgmn the metal centres.

The number of the observed signals related to MiMation depends on the symmetry of the
anions?® The [CoC3]* and [ZnC}]* ions have an almost perfect tetrahedral structheefour
M-CI distances being almost identical within expegntal accuracy, and the bond angles being
very close to the tetrahedral value of 109° 28t @ ions [CoCJ* and [ ZnC3]* of Ty
symmetry, two vibrations of the,Bpecies are expected, which are infrared actiwepbly one
signal can be confidently assigneditand2 at 292 and 287 ci) respectively. According to the
literature?® the other signal should be detected at around ct8 but it is assumed to be
overlapped by the broad signal at 150 ¢crmwhich is assigned tmtermolecular hydrogen
bonding. The measurements at elevated temperatyre® 100 °C show no change in the
observed signals.

In PILs 1 and 2, each molecule has at least four donor and foeemor sites to form a

tetrahedral H-bond network.
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Fig.51 Low-frequency vibrational FTIR spectra o hrotic ionic liquids

The characteristic bands for hydrogenbonding inlolefrequency set at 88, 130, 195, and 251
cm?, are obtained by fitting the structure of the aetivity band of water with a sum of four
Gaussians! These spectra can be related to measured baridanid2 at 120-160, 90-95 cih

which confirm the three dimensional H-bond network.

3.5.4. UV-Vis studies

The UV-Vis absorption spectra for compouhdh the region 300-800 nm were investigated in
isopropanol. The broad split d-d band at 661 nmhsolute isopropanol (Fig. 52) is typical in
wavelength and intensity for tetrahedral®Coe.g. in [CoCJ]* (A(F) > T(P) transitionf>>> In
agueous solution, this band is no longer visiblig.(B3). Instead a much weaker transition is
observed at 511 nm, which is typical for high-spatahedral CT (T.(F) > T(P) transition>* The
color change from blue to pink in water implicaehange in symmetry from tetrahedral to
octahedral cobalt (II). In [ZnGJF anion no absorbance was detected, due to the@bséthe d-

d transition.
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Fig. 52 UV measurement in isopropanol
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Fig. 53 UV measurement in water
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3.5.5 X-ray studies

X-ray quality crystals oflL and2 were obtained by slow diffusion of dichloromethant® the
isopropanol solution of these compounds while oryfyee conditions were maintained. The

crystal structures ofl and 2 consist of discrete [MGI* (M = Co, Zn) anions with two
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monoprotonated (fBlsHg)* cations, respectively. The anionic unitlofs comprised of discrete

tetrahedral [CoG]* with a slight distortion from Fsymmetry in the asymmetric unit in space

group P-1.

Tetrahedral [CoG]* anions and methylguanidinium cations are held ttwgethrough N-H-Cl
hydrogen-bonding interactions.

The zinc sal is isomorphous with the zinc species at room teatpee with two cations and
one complete anion in the asymmetric unit in sgaoep P2/c.

In a survey of neutron diffraction data, Taylor atehnardhave demonstrated, that a contact
shorter than 2.98 (C-H"0O, C-H"N, and C-H"Cl) reliably indicates the presence of a hydrogen
bond. The local structure around a single ani@h@vn in Fig. 54. The shortest contacts {El]

of 2.45A for the [CoC3]? salt and 2.5% for the [ZnC1]%, respectively, indicate that a strong,
discrete hydrogen bond is formed between the proftdhe methyl guanidinium and a chlorine

atom of the anion.

Fig.54 Hydrogen bonding of a) [Zngd and b) [CoClL]*
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3.5.6 Catalytic activity

The synthesis of cyclic carbonates by the coupl@agtions of epoxides with carbon dioxide has
attracted much attention with regard to the util@a of CQ. Imidazolium-based ionic liquids
have been introduced as effective catalysts forsyrmhesis of propylene carbonate from the
coupling reaction of C®and propylene oxide, but their catalytic actigtexpressed as turnover
frequency (TOF: H) were not very high (TOF = 188 for [bimim]Cl, 14.98 for [bimim]BE at
110 °C. Recently, Jang and co-workers have repSrieidazolium zinc tetrahalide-based ionic
liquids as an effective catalyst for this reactamnillustrated in Fig. 55. The catalytic activitigfs
various bis(1-R-3-methylimidazolium) zinc tetral@$ were reported for the coupling reactions
of CO;, and ethylene oxide (EO) or propylene oxide (PO} °C for 1 h. We have tried this
coupling reaction using our MPLIs at 100 °C. Ingtiregly, the MPLIs show catalytic activity to
54 and 50 % yield fol and2, respectively. The reaction was carried out inpglene oxide as
solvent for 24 h at 100 °C. However, the yieldlw# teaction is satisfactory, but the TOF is very
low (TOF = 18.12) due to the time of the reaction.

Jang and co-workers have reporfed high TOF for similar ionic liquids. Investigatioof

mechanism may be the answer to low TOF numbers.

Fig.55 Coupling reactions of propylenoxide withlwam dioxide

O Catalyst )J\
+ O, ——»

0] 0]

Varma et. al. reporté8the NMR spectroscopic studies of mechanism forcthepling reaction
catalyzed by tetrahaloindate(lll)-Based lonic Ldj(Fig. 56).

The initial active catalyst can be described asr(dyhich ClI- forms H-bond with C(2) hydrogen
of imidazolium cation. The coordination of PO teethewis acid site of indium to form the
adduct (2), subsequent nucleophilic attack of Gi-the less hindered carbon atom of the
coordinated PO, followed by ring opening reactieads to chloroalkoxy anion species (3), which
91



is stabilized through the H-bonding interaction.eTihsertion of C@into O H of (3) would
produce chloroalkoxy carbonate intermediate.

Fig.56 Proposed mechanism of the coupling of carbon diaidd epoxides by Varma et al.
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The intramolecular cyclic elimination (4) thus pides propylenecarbonate and regenerates the
catalyst, (1). From a series of their experimengablts using [Q][InCl4], it becomes clear that
the ability to form H-bonding interaction is alsa amportant factor influencing the catalytic
activity.

Based on the above results and previous literdtareeasonable mechanism for the coupling
reaction catalyzed by A is proposed (Fig. 57).
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Fig. 57 proposed mechanism of coupling of carbaxide and epoxide
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The initial active catalyst can be described asifAWwhich CI forms H-bond with hydrogen of
methyl guanidinium cation. The coordination of pylgme oxide to the Lewis acid site of
transition metal forms the adduct, (B) , subsequerteophilic attack of Clon the coordinated
PO, followed by ring opening reaction leads to obédkoxy anion species, (C). The insertion of
CO; into O"H of C would produce chloroalkoxy carbonate intediate, (D).

The intramolecular cyclic elimination thus providpsopylene carbonate and regenerates the
catalyst. Kisch et al. reported that the coexistenfcboth Lewis acid and Lewis base is required
to prepare alkylene carbonates from @@d epoxides®

It is resulted that the H-bonding property throdlyé interaction with the halide ion and protons
of guanidinium cation renders the dissociation alide ion from metal and the coordination of

epoxide much easier, thus facilitating the actoratof coordinated epoxide to form haloalkoxy
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species via ring-opening, which are also stabilizgdhe H-bonding interactions as illustrated in
Fig 57.

The low yield in our reaction probably has its orign stabilities of (B) or (D) compounds (Fig.
57). Because interaction between methylguanidindation and anions in (B) and (D) is strong,

ring opening or ring closing reaction, may be stogwilown.

3.6 Conclusion

Methylguanidinium is a suitable cation for ILs,arder to increase the interaction between anion
and cation due to strong hydrogen-bridge bondingh wanion. Methylguanidinium
tetrafluoroborate, hexafluoro- phosphate and heraflantimonate ILs have been prepared and
investigated.

Methyl guanidinium tetrachlorocobaltate (MGCC) amethyl guanidinium tetrachlorozincate
(MGCZ) metal containing protic ILs were preparetieTmelting temperatures were evaluated by
DSC measurements. These showed melting point &f @2 for MGCC and 91.8 °C for MGCZ,
respectively.

The investigation of hydrogen bonding using farsiibwed strong hydrogen bonding, which is
confirmed by x-ray studies.

The catalytic activity was investigated by coupliogpropyleneoxide and GOHowever, the
yield of the reaction is satisfactory, but the T®Kery low due to the time of the reaction.

The H-bonding interaction was also an importantdiaaffecting the catalytic activity for the

coupling reaction.

94



3.7 Experimental Section
General

All reactions and product manipulations were peried under an atmosphere of dry argon using
standard Schlenk techniques or in an inert atmaspgevebox. Isopropanol was dried over
molecular sieves 4. Solvents were refluxed over the appropriate dryagent, purged several
times with argon during reflux, and distilled un@egon (THF: Cakl).

Methyl guanidinium chloride, cobalt chloride, zinchloride, propylene oxide, sodium
tetrafluoroborate, sodium hexafluorophosphate adilisn hexafluoroantimonite were purchased
and used as received. Solution NMR spectra wetteatetl at room temperature using a Bruker
ARX300 spectrometefH, **C NMR spectra are referenced to SiMg referencing the residual
solvent peak. Infrared spectra were recorded omrukeB IFS55 FT-IR spectrometer at room
temperature. ESI-MS was carried out with a Vari@@ BS spectrometer with isopropanol as
solvent.

UV-Vis absorption spectra were recorded at ambientperature using an HP 8453 UV-Vis
spectrophotometer. GC-MS measurements were callecta Varian 3900 GC-MS.

X-ray analysis was carried out by Dr. E. Herdtwetkhe Anorganisch-chemische Institut at the
Technischen Universitaet Muenchen. The single-atystray diffraction experiment was
performed using a Bruker APEX2 diffractometer egeih with a Mo-anode (Mo-Kradiation:u
=7.1073 A).

DSC-measurements were carried out by DSCQ20000ah temperature from TA Instrument
(Waters). Melting points were reported in °C.

Thermogravimetric mass spectrometry (TG-MS) werfggmed on a TGAQ5000 system using
~10 mg sample heated at a ramp of 10 K per minagemuargon or synthetic from room

temperature.

Preparation of methylguanidinium tetrafluoroborate

Guanidinium chloride (2 g, 18.3 mmol) and sodiurtrauoroborate (2g, 18.3 mmol) were
slurried in 10 ml dry THF for 5 h at room temperatuThe suspension turns to a homogenous
particle distribution. The organic phase was thigrafed off under inert gas and the solvent was

removed under reduced pressure. A light yellowitlquas isolated in 82 % yield.
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'H NMR (300 MHz, THF-g): 8(ppm)= 7.1-6.6 (m, 5H), 3.1 (d, J = 4.9 Hz, 3H)

B NMR (300 MHz, THF-g): 8(ppm) = -61.9, -62
F NMR (300 MHz, THF-g): 5(ppm) = -1.47

ESI-MS(+) 74 g/mol
ESI-MS(-) 87 g/mol

Elemental Analysis

Measured (%) Calculated (%)
C: 15.67 14.93
H: 5.78 5.01
N: 26.84 26.11

Preparation of methylguanidinium hexafluorophosphat

Guanidinium chloride (2 g, 18.3 mmol) and sodiutnaiuoroborate (3.06 g, 18.3 mmol)
The same reaction processes similar to methylguauaid tetrafluoroborate were applied.

'H NMR (300 MHz, THF-g): 8(ppm)= 7.2-6.8 (m, 5H), 3.2 (d, J = 5 Hz, 3H)
ESI-MS(+) 74 g/mol

ESI-MS(-) 144 g/mol

Elemental Analysis:

Measured (%) Calculated (%)
C: 11.34 10.97
H: 4.12 3.68
N: 19.74 19.18
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Preparation of methylguanidinium hexafluoroantimonite (Similar to hexafluoro-
phosphate)

IH NMR (300 MHz, THF-g): 5(ppm)= 7.2-6.8 (m, 5H), 3.2 (d, J = 5 Hz, 3H)

ESI-MS(+) 74 g/mol

ESI-MS(-) 235 g/mol

Elemental Analysis:

Measured (%) Calculated (%)
C: 8.13 7.75
H: 2.87 2.60
N: 14.10 13.56

Preparation of methyl guanidinium tetrachlorocobaltate (MGCC)(1)

Guanidinium chloride (1.68 g, 14.4 mmol) was skalrin 10 ml dry isopropanol. A solution of
cobalt chloride (1 g, 7.7 mmol) in 10 mL dried isopanol was added. The reaction was stirred
for 5 h at room temperature, the apparent parsce of the suspended solid decreased. The
organic phase was then filtrated off under ined gad the solvent was removed under reduced
pressure. The dark blue solid was washed twice ¥WtinL THF. The organic phase consisted of
two different phases; after removing the upper ph#ise solvent was removed under reduced
pressure and the solid was washed twice with 10frdiethyl ether affords to purk (82 %) as

blue solid.

ESI-MS(+) 74 g/mol

ESI-MS(-) 164 g/mol

Elemental Analysis:

Measured (%) Calculated (%)
C: 14.12 13.77
H: 5.44 4.62
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N: 26.38 24.08
Cl: 38.40 40.64
Co: 15.66 16.89

IR-Measurements:

N-H 3200 and 3408 ¢ C-H 2900 crit; C-N 1662 crit; N-CH; 1166 cnt

Far-IR: Co-Cl 265 cm; NHCl 148 cn*

0,85
0,80
0,754
0,704 Zn-Cl
0,65
0,60

0,55

Y Axis Title

0,50
0,45+
0,404

0,354

0,30

T T T T T T T T
0 100 200 300 400 500 600 700
X Axis Title

Crystal structure:

The molecular packing of the compound showing N—&interactions
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C4H16C|4CON6
My = 346.95
Space group:

P-1

a=7.4168(3); b = 7.8242(4); ¢ = 13.3978(6).

a 83.409(2) 78.739(2);y 72.329(2)
Cell volume 725.251
Room Temp. (283-303)

Fractional atomic coordinates

Number Label

1 Cco1
2 CL1
3 CL2
4 CL3
5 CL4
6 N1
7 H1
8 N2
9 H2
10 H3
11 N3
12 H4
13 H5
14 C1
15 Cc2
16 H21
17 H22
18 H23
19 N4
20 H6
21 N5
22 H7
23 H8
24 N6
25 H9
26 H10
27 C3
28 C4
29 H41
30 H42
31 H43

Bond lengths:

Number Atoml

Co1
Co1
Co1

©CO~NOUTAWNR
zZ
[=

Atom2

CL1
CL2
CL3

Xfrac + ESD

0.477518
0.752855
0.274019
0.317887
0.554153
0.763259
0.750354
1.03847
1.02364
1.13537
0.938286
0.857554
1.036
0.912149
0.619652
0.523843
0.560543
0.67894
0.209337
0.306376
0.030562
0.128477
-0.077106
-0.107148
-0.100997
-0.213091
0.045634
0.237067
0.365207
0.217854
0.146467

Length

2.2628(1)
2.2578(1)
2.2900(1)
2.2860(1)
0.8600
1.3124
1.4416
0.8600
0.8600
1.3240
0.8600
0.8600
1.3234(1)

Yfrac + ESD

0.623997
0.631905
0.539226
0.903264
0.414373
0.208483
0.319568
0.20363
0.314433
0.145565
-0.04806
-0.102859
-0.104057
0.122438
0.131301
0.221557
0.086627
0.034324
0.246898
0.271925
0.385323
0.412309
0.416601
0.25521
0.196123
0.288118
0.295292
0.153806
0.140165
0.037479
0.222247

Zfrac + ESD

0.228718
0.122521
0.153257
0.28691
0.359036
0.078055
0.058634
0.133739
0.113008
0.162382
0.154293
0.14709
0.182768
0.121559
0.060286
0.029115
0.124009
0.015902
0.481805
0.443324
0.357935
0.32169
0.336075
0.500443
0.558513
0.476809
0.447721
0.580332
0.590831
0.582152
0.633134



14 Cc2
15 c2
16 Cc2
17 N4
18 N4
19 N4
20 N5
21 N5
22 N5
24 N6
25 N6
26 C4
27 Cc4
28 Cc4
Bond angles:
Number Atoml
1 CL1
2 CL1
3 CL1
4 CcL2
5 CL2
6 CL3
7 H1
8 H1
9 C1
10 H2
11 H2
12 H3
13 H4
14 H4
15 H5
16 N1
17 N1
18 N2
19 N1
20 N1
21 N1
22 H21
23 H21
24 H22
25 H6
26 H6
27 C3
28 H7
29 H7
30 H8
31 H9
32 H9
33 H10
34 N4
35 N4
36 N5
37 N4
38 N4
39 N4
40 H41
41 H41
42 H42

100

0.9600
0.9600
0.9600
0.8600
1.3129
1.4525(1)
0.8600
0.8600
0.8600
0.8600
1.3167
0.9600
0.9600
0.9600

Angle

113.13
109.99
108.16
107.12
106.52
111.93
117.45
117.45
125.09
120.00
120.00
120.00
120.00
120.00
120.00
121.01
120.23
118.75
109.47
109.47
109.47
109.47
109.47
109.47
117.90
117.90
124.20
120.00
120.00
120.00
120.00
120.00
120.00
120.49
121.40
118.11
109.47
109.47
109.47
109.47
109.47
109.47



Preparation of methyl guanidinium tetrachlorozincate (MGCZ)(2)

Guanidinium chloride (0.98 g, 9 mmol) was slurriedlO ml dry isopropanol. A solution of zinc
chloride (0.6 g, 4.4 mmol) in 10 mL dried isoprophwas added. The reaction was stirred for 5
h at room temperature, the apparent particle sizBeosuspended solid decreased. The organic
phase was then filtrated off under inert gas aedstiivent was removed under reduced pressure.
The light yellow solid was washed twice with 10 mHF. The organic phase consisted of two
different phases; after removing the upper phalse, solvent was removed under reduced
pressure and the solid was washed twice with 10frdiethyl ether affords to pur2(78 %) as

light yellow solid.

ESI-MS(+) 74 g/mol

ESI-MS(-) 169 g/mol

Elemental Analysis:

Measured (%) Calculated (%)
C: 14.13 13.52
H: 5.11 4.54
N: 23.92 23.64
Cl: 40.34 39.90

IR-Measurements:
N-H 3200 and 3408 ¢ C-H 2900 crit; C-N 1662 crit; N-CH; 1166 cnt

Far-IR: Zn-Cl 275 cnf; NHCl 146 cmt
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Crystal structure:

j}‘\}“f A2

The molecular packing of the compound showing N—&interactions

C4H16Cl4ZNNs

M, = 351.95

Space group: P -1

a=7.2438(4); b = 7.8150(4); c = 13.4120(7)
a 85.073(2) 77.020(2);y 71.932(2)

Cell volume 703.266

Room Temp. (283-303)
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Fractional atomic coordinates

Number

© 0 N o 0o b W DN

W WRNNNNNDNDNNRNNRNNDNNIERIERR R B B B P p
B O © ® N O 0S8 WNP O © 0 ~N O 00 M WN R O

Label
ZN1
CcL1
CL2
L3
cL4
N1
N2
N3
C1
c2
H1
H2
H3
H4
H5
H21
H22
H23
N4
N5
N6
C3
C4
H6
H7
H8
H9
H10
H41
H42
H43

Bond lengths:

Number

© 00 N O O b W NP
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Atom1
ZN1
ZN1
ZN1
ZN1
N1
N1
N1
N2
N2

Atom2
CL1
CL2
CL3
CL4
C1
H1
H2
C1
H3

Xfrac + ESD

0.983303
1.06332

0.774539
0.812686
1.26283

0.538504
0.433546
0.269435
0.412593
0.125179
0.528078
0.627546
0.371802
0.535161
0.263517
0.198322
0.032678
0.058402
0.544685
0.396647
0.722801
0.556249
0.743614
0.642534
0.443308
0.289531
0.395642
0.809052
0.875475
0.729323
0.650195

Length
2.3058(1)
2.2575(1)
2.3000(1)
2.2566(1)
1.3338(1)
0.8312
0.8509
1.3354(1)
0.7917

Yfrac + ESD

0.635608
0.43609
0.545894
0.917179
0.642311
0.216949
-0.035325
0.215342
0.133235
0.133445
0.32303
0.162134
-0.093189
-0.088797
0.314746
0.027632
0.22101
0.094405
0.391322
0.253922
0.247794
0.296798
0.151891
0.406802
0.414248
0.299213
0.207088
0.275808
0.135175
0.035092
0.225771

Zfrac + ESD
0.224382
0.356156
0.15361
0.289476
0.110716
0.140589
0.160573
0.076008
0.125311
0.057525
0.121676
0.173876
0.14554
0.185012
0.056186
0.014553
0.021961
0.120729
0.362382
0.501018
0.48401
0.449389
0.580907
0.327256
0.340912
0.480378
0.555959
0.452459
0.589645
0.578102
0.637729



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Bond angles:

Number

© 00 N O O b W NP

NN NNNNRRIERR R B R R P
a A W NP O © 0N O 01 A W N R O
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N2
N3
N3
N3
c2
c2
c2
N4
N4
N4
N5
N5
N5
N6
N6
N6
ca
ca
ca

Atom1
CL1
CL1
CL1
CL2
CL2
CL3
C1
C1
H1
C1
C1
H3
C1
C1
Cc2
N1
N1
N2
N3
N3
N3
H21
H21
H22
C3

H4
c1
c2
HS5
H21
H22
H23
c3
H6
H7
c3
H8
HO
c3
c4
H10
Ha1
H42
H43

Atom2
ZN1
ZN1
ZN1
ZN1
ZN1
ZN1
N1
N1
N1
N2
N2
N2
N3
N3
N3
C1
C1
C1
Cc2
c2
c2
c2
c2
c2
N4

Atom3
CL2
CL3
CcL4
CL3
CL4
CL4
H1
H2
H2
H3
H4
H4
Cc2
H5
H5
N2
N3
N3
H21
H22
H23
H22
H23
H23
H6

0.8473
1.3217(1)
1.4565(1)
0.7906
0.9847
0.9736
0.9532
1.3311(1)
0.7952
0.8117
1.3301(1)
0.8446
0.7937
1.3238(1)
1.4574(1)
0.7533
0.9557(1)
0.9548
0.9867

Angle
107.42
109.51
109.71
107.15
112.42
110.53
121.88
118.87
119.14
120.96
118.05
118.82
123.78
116.72
119.49
118.91
120.68
120.41
107.71
108.61
109.94
110.24
108.66
111.60
119.43



26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
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C3
H6
C3
C3
H8
C3
C3
C4
N4
N4
NS
N6
N6
N6
H41
H41
H42

N4
N4
NS
N5
N5
N6
N6
N6
C3
C3
C3
C4
C4
C4
C4
C4
C4

H7
H7
H8
H9
H9
ca
H10
H10
N5
N6
N6
H41
H42
H43
H42
H43
H43

118.69
120.72
117.62
120.63
120.23
123.66
117.10
119.17
118.59
120.58
120.82
107.84
109.74
109.65
107.20
107.98
114.20



DSC:

A. MGCC: (1)

Sample: ADCoCl4 File: D:...\Doktorarbeit\DSC\ADCOCL4.001
Size: 1.6340 mg DSC Operator: KLM
Method: -50 10K/min 150 Run Date: 11-Jan-10 15:10
Instrument: DSC Q2000 V24.4 Build 116
5
92.53C
0 {
Al V‘q Y
3 5
S
2
K=]
T
g
T -104
-154
-20 T T T T T T T T T T T T T T T T T
-60 -10 40 90 140
Exo Down Temperature (‘C) Universal V3.9A TA Instruments
Sample: ADZnCI4Einkristall File: D:..\DSC\ADZNCL4EINKRISTALL.001
Size: 2.9190 mg DSC Operator: KLM
Method: -50 10K/min 150 Run Date: 22-Jan-10 12:46
Comment: Einkristall Instrument: DSC Q2000 V24.4 Build 116
5
91.83T
0 L
3 s
S
B
o
[
g
£ -104
-154
-20 T T T T T
-100 -50 0 50 100
Exo Down Temperature ('C) Universal V3.9A TA Instruments
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TGA:
A. MGCC: (1)

Sample: ADCo-TGA File: D:...\Doktorarbei\ TGA\ADCO-TGA.001
Size: 6.3610 mg TGA Operator: HIP
Run Date: 01-Mar-10 10:40
Comment: CoCl2 Instrument: TGA Q5000 V3.10 Build 258
100 :
281.41C
140.63% first step
(2.584mg)
80+
;{:‘ 51.57% Weight losg
~ (3.280mg)
=
2
Q
=
60
10.89% second step
(0.6926mg)
L
40 T T T T T T T T T
50 100 150 200 250 300 350 400 450
Temperature () Universal V3.9A TA Instruments
Sample: AD_PD File: D:...\Doktorarbei\ TGA\TGA\AD 339TGA.001

Size: 7.2520 mg TGA Operator: HIP
Run Date: 18-Aug-09 12:49
Instrument: TGA Q5000 V3.10 Build 258

120
100 \»
288.76C
80
=)
Em 66.50% Weight loss
D (4.823mg)
=
60
40+
20 T T T T T T T T T
50 100 150 200 250 300 350 400 450
Temperature () Universal V3.9A TA Instruments
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Coupling reaction

All the coupling reactions were conducted in a Bfl0-stainless-steel bomb reactor equipped
with a magnet bar and an electrical heater. Thetoeavas charged with an appropriate catalyst
and an epoxide and pressurized with,@® bar). The bomb was then heated to 100 °C théh
addition of CQ from a reservoir tank to maintain a constant pnessAfter the reaction, the
bomb was cooled to room temperature, and the rengagpoxide was removed under reduced
pressure. The mixture was treated by,CHH,O and the organic phase was removed under
vacuum, then the mixture was investigatediynd IR.

'H-NMR (CDCL/TMS): 1.4 (d, 3H) 3.9~4.1 (q, 1H)$ 4.4~4.6 (t, 1H)$ 4.7~4.9 (m,
1H).

IR: ve=o 1793 ¢, ve.o 1183, 1120, 1075, 1052 Em
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Zusammenfassung:

Diese Dissertation ist in drei Kapitel aufgeteAm Anfang wurde die Wasserstoffaktivierung
zwischen bifunktionellen sterisch anspruchsvolleawissduren und Lewisbasen wie 1,6-
bis(bis(perfluorophenyl)boryl)hexan (1) und 1,3-tphenylphosphino)propan (2) untersucht.
Eine L6sung von 1 und 2 in Toluol wurden gemisaid ein weil3er Feststoff wurde nach kurzer
Zeit herauskristallisiert. Eine spektroskopischetddsuchung (31P NMR) in CDCI3 zeigt eine
Lewissaure/Lewisbase Addukt. Die Ursache ist eigetinger sterischer Anspruch, der zu einer
Lewis-paar Wechselwirkung fiihrt. Deshalb wurderristé anspruchsvollere Borane wie Tris-
(pentafluorophenyl)boran eingesetzt, um den steeisdEffekt auf Borverbindungen zu erhéhen.
Die Lewissaure/Lewisbase Wechselwirkung wurde im diall auch spektroskopisch festgestellt.
Die Untersuchung der Kiristallstruktur von 2 zeighee starke Nukleophilie, welche die
Wechselwirkung mit Lewis S&ure vereinfacht. Diispgsulfid wurde als ein weiters, starke
Nukleophil in Wechselwirkung mit B(Fs)s untersucht. Dabei fallt ein weiRer Feststoff nach
kurzer Zeit aus der L6sung aus. Die spektroskopiséiitersuchung zeigt wieder die Lewis-Paar-
Wechselwirkung.

Aufgrund unserer Erfahrung in der Wasserstoffaktivng und -speicherung haben wir die
Aminoboranderivaten als Wasserstoffspeichermateniah dem zweiten Kapitel untersucht. Es
wurde eine neue ionische Flussigkeit auf BasisMethylguanidinium vorgestellt.

Die ionische Flussigkeit Methylguanidiniumborhydkdnn unter thermischen und katalytischen
Bedingungen theoretisch 9 Gew.-% Wasserstoff ftegse Die thermodynamischen
Eigenschaften der Verbindung sowie die bei der debsenden Zersetzung entstehenden
Produkte wurden vorgestellt.

In dem letzten Kapitel wurden ionische Flussigkeitelif Basis des Methylguanidinium Kations
mit unterschiedlichen Anionen wie Tetrafluorobdnatgestellt.

Diese Verbindungen auf Basis von Ubergangsmetallgarden produziert, um die
Wasserstoffbrickenbindungen und die daraus remaitie katalytische Aktivitat zu untersuchen.
Die Kiristallstruktur und IR-Messungen in fernen rarbtbereich zeigen starke
Wasserstoffbricken zwischen dem Metallchlorid unds®érstoff von Methylguanidinium. Die
katalytische Aktivitat wurde bei der Zyklisierungorv CQ und Propylenoxid zu zyklischen
Carbonaten untersucht.
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