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Abstract

This dissertation focuses on work resulting from the progress in developing a two-way hy-
drogen carrier system consisting of solutions of furans and pyrroles containing Mg(BHy), and
an irridum pincer complex catalyst. Previous studies have focused on magnesium borohy-
dride (Mg(BHy)2) due to its high hydrogen content and favorable thermodynamics. Further
studies have shown the kinetic enhancement of the addition of sub-stoichiometric amounts
of Lewis bases on cycling. While the kinetic enhancement of the addition of O-heterocycles
has been explored the effects of N-heterocycles have not been. Since the discovery in
1997 of the first reported homogeneous catalyst for the dehydrogenation cycloalkanes to
arenes, the “pincer” complex IrH(2,6-CgHz-(CH,PtBuy),) and related pincer complexes,
are known to be highly active catalysts for the dehydrogenation of heterocyclic liquid or-
ganic hydrogen carriers (LOHC). While attempting the tandem dehydrogenation of magne-
sium borohydride and pyrrolidine, we found Mg(BH,), reacts with pyrrolidine to produce
tris(pyrrolidino)borane and bis(pyrrolidino)borane, irreversibly releasing up to 6 wt% Ha.
The proportions of the pyrrolidino boranes are highly dependent on reaction times and
conditions. We have also observed that the iridium pincer complex catalyzes the direct de-
hydrogenation of tris(pyrrolidino)borane to tris(1H-pyrrole-1-yl)borane, a significant finding
in view of its theoretical, 5.2 wt% gravimetric and >80 g/L volumetric hydrogen capacities.

Full characterization of the products along with their hydrogen cycling behavior is discussed.
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Chapter 1

Introduction

1.1 Global Energy Demand

The global energy demand grew at a faster rate than average in 2024, with an increase
of 2.2% compared to the average annual increase for the last decade (1.3%Mhis higher
demand impacted all energy sources, fossil fuels (petroleum, coal, natural gas), nuclear power
and renewables. The predominant demand was led by the power sector, with electricity
demand rising twice as fast as broader energy demanddhis is attributed to demand
for cooling, consumption by industry, electri cation of transportation and the growth of
arti cial intelligence (Al)/data centers. * In turn, carbon dioxide (CO,) emissions increased
in 2024 reaching an all-time high, 37.8 Gt C@*! This record high translates to atmospheric
CO, concentrations of 422.5 ppm, about 3 ppm higher than concentrations in 2023 and
50% higher than pre-industrial levels. The increasing global consumption of fossil fuels is
directly related to global energy demands, which in turn results in increased greenhouse
gas emission$? Electricity generation worldwide is predominantly from fossil fuels (Figure
1.1)35 In the United States alone fossil fuels account for 80% of electrical energy and the
gradual depletion of these nite reserves is signi cant:* Renewable energy sources have been
steadily on the rise to combat these issues.

1.1.1 Renewable Energy

Renewable energy is clean energy from natural resources with minimal environmental
impact. Solar, wind, hydropower, geothermal and biomass fall into the category of renew-
able energy. In 2024 renewable energy saw its largest growth, accounting for roughly 35%



Figure 1.1. Electricity generation from fossil fuels measured in terawatt-hours by year for di erent demo-
graphics3®



of the global electrical energy produced.Most of the growth is attributed to solar photo-
voltaic (PV) followed by wind.! Carbon neutrality and therefore reduction in greenhouse gas
emissions is only one important factor driving the development of renewables. The fact that
renewable energy will never run out and has lower maintenance costs while saving money
in the long term are positives> The main problems lie in limited power storage capabilities
and in the fact that renewable energy su ers from intermittent generatiof. The peak times

of energy demand do not match the times of electricity generatichwind and solar are also
highly dependent on the weather.

1.1.2 Hydrogen as a Renewable Energy Carrier

Molecular hydrogen (HB) has long been targeted as an energy carrier due to its high
energy density, speci ¢ enthalpy of combustion, and inert combustion product ¢®).”® Hy-
drogen has the highest gravimetric energy density by weight among all known compounds
(120MJkg *, 3 times higher than gasoline¥. This is partially due to the low molecular
weight of H,. Although hydrogen is the most abundant element on earth, less than 1% is
found as molecular H.1° Because of its high reactivity, hydrogen presents many challenges as
a renewable energy source, from its cost to its safe storage and transportation. At ambient
conditions H, has a low energy density by volume, the opposite of its gravimetric energy
density (Figure 1.2)! To be used as fuel on board a vehicle, hydrogen gas must be stored
in an energy dense form to provide a su cient driving range! Hydrogen is the smallest
molecule and easily escapes from containers, making hydrogen loss a concern. In addition to
these challenges, the storage of hydrogen onboard a vehicle as a gas is a key barrier to the
realization of a hydrogen economy.Dedicated e orts have been made to develop advanced
technologies for the production of hydrogen from domestic renewable energy resources with
minimal environmental impacts! The U.S. Department of Energy (DOE) dedicates signi -
cant resources to the research and development of hydrogen storage systems in vehicles.

1.2 Hydrogen Storage

The U.S. DOE classi cation for hydrogen storage has two main categories: physical-
based and materials-based (Figure 1.3)Physical-based hydrogen storage, often referred to
as conventional hydrogen storage, stores,Hs a liquid or gas. Liquid B storage requires
cryogenic temperatures due to hydrogen's low boiling point2528 C.”!° Compressed gas H
storage requires high pressure tanks to increase storage denSify/At present the available
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Figure 1.2. Gravimetric vs. volumetric hydrogen density for various energy carriers! Diesel and gasoline
have the highest volumetric density while H, has the largest gravimetric energy density/



storage options often require large volume systems to store hydrogen in gaseous form at tank
pressures up to 700 baf°

Figure 1.3. The United States DOE classi cation of how hydrogen is stored! Phyisical-based and material-
based hydrogen storage categories.

1.3 Materials-Based Hydrogen Storage

Materials-based hydrogen storage includes physical absorption (physisorption) and chem-
ical absorption (chemisorption) within solids, and adsorption on the surfaces of soliti®h-
ysisorption is a process where gaseous I8 adsorbed onto a weak binding material's sur-
face (or its pores) through weaker van der Waals forces without forming chemical bords.
Chemisorption involves stronger chemical bonding, hydrogen is covalently bonded to these
materials, increasing their energy density. Chemical, complex hydrides, metal hydrides,
liquid organics, and adsorbents all o er higher storage densities compared to compressed
H,.1314 Compounds high in H are applicable for mobile and stationary applications and are
possible solutions for larger scale energy storage solutidfs.



1.4 Chemical Hydrogen Storage/Chemical Hydrides

Chemical hydrogen storage is used to describe storage in which hydrogen is released from
a material through a chemical reaction and the hydrogen is restored through a chemical
reaction®> Common reactions involve heating and/or reacting with wateri(e. hydrolysis)
or alcohols to release hydrogelf. Often dehydrogenation pathways from chemical hydrogen
compounds are not easily predictetf Moreover, chemical hydrogen storage is often consid-
ered for single-use applications due to hydrogenation restraints and irreversibili

Ammonia borane (AB, NH3BH3) is a crystalline solid with a volumetric hydrogen den-
sity of 146gL * H,, 19.6 wt% H.'"*® Pure AB is not an ideal hydrogen storage material
due to thermodynamic limitations!’ Dehydrogenation of AB is exothermic occuring step-
wise with decomposition happening below 11Z.1° Slow heating is required to resolve the
products of decomposition with 1.0 mol H,/mol NH 3BH3 hydrogen release starting at
98 C.%° Oligomerization of AB is suggested to proceed via B-H-B bridged intermediaté&s.
Ultimately forming polyborazylene (PB, (NsBsHg)n) with 2 mol H, release. The resulting
formation of PB cannot be rehydrogenated at reasonable conditiohs!®2° Metal catalyzed
(Ni) and solution (glymes) AB dehydrogenation has showed equally high hydrogen release
at even more moderate conditions (8%C) but also faced limited reversibility at practical
conditions1”1821 Reversibility of AB remains the greatest challenge for practical use as a
hydrogen storage material.

Ammonia (NH3) is a chemical hydrogen carrier that at ambient conditions is a gas.
Commercially produced through the Haber-Bosh process that combines nitrogen,(fMom
the air) and hydrogen, derived from steam reformation of natural gas, at high temperatures
and pressures with an iron catalyst>?® It has been heavily studied as a candidate for
hydrogen storage due to its high hydrogen storage capacity of 17.8 wt% ldnd higher
boiling point (  33:3 C) when compared to liquid B ( 2528 C) therefore it can be lique ed
under mild conditions?22* Ammonia can be decomposed (cracked) over nickel catalysts to
produce H together with N, a nontoxic, non-greenhouse g&s.However, practicality awaits
improvements and processes for the reduction of nitrogen to ammonia without the use of
fossil fuels, as the economics associated with the Haber-Bosh process make it impractical for
utilization as a hydrogen carrier?>?® The other major disadvantages of Nklas a hydrogen
carrier are the cracking temperatures required for the endothermic proces300 C and its
high toxicity, with trace ammonia remaining in the H, produced??



1.5 Liquid Organic Hydrogen Carriers, LOHCs

Liquid organic hydrogen carriers (LOHCs) have high hydrogen storage capacities (6.6{8.8
wt% H, available) that store and release hydrogen through catalyzed reversible hydrogena-
tion/dehydrogenation of pairs of hydrogen-poor and hydrogen-rich organic compounii$??
The catalytic hydrogenation process is exothermic, (- H), often requiring elevated pressures
(P) and moderate temperatures (T)?* The opposite is true for the catalytic endothermic
(+ H) dehydrogenation process, hydrogen is released as the main product at high tempera-
tures and close to atmospheric pressurésCatalysis is a key part of both the hydrogenation
and dehydrogenation half-cycles. Ideally, catalysts should catalyze both hydrogenation and
dehydrogenation, eliminating the need to separate the catalysts from the liquid organics.
Catalysts determine not only the productivity of hydrogen release (dehydrogenation), but
also selectivity, i.e. suppression of side reactions leading to loss of LOHC carrier matetal.
Heterogeneous catalysts consisting of platinum group metals (Pt, Pd, Rh, Ru, Ir) have been
extensively explored in large scale LOHC systems due to their ease of separation from the
carrier and stability under harsh conditions?9.2425

The catalytic dehydrogenation of cycloalkanes to arenes with platinum group metals has
been known since 1938 (Scheme 12)Due to their low cost and abundance, cycloalkane
dehydrogenation is widely used to produce aromatics for the petroleum indust¥.The
process releases 7 wt% H, but requires a high loading of heterogeneous precious metal
catalysts for reasonable rates of hydrogen delivety?®

Scheme 1.1. Dehydrogenation of cycloalkanes to arenes catalyzed by Pt group metaf$,

With the ability to be stored under ambient conditions, LOHCs are attractive because
of their abundance, low cost, environmental friendliness, and compatibility with existing
gasoline infrastructure. Conventional storage means (compressed &hd liquid H;) have
disadvantages that LOHCs can overcome. LOHCs provide low-cost storage with high safety
and ease of long-term, long-distance transport without hydrogen lo$sDrawbacks associated
with LOHC systems include high reaction enthalpy during dehydrogenation, low pressure at
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which hydrogen is released, and catalyst e ciency and co$t??

The work toward LOHC systems dates back to the 1980s, with research focused on
toluene/methylcyclohexane (TOL/MCH, Scheme 1.2§° The TOL/MCH system using het-
erogenous Pt catalysts on aluminum oxide (ADs) has a H, capacity of 6.2 mass% hydro-
gen®222 However, the extreme energetic conditions needed to release hydrogerr@50 C)
along with catalyst deactivation and safety concerns make the MCH system impractical for
onboard storage®%-242°

Scheme 1.2. Toluene/Methylcyclohexane LOHC system?

Platinum based catalysts emerged as the most selective catalysts for cycloalkane dehydro-
genation but require high temperatures (T 350 C) leading to formation of side products’
Reduced heterogeneous catalyst activity has also been seen with formation of gasptb-
bles?22% Hydrogen release from the LOHC forms Hbubbles on the surface of the catalyst,
with excessive bubbling contact between the LOHC and catalyst is hindered reducing hy-
drogen releasé??°

In the 2000's Air Products and Chemicals focused on N-ethylcarbazole (NEC), a nitrogen-
substituted heterocycle?® The hydrogenated NEC form is perhydro-N-ethylcarbazole (H12-
NEC) (Scheme 1.37%% The introduction of the N-heteroatom greatly reduced the H of
dehydrogenation (T 160 C) due to the reduction in aromaticity of the dehydrogenated
product.?228:29



Scheme 1.3. Air Products and Chemicals N-ethylcarbazole/Perhydro-N-ethylcarbazole LOHC system?%:30

Some drawbacks to the NEC system are the high melting point of the LOHC (solid at
room temperature, rt), low boiling points (high volatility of the LOHC), and the catalyst
bubble problem discussed abow?®

More recently, the focus of LOHC systems has shifted to formic acid. Formic acid (FA,
CH,0,) is a carboxylic acid and a liquid at room temperature with a high volumetric K
capacity of 53gL ! H, and low toxicity/ ammability. 223! The industrial production of FA
currently involves the hydrolysis of methyl formate (GH40,), and formamide (CHNO),
and the acidolysis of formate salt§! The dehydrogenation pathway of FA is often presented
in a straightforward manner, but it is often competed by the decarbonylation (or dehydra-
tion) pathway (Scheme 1.4)' The production of carbon monoxide (CO) has been found to
deactivate catalysts®?

Scheme 1.4. The two, often competing, decomposition pathways of formic acid*



In the dehydrogenation pathway, CQ and H, gases are produced in an equal amount
(1:1).3132 Co-production of CO, requires the abstraction of CQ from the atmosphere on
site followed by chemical reductiort?

1.5.1 LOHCs and Homogeneous Iridium \Pincer" Catalysts

In 1997 Jenseret al. discovered the rst homogeneous \pincer" complex Irkf CgHz-2,6-
(CH,PBU.)»g, to successfully catalyze the dehydrogenation of cycloalkanes to arefie$he
unique reactivity of this especially active catalyst is attributed to the P-C-P ligand. The
ligand renders the metal center reactive with saturated hydrocarbons but restricts its access
to the ligand P-C bonds33#° Following the report of the P-C-P pincer catalyst, the related
pincer catalysts, IrH,f C¢Hs-2,6-(OPBU,),g POCOP (Figure 1.4) showed an incremental
improvement in catalytic e ciency. 33343637

Figure 1.4. Iridium P-C-P and POCOP pincer catalysts. 333436{38

It has been found to be a very active and robust catalyst for the dehydrogenation of
alkanes with or without a sacri cial hydrogen acceptof33*“! Transfer dehydrogenation is
thermodynamically favorable, a sacri cial hydrogen acceptor, commonly tertbutylethylene
(tbe) is used, to transfer hydrogen from saturated C-H bonds in the LOHC to the unsaturated
hydrogen acceptor molecule (Scheme 1.%).
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Scheme 1.5. Catalytic transfer dehydrogenation with an iridium PCP pincer catalyst using tertbutylethy-
lene (tbe) as the sacri cial hydrogen acceptor?®

The pincer catalysts have also been shown to e ectively dehydrogenate not only across C-
C bonds in alkanes but also across both C-O bonds in alcohols and C-N bonds in am{é&**
The iridium POCOP catalyst 3 (Figure 1.4) was found to preferentially dehydrogenate the
heterocyclic ring of carbazoles and indoles (Scheme 1/6).

Scheme 1.6. Preferential dehydrogenation of the ve member ring#?

Findings showed dehydrogenation onset temperatures of 140{18Dfor pyrrolidine based
LOHCs and that steric accessibility of the LOHC dictates higher dehydrogenation onset
temperatures?

The homogeneous nature eliminates intrinsic complications associated with gas evolution
during the dehydrogenation of N-heterocycles and its inherently high product selectively
eliminates side reactions that have precluded practical applications of systems based on
heterogeneous catalyst® 394344

Denny et al. reported complete dehydrogenation of AB in tetrahydrofuran (THF) with
homogeneous pincer catalyst (3, Figure 1.4) in 14 min at room temperature (f).Although
they were unable to reverse the reaction and produced a dormant form of the catalyst with
the resulting insoluble product, their work showed a signi cantly higher activity of the pincer
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catalyst compared to its heterogeneous counterpart®.The iridium pincer complex catalyzes
the e cient release of chemically stored hydrogen in ENBH3 at unprecedented rates under
mild conditions.*®

1.6 Complex Hydrides

Falling under materials-based hydrogen storage, complex metal hydrides often have ex-
tremely high hydrogen densities but are plagued by slow kinetics, and unfavorable ther-
modynamic properties which limit reversibility. The reversibility of hydrogen evolution,
dehydrogenation then hydrogenation, is imperative for use as a practical hydrogen storage
material.

Alanates [AIH,]¢ are one of the three major classes of complex hydrides along with boro-
hydrides M(BH4)n and amides MNH that have been widely studied®® Pioneering studies
by Bogdanovt and Schwickardi in 1997, showed reversibility of titanium (Ti) doped alkali
metal alanates (sodium aluminum hydride, NaAlk) in the solid state at moderate condi-
tions (150{200 C).*’ In addition to NaAlH 4, lithium aluminum hydride (LiAIH ) is well
characterized®® Both NaAIH, and LiAIH 4 release hydrogen with the intermediate formation
of M3AlHg, M = Li or Na. #648 The hydrogen capacity of LiAlH, is greater than NaAlH, but
has not shown reversibility*® This is attributed to the endothermic 9kJmol * H, enthalphy
of hydrogenation of LgAIHg to LiAIH 4.4¢

Amides gained attention in 2002 when Chewet al. showed reversibility of the LiNH-
LiH system with a 7 wt% H,.*® The addition of LiH helped suppress the formation of
ammonia with H, production but the temperatures of>285 C needed to cycle are too
high for onboard consideratiorf®4° Other amides, Mg(NH)», su er from capacity loss and
formation of NH3.46

Group | complex light metal borohydrides (M(BH,)n) are ideal hydrogen storage mate-
rials due to their high gravimetric hydrogen capacities but applications are limited due to
the unfavorable thermodynamics associated with hydrogen cyclifigf>> Among these boro-
hydrides widely studied as solid-state hydrogen storage media due to their high hydrogen
content and storage capacities are sodium borohydride, NaBHand lithium borohydride
LiBH,4, 10.8 wt% H, and 18.4 wt% H respectively!?46:5%03 The dehydrogenation of highly
stable LiBH,4 is multi step, through intermediates, melting (with out hydrogen release) is
280 C with the majority of H , release (80%) occurring between 320{40CQ and ultimately at
temperatures up to 600 C.*65° The use of LiBH, is limited due to the high thermodynamic
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restraints.>*>> Sodium borohydride also shows unfavorable thermodynamics for practical use
with more than 90% of hydrogen release at 45@.46:5°

Many complex hydrides and light metal hydrides (NaBH, LiAIH 4, MgH,, NaH, CaH,)
have been used for singular-use hydrogen systems using hydrolysis to release hydrgén.
Hydrolysis reactions speci cally with NaBH, for hydrogen generation were studied due to
the near ambient conditions at which hydrogen was released80 C.*® These reactions are
ine cient, requiring onboard water and spent material to be removed® Hydrolysis reactions
are highly irreversible and are not applicable as rechargeable hydrogen storage syst®ms.

1.6.1 Magnesium Borohydride, Mg(BH 4)2

Magnesium borohydride (Mg(BH,)»), a group Il complex hydride, has a capacity of 14.9
wt% H, and can theoretically dehydrogenate at more moderate temperatures than other
complex borohydrides®®3® Experimental work shows the most H release in Mg(BH); is
below 300 C.5! With a high hydrogen capacity Mg(BH,), also has a favorable enthalpy, H
of decomposition, estimated empirically around 40 kJ mot H,.10-50(53

Magnesium borohydride has the largest number of polymorphs of all group | and Il
borohydrides with varying hydrogen densitie§! Some of the phases and phase transitions for
the known polymorphs are thermally induced without the need for solvent based synthesis
methods®! Covalent bonding within [BH,]! anions have tetrahedral symmetry leading to
stability and the bonding between Mg and [BH]! is ionic5%5!

The seminal observation of the rst demonstration of reversible hydrogenation of mag-
nesium diboride (MgB) to Mg(BH ), with a cycling of 11 wt% hydrogen still stands as
the highest gravimetric hydrogen capacity achieved with any material to dat¥. The di-
rect hydrogenation to Mg(BH,), occurs at extreme conditions, temperatures of 40@ and
pressures of 950 bar 5’

Further work elucidated the fully reversible thermal decomposition of Mg(Bl), to
Mg(BsHs)2 (Scheme 1.78 This reaction is reversible under milder conditions with a lower
hydrogen release, 2.5 wt% H, at 200 C.® While the cycling of Mg(BH,4)» { Mg(B 3Hs)»
was at more moderate conditions the system is impractical for onboard applications.

Several studies have looked at the use of additives on hydrogen desorption from MggBH
and their kinetic enhancement®%3 Transition metal based additives like TiCk lowered de-
hydrogenation onset temperatures from 262C to as low as 88 C.%°

Most signi cantly, the sub-stoichiometric addition of Lewis bases has demonstrated ki-
netic enhancement and product selectivity on Mg(Bk),.%* The addition of tetrahydrofu-
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Scheme 1.7. The unsolvated Mg(BHj,), reversible cycling pathway to Mg(BzHg),.%®

ran, THF, further reduced conditions, hydrogenation of [BHg]! occurred in 5 h at 200C
with 50 bar H,.%° Dehydrogenation of Mg(BH,), with THF showed signi cant hydrogen
release at 180C.%* Moreover, investigators found that the remarkable co-production of
[B1oH10]?! (Equation 1.1) in addition to [BsHg]! (Equation 1.2) to occur in the presence

of sub-stoichiometric amounts of Lewis bases. The {fH10]*!/[B 3sHg]! product ratios ob-
tained were found to have a complex dependence on reaction time and conditions as well as
hydrogen overpressure, suggesting that the two products were formed via competing reaction
pathways 5466

5Mg(BH4)2 THFX ! Mg(BloHlo)(THF) x T 4MgH2 + 11H2 (11)

3Mg(BH4)2 THFX Mg(B3H8)2(THF) x T+ 2MgH 2+ 2H 2 (12)

The addition of THF induced melting at a much lower temperature, between 80{100C,
compared to unsolvated Mg(BH), at 270 C.5%%¢ Studies showed that bonding to THF in
Mg(BH,), is categorized in two ways, tight-bound and loose-bourfd:?® The rst desorption
saw release of loosely bound THF from 50{12@ with only the release of hydrogen in the
second desorptio?>%® The tight-bound THF remains throughout cycling %%
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1.7 Dissertation Motivation

We know from the reported work discussed above (Sections 1.5 and 1.6) that select
LOHCs and complex hydrides have acceptable thermodynamic properties (H) and that
the pincer catalyst greatly enhances the kinetics of reversible dehydrogenation of LOHCs.
The iridium pincer catalyst has also proven to be e ective with boron hydrides (AB}®
We hypothesize that LOHC solutions of complex hydrides would have adequate volumetric
hydrogen densities and that the pincer catalyst adequately enhances the kinetics of reversible
dehydrogenation of complex hydrides.

The work in this dissertation stems from progress towards the development of a two-
way liquid hydrogen carrier system consisting of solutions of furans and pyrroles containing
Mg(BH4), and pincer complex catalyst (Scheme 1.8). The hydrogen storage media is an-
ticipated to have the same favorable hydrogen storage properties previously found for both
furan and pyrrole solutions containing the iridium pincer complex catalyst and tightly sol-
vated Mg(BH,)..

Scheme 1.8. Proposed two way LOHC system consisting of solutions of furans and pyrroles containing
Mg(BH 4), and iridium pincer catalyst.
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Chapter 2 looks at the cycling of Mg(BH), and tetrahydrofuran in the presence of the
pincer catalyst. Chapter 3 focuses on the characterization of solutions of Mg(B} and
pyrrolidine. Detailed results of hydrogen desorption studies on pincer catalyzed tris(pyrroli-
dino)borane are presented in Chapter 4.

1.7.1 Interaction of Mg(BH ;). with Lewis Base Electrolytes in
Magnesium lon Batteries

During the time period of this dissertation research, the interaction of Mg(Bl), with
Lewis base electrolytes became a major focus of research e orts by others to develop magne-
sium ion batteries. Given the direct connection of the dissertation research to this topic of
high interest, electrochemical studies were carried out with some of the materials that have
been generated in the course of the dissertation research.

Pure Mg(BH,), is a poor solid state ion conductor with an ionic conductivity of 10°
mScm ! at room temperature®’” The performance of Mg(BH), based liquid electrolytes is
highly dependent on the solvent system due to the low dissociation of fgand BH,! in
solution.®8"® The ionic conductivity of Mg(BH.), is extremely low, on the order of 0.01 to
0:04mScm? in solvents such as THF and glyme&{* The work of Jensenet al. showed
the addition of amines to Mg(BH,), greatly increased its ionic conductivity’® It has been
suggested that addition of the amines \destabilizes the structure” and creates new inter-
faces that enhance magnesium ion transport propertié$.In order to probe this hypothesis
and gain further insight into this key issue associated with magnesium ion batteries, elec-
trochemical studies and material characterizations were conducted as described in Chapter
5.
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Chapter 2

Mg(BH 4)2 and Tetrahydrofuran with
Iridium P-C-P Pincer Catalyst

2.1 Introduction

The initial goal of this project was to develop a two-way liquid hydrogen carrier hav-
ing greater energy e ciency and lower delivery costs than existing hydrogen carriers and
conventional compressed Hgas transport technology. As mentioned in Chapter 1, irid-
ium pincer catalysts are established to be e ective for the aliphatic dehydrogenation of N-
and O-heterocyclic compounds, as well as for the elimination of hydrogen from ammonia
borane. Furthermore, Lewis bases, especially THF, greatly enhance the kinetics of the de-
hydrogenation of [BH,]!.%* Therefore, it seemed plausible to utilize the pincer catalyst for
the simultaneous rapid dehydrogenation of the [Bi}' and N and O heterocycles. A hydro-
gen carrier, based on solutions of furans and/or pyrroles containing Mg(B) and a pincer
complex catalyst, could potentially have more than twice the available volumetric hydrogen
density of the conventional two-way liquid hydrogen carrier, methylcyclohexane. Addition-
ally, the pincer catalyst has the inherent advantage of being a homogeneous catalyst that
eliminates the intrinsic complications associated with gas evolution during the dehydrogena-
tion of LOHCs and the production of side products. Toward this end, the dehydrogenation
of O containing Lewis base solutions and slurries of Mg(Bl} were investigated.
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2.2 Experimental

2.2.1 Materials and Methods

All sample handling, preparation and storage was performed in an Inert Technologies
glovebox under argon or on a Schlenk line. Solvents were dried over molecular sieves
and veri ed by NMR for purity. Tetrahydrofuran (THF, anhydrous Sigma-Aldrich), di-n-
butylmagnesium (0.5 M solution in heptane, ACROS Organics), and borane dimethylsul de
complex (2 M in toluene, ACROS Organics) were used as received.

2.2.2 Magnesium Borohydride, Mg(BH 4)2

Magnesium borohydride Mg(BH), was synthesized following a published method with
minor modi cations.”” Di-n-butylmagnesium, 20 mL (0.5 M solution in heptane, ACROS
Organics) was added drop-wise to 18 mL borane dimethylsul de complex (2 M in toluene,
ACROS Organics). The mixture was stirred at room temperature, rt, for a minimum of 6
hours, h, and subsequently ltered, washed with toluene (3 x 40 mL) and drieeh vacuoat
rt for 14 h and then at 75 C overnight with stirring.

2.2.3 lIridium P-C-P Pincer Catalyst, IrH of CgH 3-2,6-(CH ,PBuU tz)zg

The iridium P-C-P pincer catalyst, IrH,f C¢Hs-2,6-(CH,PBUS).g (1, Figure 1.4), was
prepared according to published method®:3°4! Puri cation and re-crystallization was per-
formed from pentane under 1 bar kKl

2.24 Mg(BH 4)2 THF ¢2s

The Mg(BH,4), THF .5 samples were prepared by combining Mg(Bft (50 mg, 0.926
mmol) and tetrahydrofuran (THF: 0.019 mL, 0.232 mmol) at rt and thoroughly mixed with
a spatula until a homogeneous consistency was reached.

The catalyzed samples were prepared in a similar manner, a THF solution (0.019 mL,
0.232 mmol) and IrH,f CgHs-2,6-(CH,PBUS).g (3 mg, 0.0055 mmol) was added to Mg(BkJ.
at rt with a micro pipette and mixed together.
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2.2.5 Dehydrogenation and Hydrogenation of Mg(BH 4)2 THF ¢25

Samples were loaded into xed volume, high-pressure stainless-steel Swagelok reactors
and sealed with a Swagelok valve. The dehydrogenation/hydrogenation cycles were per-
formed in a calibrated Suzuki Shokan PCT-2SDWIN volumetric analyzer (Sievert type ap-
paratus). Hydrogen desorption half cycles were run under static vacuum. Temperature
was controlled and monitored using customized heating mantle sleeves and thermocouples.
When the reactors are rst attached onto the PCT instrument the line and reactor were
evacuated and hydrogen introduced to pressurize the system (line and reactor) and tested
for any hydrogen leaks. The reactors and line were then evacuated again before cycling. All
rst desorption half-cycles were run for 3.5 h and included the temperature ramp to 180
or 200 C. Hydrogenation half cycles were performed directly after desorption half cycles
keeping temperature constant, the line and reactor were evacuated followed by ow of hy-
drogen gas to 100 bar pressure. After cycling the reactors were cooled in the glovebox
antechamber.

2.2.6 Temperature Programmed Desorption/ Mass Spectrometry
(TPD/MS) Characterization

All Temperature Programmed Desorption/Mass Spectrometry, TPD/MS, studies and
characterization were performed by Dr. Noemi Leick and Dr. Tom Gennett at the Na-
tional Renewable Energy Lab (NREL) in Golden, CO. Temperature programmed desorption
(TPD) was performed in a custom-built system equipped with a Stanford Research Systems
RGA 100 with sampling rate of 2{4 s at 70 eV ionization energy as previously reportét.
Homogeneous heating of the sample was achieved by placing 1{2 mg of sample inside a
platinum (Pt) foil packet. In a helium glovebox, the sample was then inserted into a quartz
cell, mounted to the TPD system, and heated from 26 to 200C at 3°C=min utilizing a
Digi-Sense temperature controller and held at 200C for 6 h. All experimental parameters
were controlled via a LabViewM interface. Care was taken that the initial pressures be-
fore heating the sample are at 1¢ Torr, with a at baseline, i.e. no water, hydrogen or
air signals were above background (1x10 '3 A). The m/z range scanned was 1{50 amu
and the H, quanti cation calibration was performed according to the sample measurement
conditions. The signal for H (m/z= 2) was calibrated using the well-known H capacity of
titanium hydride (TiH ,, Alfa Aesar, 4.0 wt% H). Three di erent sample sizes were tested,
and the capacity value extracted from TPD which has an accuracy of3% for the samples
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with IrH ,(PCP). The TiH , calibration samples were heated at the same conditions as the
sample necessitating klquanti cation calibration, at a rate of 3 C/min from 25{700 C.

2.2.7 NMR

Products were dissolved in deuterium oxide, fD (for *H) or a 2:1 mixture of deuterium
oxide (D.0O) to THF (for B) and analyzed within 10 min on a Agilent spectrometer (500
MHz for H). The B chemical shifts were externally referenced to BFEt,O ( = 0 ppm)
and measured at 160.5 MHz. A relaxation delay of 10 s was used for @B analysis with
a 45 pulse. The calculation of percent composition of products was based on integrated
peak areas. Conversion is reported as the mole percent of each species after integrating peak
areas. Line tting analysis to resolve peak areas was performed in MNova software.

2.3 Results and Discussion

2.3.1 Mg(BH 4), Containing Solutions of THF and Glymes

The P-C-P pincer catalyst and THF had previously shown activity at 150 C.3° When
fully dissolved in excess THF (32 equivalents) and diglyme (28 equivalents), Mg(BH
showed no activity even when heated to 18@ in the presence of the catalyst. Thé'B NMR
spectra of these reactions after heating only show the presence of jBHat -41 ppm. Sim-
ilar collaborative studies at Paci ¢ Northwest National Lab (PNNL) have shown complete
inhibition or reduced rates of dehydrogenation of Mg(Bk), when fully dissolved in glyme,
diglyme and tetraglyme’® It appears that when Mg(BH,), is fully solvated it is rendered
inert to the pincer catalyst. Therefore slurries of Mg(BH). with sub-stoichiometric amounts
of THF became the focus of study. It should be noted that the addition of THF leads to
melts below 100C, thus the material of focus was still considered to be a potential LOHC.

2.3.2 Mg(BH 4), THF « and Pincer Catalyst

It had already been established that loosely bound THF is released in the rst hydrogen
desorption and only hydrogen is detected in the second desorptithf® Therefore, our studies
focused on the second desorption. In these studies slurries of Mg(BH THF g5 with 1
mol% pincer catalyst were dehydrogenated for 3.5 hours at prescribed temperatures, followed
by immediate rehydrogenation (20 h, 100 bar).
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Monitoring by PCT it was seen that in the presence of pincer catalyst rapid hydrogen
release was induced. However, the rate of hydrogen elimination quickly levels o to rates
similar to those observed for un-catalyzed Mg(BkJ. THF2s5. As seen in Figure 2.1, com-
parison of the isotherms of the second desorption at 18C of Mg(BH,4). THF (25 with and
without catalyst blue and orange respectively, clearly illustrate the occurrence of initial rapid
hydrogen release in the presence of the catalyst. Nonetheless, it is clear that the catalyst
is deactivated within the rst hour. While the pincer catalyst is inert with fully solvated
borohydride it is able to coordinate with sub-stoichiometric (BH) THF 5. Although this
interaction leads to catalytic dehydrogenation of [BHi!, it also enables a competing reaction
pathway that leads to catalyst deactivation.

Figure 2.1. The second hydrogen desorption isotherms from PCT studies on Mg(Bll),-THF ¢.25 with and
without Ir PCP pincer catalyst blue and orange respectively at 180 C for 24 h.

The results of TPD/MS studies conducted by Dr. Noemi Leick and Dr. Tom Gennett
at the National Renewable Energy Lab (NREL) are shown in Figures 2.2 and 2.3. The rst
TPD/MS desorption in pincer-catalyzed Mg(BH;), THF 25 (Figure 2.3a) matches those
previously obtained with uncatalyzed material (Figure 2.2a$° The elimination of loosely
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bound THF occurs in the rst desorption (Figure 2.2a green traces, 2.3a yellow traces). The
most noticeable di erence is seen in the second desorption, uncatalyzed Mg@H THF g 25
(Figure 2.218%) showed the majority of hydrogen release occurs above 120 In contrast
the second desorption of pincer catalyzed Mg(Bhh THF 25 (Figure 2.3 b, c) shows the
rapid hydrogen release starting well below 100C. Dr. Leick observed that the release of
H, started at room temperature. It was determined that roughly 20 g/L H is released in
the rst 60 minutes, which is much more rapid than hydrogen release from the uncatalyzed
material even at 200 C. These results illustrate the pronounced catalytic e ect of the pincer
catalyst on the dehydrogenation of Mg(BH), which is bound to sub-stoichiometric amounts
of THF.

Figure 2.2. The TPD/MS* of un-catalyzed Mg(BH 4)> THF ¢25.56 (a) The rst desorption to 200 C,
loosely bound THF is seen in the green traces, hydrogen in pink traces. (b) The second desorption to 200
(after 1 full cycle). Multiple traces represent multiple runs. *TPD/MS performed by Dr. Noemi Leick and
Dr. Tom Gennett at the National Renewable Energy Lab (NREL) in Golden, CO.
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Figure 2.3. The TPD/MS* of pincer catalyzed Mg(BH 4), THF 25 a)The rst desorption to 200 C,
loosely bound THF is seen in the yellow traces, hydrogen in pink traces. (b) The second desorption to
200 C (after 1 full cycle). *TPD/MS performed by Dr. Noemi Leick and Dr. Tom Gennett at the National
Renewable Energy Lab (NREL) in Golden, CO.

Dr. Leick noted that the H, capacity of Mg(BH,), THF 25 with IrH ,(PCP) is higher

at low temperatures when compared to uncatalyzed Mg(Bbh, THF .5 but at 120 C it
is equal. This surprising result is likely due to the catalytic activity of the pincer catalyst
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at room temperature, leading to the suggestion that KHis lost during sample transit (and
storage) from one institution to another. This is further corroborated by the same desorption
experiment run by NREL on the pincer-containing sample ve weeks after the rst was run
and, as shown in Table 2.1, the KHcapacity dropped considerably.

Table 2.1. Gravimetric H, capacity in wt% extracted from the integration of the TPD signal from 26 C
to the indicated temperature for the same sample, Mg(BH,)2-THF g5 with IrH »(PCP), within 5 weeks of
one another. The samples were measured after one dehydrogenation/rehydrogenation cycle.

TEMP. 80 100 120 160 180 200 200
( Q) w/6 h hold
SAMPLE

WITH IrH ,PCP

Mg(BH 4)2 THF 025

WITH IrH  ,PCP 0.01 0.02 0.03 0.07 0.1 0.5 0.43
5 Weeks Later

The B NMR spectra of both catalyzed and uncatalyzed Mg(Bl), THF ¢ 5 following
the second desorption at 180C is presented in Figure 2.4. The indicated product distribu-
tions are presented in Table 2.2. The presence of the pincer catalyst increases the production
of both [BioH10]*! and [BsHg]!. This data is in agreement with the ndings of the PCT
and TPD/MS studies, which show the greater production of hydrogen in the presence of the
pincer catalyst.

It should be noted that in the presence of the pincer catalyst, we have never detected
unknown borane at -13 ppm (Table 2.2). The unknown borane is attributed to an impurity
in the borane dimethylsul de Mg(BH,), starting material.&
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Figure 2.4. The 'Bf 'Hg NMR spectra (160.5 MHz, 2D,0:1 THF) of Mg(BH 4); THF 25 (Top, Black)
and Mg(BH4)2 THF o25 with IrPCP catalyst (Bottom, Blue) after 1.5 cycles at 180 C. Second desorption,
24 hours.

Table 2.2. Product distribution after the second hydrogen desorption at 180 C for 24 h of pincer catalyzed
and uncatalyzed Mg(BH,), THF g 25.

Unknown
[BH 4]' [BioH10]?' [B3Hs]! Borane
SAMPLE ( %) (%) (%) (%)
(ppm) -41.6 -30, -1.5 -30.6 -13
Mg(BH 4)2 THF 25 72 16 5 6
Mg(BH 4)2 THF o025 64 27 9 0

WITH IrH  >,PCP
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2.4 Conclusion

The dehydrogenation of Mg(BH), THF 25 at 180 C was observed to be accelerated in
the presence of the iridium PCP pincer complex. This represents the rst experimental
observation of the catalytic dehydrogenation of [Bi]!. However, PCT and TPD/MS stud-
ies show the rapid hydrogen release associated with catalyzed dehydrogenation to diminish
rapidly after the rst hour. This indicates that the pincer catalyst is deactivated or de-
composed. Therefore, systems based on Mg(BETHF 25 and pincer catalyst are of no
practical utility.

Magnesium borohydride fully dissolved in THF has been found to resist dehydrogenation
at 180 C even in the presence of the pincer catalyst. These ndings are in line with those
obtained in collaborative studies with PNNL that showed the dehydrogenation of Mg(BH.
to be inhibited and in some cases totally suppressed by glym@slt was concluded that all
ether solutions of Mg(BH,), cannot be utilized as liquid hydrogen carriers and, therefore,
the systems consisting of N-heterocycles and Mg(BH became the focus of this work.
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Chapter 3

Dehydrogenation of Mg(BH  4)2) and
Pyrrolidine: Characterization of
Pyrrolidinoborane Products

3.1 Introduction

In the past 20 years, magnesium borohydride (Mg(BH,), has been extensively investi-
gated in regard to its potential development as a hydrogen storage material due to its high
gravimetric hydrogen density and thermodynamically favorable hydrogen cycling compati-
bility. This interest was piqued by the seminal observation of the direct hydrogenation of
magnesium diboride, MgB to Mg(BH 4)», and demonstrated cycling of 11 wt% hydrogetY.
The cycling of more than 11 wt% H still stands as the highest hydrogen gravimetric capacity
that has been achieved with any material to date; it requires extreme reaction conditions,
hydrogenation at 400 C and 950 bar H for 108 h>’ Under more moderate conditions, hy-
drogenation at 250 C and 120 bar H, the fully reversible dehydrogenation of Mg(BH), to
Mg(B3Hg)» has been found to approach a more limited cycling capacity of 2.5 wt% Pf Fur-
ther work on Mg(BH,), found that the coordination of sub-stoichiometric amounts of Lewis
bases greatly enhances the kinetics and extent ot lfelease from the borohydride and pro-
foundly a ected product distribution, mostly notably the irreversible formation of [BigH10]"
and other higher borane$*%67 Generally, these studies have focused on O-heterocycles
and there have been very few reports of the dehydrogenation in the presence of nitrogen
based (N-based) Lewis bases and restricted to triethylamine (TEA) and ethylenediamine
(EDA). 5481 Dehydrogenation in the presence of TEA showed minimal conversion to higher
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boranes/hydrogen releas& The studies with EDA showed high hydrogen release (8 wt%
at 260 C), giving rise to irreversible polymer$! Additionally there have been studies of
neutral amine-Mg(BH,), (ammonia Mg(BH,4), NHz, methylamine Mg(BH,), CH3NH,, am-
monia borane Mg(BH,), (NH3BH3),, ethylenediamine Mg(BH,), NH,(CH,),NH,) electro-
chemical properties” 75768285 These studies focused on ionic migration and conduction.
While it was noted that the ammines react with Mg(BH,), to form BHz-ammine adducts at
room temperature, hydrogen elimination through thermal dehydrogenation was not reported.
In related studies, ammonia borane (AB) has been extensively explored as a potential hydro-
gen carrier. However, re-hydrogenation of the polymeric materials resulting from thermally
driven dehydrogenation can only be reversed using powerful reagents and extreme conditions.
The impetus for the present study was to examine whether the N-heterocycle, pyrrolidine
in analogy to O-Lewis bases directs the dehydrogenation of Mg(BH towards the production
of higher boranes. However, we have found that instead of boranes or intractable polymers,
we obtained an alternative class of compounds. Herein we report characterization of the
Mg(BH4).-pyrrolidine dehydrogenation products. There has been no prior report of this
class of compounds resulting from the dehydrogenation of borohydrides.

3.2 Experimental

3.2.1 Materials and Methods

All reactions, sample handling, preparation, and storage were performed under a dry
argon atmosphere using standard Schlenk techniques or in an Inert Technologies glovebox
unless otherwise specied. All solvents were degassed, dried over molecular sieves, and
veri ed by NMR for purity. All N-heterocycles were dried over calcium hydride (CaH) and
distilled prior to use or storage over potassium hydroxide (KOH, Fisher). Pyrrolidine (
99.5% re-distilled, Sigma-Aldrich), borane dimethylsul de (Sigma Aldrich) and diethyl ether
(anhydrous, Fisher) were used as received. Magnesium hydride (Mgl5%, Gelest) was
milled to activate before use. Triethylamine borane (97%, Sigma-Aldrich) was degassed prior
to use.

3.2.2 Synthesis of Mg(BH 4)»

Magnesium borohydride was synthesized as previously reported in Section 2.2.2 or by a
direct synthesis method published by Chllopekt al. with modi cations. & Pre-milled MgH;
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(0.918g, 34.9 mmol) and triethylamine borane (8.83 g, 76.8 mmol) were combined under
argon, with vigorous stirring. The mixture was heated for 1 h at 100C then re uxed for 7 h

at 145 C. After re uxing, the solution was allowed to cool to 30 C, just below the boiling
point of diethyl ether (34.6 C) and 40 mL of diethyl ether was added. After stirring at room
temperature (rt) for 4 h, the dark gray solution was lItered, the liquid was saved, and ether
was removed in vacuo. The white slurry was heated to 18C with stirring under vacuum

for 2 h, producing a ne white powder.

3.2.3 Mg(BH 4)2andPyrrolidine

The various molar ratios of the Mg(BH,),: pyrrolidine samples were prepared by com-
bining Mg(BH4), and pyrrolidine at rt in a 10 mL Parr Micro Batch reactor with stir bar,
thoroughly mixing and sealing the reactors in the glovebox. After connecting the reactor to
the Parr 2500 Micro Batch System with low stirring set (120{160 rpm), a ramp rate of 2

C/min was used and the system was left at the desired temperature for 24 h. After which,
heating was turned o and the reactor was allowed to cool to rt. Pressure and temperature
were recorded after cooling. Any hydrogen gas evolved in the dehydrogenation was vented.
The reactors were disconnected from the Parr system, and the reactor was transferred to the
glovebox.

3.2.4 Synthesis of Pyrrolidine-BH 3

Pyrrolidine-BH3, was prepared following published method¥. Pyrrolidine, 2 mL (1:7 g,
24 mmol) was dissolved in 15 mL toluene. With stirring at 20C, 12 mL (24 mmol) borane
dimethyl sul de (2 M solution in toluene) was added drop-wise. The solution was stirred for
a minimum of 1 h and the solution was evaporated under vacuum.

3.2.5 Hydrogen Quanti cation Measurements

After thermal desorption in the Parr Micro Batch system, the reactors were allowed to
cool to rt. Once the reactors were cooled, the temperature 8 C) and pressure ( 2 psi)
were recorded from the Parr system. The moles of hydrogen released from the reactions
were calculated using the volume of the reactor, temperature (after cooling), and recorded
pressure in psi converted to atm. A correction of 1 atm is applied to all calculations, since
the reactors were sealed in the glove box under 1 atm of argon. As a control, we built a
rudimentary eudiometer using a water- lled burette inverted into a beaker and stainless steel
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Swagelok tubing. The tube was attached to the Parr system with Swagelok ttings and any
hydrogen gas produced in the dehydrogenation of Mg(Bb}b:pyrrolidine was vented to the
eudiometer after the pressure was recorded. The volume of water displacement from the
hydrogen gas produced was recorded. A standard calibration curve was constructed from
various amounts (psi) of hydrogen gas (at rt) vented from a Parr reactor into the eudiometer.
Using the calibration curve along with the recorded volumes from the eudiometer (water
displacement), the moles of hydrogen gas evolved were calculated. The calculations of mole
H, for dehydrogenated samples are reported for both methods in Table 3.1. Error was
propagated throughout for both methods. The mole FHper mole H in Mg(BH 4)» (5.4 mol)
is reported from both Parr psi and eudiometer measurements. The theoretical ratio of mol
H, per mol Mg(BH,), was calculated based on scheme 3.2 (reaction of 1.6 releases 6 mol
Hy).

The solubility of hydrogen gas at rt in water (HO) is low. The relationship of H
solubility in H,O follows Henery's Law and is directly proportional to the partial pressure
of the gas above the liquid®®® Therefore, higher pressures lead to greater,olubility in
water 880 At standard conditions, rt (25 C) and 1 atm H, the concentration of H in H,O
is reported as 7.8 x 10* M or  1.57 ppm88° With increased pressure and/or temperature
the concentration increases. The pressures recorded at rt were well below 15 atm, making
the maximum solubility of Hy in H,O 2.4 ppm &30

3.3 Results and Discussion

3.3.1 Mg(BH 4), and N-Heterocycles

Initial screening studies were conducted in which Mg(BkJ, was combined with a num-
ber of N-heterocycles. In many cases, e ervescence was observed upon mixing, indicating
reactivity at 25 C. The 'B NMR spectra of the products resulting from the reactions with
pyridine, n-butylimidazole, piperidine, and pyrrolidine are shown in Figure 3.1. All contained
a single resonance in the range of -9 to -23 ppm (Figure 3.1), in keeping with the formation of
amine-BH; adducts along with a signal for varying amounts of unreacted [Bfff starting at
-40 ppm. This is consistent with the conclusion of the above noted studies that the reaction
of Mg(BH4), with ammines lead to the formation of ammine-BH adducts.
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Figure 3.1. The Bf'Hg NMR spectra (160.45 MHz, neat unless otherwise noted) of the reaction of
Mg(BH 4)2 (up eld signal) with pyridine, N-butylimidazole, piperidine and pyrrolidine at room tempera-
ture. From top to bottom, purple: (160.45 MHz, CD 3CN) Pyridine BH3; complex at -14.2 ppm?! blue: N-
butylimidazole BH3 complex at -21.9 ppm?2 green: The'Bf 'Hg NMR spectrum of Mg(BH 4) in piperidine
after room temperature reaction. All of the Mg(BH 4), has been converted to the known borane piperidine
complex seen with the broad peak at -13 ppnf! red: The 'Bf 'Hg NMR spectrum (CgDs) pyrrolidine BH3
is at -16 ppm 8’

3.3.2 Mg(BH 4), and Pyrrolidine

A more extensive NMR analysis was performed on the pyrrolidine product that was ob-
tained from a 1:2 combination of Mg(BH).:pyrrolidine. The *H coupled*!B NMR spectrum
shows a quartet centered at -16 ppm corresponding to a Bispecies (B coupled to 3 H nu-
clei) in addition to the quintet at -40 ppm (B coupled to 4 H nuclei) for the [BH]! starting
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material (Figure 3.2). To conrm our identi cation of the product, an authentic sample
of BHs-pyrrolidine was prepared by the reaction of pyrrolidine with borane dimethylsul de
whose!'Bf 'Hg NMR spectrum agrees as it also consists of a single peak at -16 ppm (Figure

3.3, B, C¢Dg, =-16 ppm (q)).®"

Figure 3.2. The B NMR (Bottom) and 'Bf *Hg NMR (Top)(192.5 MHz, C¢Dg, = -16 (q), -40 (quint)

ppm) of 1:2, Mg(BH4), to pyrrolidine mixed at 25 C.
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Figure 3.3. The B NMR (Bottom) and !'Bf 'Hg NMR (Top)(192.5 MHz, C¢Ds, = -16 (q) ppm) of
alternatively synthesized pyrrolidine-BH3.8”

Scheme 3.1. Reaction of 1:2 Mg(BHj,)» to pyrrolidine at room temperature to form BH 3-pyrrolidine adduct.

Having established that Mg(BH,), reacts at room temperature with pyrrolidine to give
BH; adduct, we explored the further reactions that occur upon heating. Thé'B NMR
spectra (GDs) of the product obtained following thermolysis, heating the 1:2 reaction mix-
ture to 180 C, contains no signals for [BH]|' or BH; (Figure 3.4, left). Instead, two new
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signals were observed at 24 and 26.8 ppm. Th& (*H coupled) NMR shows that the boron
product corresponding to the down eld peak, a doublet centered at 26.8 ppm is bonded
to one hydrogen (BH species), while the boron of the up eld shift is not directly bonded
to hydrogen indicated by a singlet at 24 ppm. The'H proton spectra of the 1:2 reaction
mixture that was heated to 180 C show the presence of two distinct pyrrolidine rings and
no evidence of free pyrrolidine (Figure 3.4, Right). Smaller multiplets at 3.31€6.0 Hz)
and 1.5 ppm ¢=6.1Hz) and larger multiplets at 3.14 J=6.6 Hz) and 1.61 ppm (=6.8 Hz).
Carbon 13 NMR does not show any indication of ring opening, with only methylene chemical
shifts present. Without evidence of ring opening, our assignments of these chemical shifts
were narrowed to boron-pyrrolidine species. The species at 24 ppm which contains a boron
not directly bonded to hydrogen (B) was preliminarily identi ed as tris-pyrrolidine borane
complex while the BH doublet at 26.8 ppm was assigned to bis-pyrrolidine borane.

Figure 3.4. The NMR spectra of 1:2, Mg(BH,), to pyrrolidine heated to 180 C for 24 h. Left: 'B NMR
(192.5 MHz, CsDg) = 26.8 (d), 24 (s) ppm. Right: *H NMR (600 MHz, C¢Dg) = 3.3 (1), 3.14 (1), 1.61
(m), 1.5 (m) ppm.
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Figure 3.5. The structures of bis(pyrrolidino)borane and tris(pyrrolidino)borane. 9394

3.3.3 Tris(pyrrolidino)borane

To conrm the production of tris(pyrrolidino)borane (Il Figure 3.5), the reaction of
Mg(BH,), and pyrrolidine in a 1:6 molar ration was examined. Thé'B NMR spectrum
of samples that were heated to 180C were seen to contain only the singlet at 24 ppm
(Figure 3.6). The *H NMR spectrum contains only signals at 3.14 and 1.61 ppm and none
for free pyrrolidine at 2.65 and 1.41 ppm (Figure 3.6). Likewise, th&’C NMR spectra
contains only peaks at 48.3 and 26.8 ppm (Figure 3.6). All of our NMR data match the
chemical shifts previously reported for tris(pyrrolidino)borane (I, Figure 3.594% It was
concluded that heating 1:6 Mg(BH), to pyrrolidine follows reaction scheme 3.2. No change
in the NMR data is observed upon heating for long periods of time (3{7 days) at 18,
con rming the stability of tris(pyrrolidino)borane.
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Figure 3.6. The !B NMR (192.5 MHz, CsDs = 24 ppm (s)), *H NMR (600 MHz, C¢Dg = 3.14 (1),
1.61 (m) ppm) and *C NMR (150 MHz, C¢Dg = 48.3, 26.8 ppm) spectra of 1:6, Mg(BH,). to pyrrolidine
heated to 180 C for 24 h. Only tris(pyrrolidino)borane is observed.

Figure 3.7. The B NMR (192.5 MHz, CgDs), *H NMR (600 MHz, C¢Dg) and *C NMR (150 MHz, CDs)
spectra of 1 to 10, Mg(BH,), to pyrrolidine heated to 180 C for 24 h. There is only tris(pyrrolidino)borane
and free pyrrolidine observable (pyrrolidine *H = 2.6, 1.4 ppm, 3C = 47.1, 25.5 ppm).
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Scheme 3.2. Reaction of 1:6 Mg(BH,), to pyrrolidine to form tris(pyrrolidino)borane.

Samples with excess pyrrolidine, up to 1:10 molar ratios were found to produce only
tris(pyrrolidino)borane with free pyrrolidine present in the *H and *3C NMR spectra (Figure
3.7).

3.3.4 Bis(pyrrolidino)borane

A priori reaction mixtures of 1:2 might be expected to give bis; however, experimentally,
as noted above, the mixture of 1:2 gave tris and bis. In order to suppress tris formation, we
explored the reaction of 1:1 molar ratios of the reactants. Th&B NMR spectrum (Figure
3.8) of the reactants in 1:1 molar ratio that was heated to 180C for 24 h is predomi-
nated by the doublet at 26.8 ppm associated with the bis product. However, a number of
signals appear for other species. A study of the dehydrohalogenation of amine borane com-
plexes (including pyrrolidine-borane) to amido boranes identi ed a number of intermediate
species whosé'B NMR spectra are similar to those observed in the present study along with
bis(pyrrolidino)borane 219397 Additionally, this material was observed to contain predomi-
nant peaks at 47.6 and 26 ppm in its°C NMR spectrum and peaks at 3.3 and 1.5 ppm in
its 'H NMR spectra. This con rms the presence of a single type of pyrrolidino group in the
predominant product. The predominant product is con rmed to be bis(pyrrolidino)borane
when all our experimental NMR data was compared to literature values.
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Figure 3.8. The NMR spectra of 1:1 Mg(BH,4), to pyrrolidine heated to 180 C for 24 h. The chemical
shifts for the predominant bis product are reported. Top Left:*H NMR (600 MHz, CsDg) = 3.3 (m), 1.5
(m). Bottom Left: 3C NMR (150 MHz, C¢Dg) = 54.3, 24.6. Top Right: 'Bf 'Hg NMR (192.5 MHz,
CsDs), Bottom Right: !B NMR (192.5 MHz, C¢Dg) = 26.8 (d) ppm.

3.3.5 Quanti cation of Hydrogen Release

As a further con rmation of our proposed reaction pathways quanti cation of the hydro-
gen release in the various molar ratios of Mg(BH,:pyrrolidine was carried out. After heating
the Mg(BH4),:pyrrolidine mixtures for a prescribed period in closed reactors, the reactors
were allowed to cool to room temperature. The resulting increase in reactor pressure was
recorded. From the pressure data, moles of hydrogen released and moles of hydrogen released
per mole of borohydride were calculated as seen in Table 3.1. Hydrogen production was also
guanti ed by releasing the hydrogen gas produced through a rudimentary eudiometer. The
data obtained from the eudiometer measurements was signi cantly less precise.
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Table 3.1. Hydrogen release from various molar ratios of Mg(BH). and pyrrolidine heated to 180 C for
24 h. Quanti cation of hydrogen release reported in mmol from Parr readings and eudiometer measurements
with the ratio of mol H , released per mol Mg(BH,),. All entries are the average of 5 data sets. Error was
propagated throughout.

Ratio Of Mole H » Mole H » Theo. Mole H » Mole H »

Entry Mg(BH 4)2 From Per Mole H »/ From Per Mole
To Parr psi Mg(BH 4)2 Mg(BH 4)> Eud. Mg(BH 4)2

Pyrrolidine (mmol) Parr (mmol) Eud.

1 1:1 0.917 0.1 0.23 0.25 1.04 25 0.26

2 1:2 158 0.2 0.4 0.5 194 31 0.48

3 1:6 477 0.6 1.2 15 4.32 3.9 1.1

4 1:10 5.13 0.7 1.3 15 489 45 1.2

The theoretical column (Table 3.1) is the predicted moles of Hproduced (according
to Scheme 3.2) per moles of Hin Mg(BH ). (4 mol H,). The predicted value for the 1:6
ratio of Mg(BH,), to pyrrolidine is 6 moles of H gas, 2 moles of tris(pyrrolidino)borane
and 1 mole MgH being produced (Scheme 3.2). Our experimental ndings are close to
the predicted (theoretical) values for 1:6 but fall a little short (Entry 3, Table 3.1). Entry
4 (1:10), illustrates that to drive the reaction to completion you need excess pyrrolidine,
demonstrating that pyrrolidine is the limiting reagent. In less than 1:6 ratios of Mg(BH)»
to pyrrolidine there is a distribution of products due to less pyrrolidine present, these ratios
are expected to fall short of the H produced. Since NMR spectra of the reactions &f1:6 do
not correspond to an exact product, and we don't observe one sole product, the experimental
H, produced is almost exact. The 1:1 (Entry 1) is expected to produce 1/6 of thelgroduced
in the reaction of 1:6, the experimental value of 0.917 mmol is within the margin of error and
the ratio is almost exact. Entry 2 (1:2) is predicted to produce 1/3 the amount of Hwhen
compared to 1:6, and experimentally it did. The quanti cation by the two methods was in
good agreement and aligned with values predicted by the stoichiometric factors associated
with the proposed pathway (Scheme 3.2).

Attempts were made to rehydrogenate the tris(pyrrolidino)borane-containing product
mixture resulting from the dehydrogenation of 1:6 Mg(BH), to pyrrolidine. These e orts
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employed a variety of well-known hydrogenation catalysts including P-C-P pincer catalyst
and ruthenium on carbon. All attempts proved unsuccessful. This nding was anticipated
as there have been no reports of direct hydrogenation across highly stable B-N bonds.

3.4 Conclusion

Prior to our work, reports of dehydrogenation of Mg(BH), with N-Lewis bases resulted
in the production of larger borane clusters or intractable polymers. In contrast, our studies of
Mg(BH,), with N-heterocycles have revealed an unanticipated alternative reaction pathway.
This is the rst report of this class of B-N compounds resulting from the dehydrogenation
of borohydrides.

In all cases, initial screening of Mg(BH), with N-heterocycles showed an initial room tem-
perature reaction occurs leading, to the formation of neutral N-heterocycle-BHtomplexes.
A more detailed study of Mg(BH;), and pyrrolidine showed that with further heating a series
of dehydrogenation reactions occur forming bis(pyrrolidino)borane, tris(pyrrolidino)borane,
and other B-N intermediates. Reacting Mg(BH), and pyrrolidine in a 1:6 molar ratio results
in the exclusive production of tris(pyrrolidino)borane which is in accordance with predicted
stoichiometric factors. As the Mg(BH,),-pyrrolidine stoichiometry is reduced, the relative
amount of the bis product obtained is seen to increase. No tris product is observed when
reacted at 1:1 and only bis and other B-N intermediates are detected. The amount of tris in
the product mixtures is seen to increase on long standing, suggesting that it has the greatest
thermodynamic stability among the products. The stability of the tris product is con rmed
by long dehydrogenation studies and hydrogenation attempts. The thermodynamic stability
of the tris B-N bonds precludes the direct hydrogenation back to Mg(BH, and pyrrolidine
under practical conditions. The amount of hydrogen produced experimentally determined
by the Parr autoclave pressure readings and eudiometer measurements both align with the
values predicted by the stoichiometric factors associated by the proposed pathway.
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Chapter 4

Hydrogen Desorption Studies of
Tris(pyrrolidino)borane with Iridium
POCOP Pincer Catalyst

4.1 Introduction

As discussed in Chapter 3, we found that the dehydrogenation of Mg(BM/pyrrolidine
emulsions results in the production of B(NGHg)s, tris(pyrrolidino)borane (TPB) rather
than higher borane anions or intractable B-N polymers. The presence of highly stabilized
B-N bonds in TPB precludes its re-hydrogenation to Mg(BH), and pyrrolidine. On the
other hand the high stability of B-N bonds of B(NGHg); could be turned into an advan-
tage by providing core stability to the molecule over the course of the reversible aliphatic
dehydrogenation of potentially 5.4 wt% H (76 gH,/L volumetric density). Furthermore, as
mentioned in Chapter 1.5.1, iridium pincer compounds have been found to be highly active
catalysts for the dehydrogenation of saturated 5-member N-heterocycfég? These consider-
ations prompted an investigation of the catalytic dehydrogenation of tris(pyrrolidino)borane
in the presence of the iridium pincer catalyst, IrHf CgH3-2,6-(OPPY,),g (Figure 1.4, 4)3¢

4.1.1 Tris(pyrrolidino)borane

The crystal structure of tris(pyrrolidino)borane was resolved in 2002 by Ali and co-
workers?* The compound crystallizes with four molecules in the asymmetric unit cell, all
four having a planar BN; core®* The outer rings of all four of the structures are disordered to
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varying degrees* The two ordered structures of the asymmetric unit cell are seen in Figure
4.1%

Figure 4.1. Two (of four) structures in the unit cell of tris(pyrrolidino)borane published by Ali and co-
workers 2*

An extensive literature review indicated that tris(pyrrolidino)borane appears to only have
been used as a precursor or building block for larger aminoborarié8®

4.2 Experimental Methods

4.2.1 Materials and Methods

All sample handling, preparation, and storage were performed in an argon- lled Inert
Technologies glovebox or on a Schlenk line under argon. Solvents were degassed and dried
over molecular sieves and veri ed by NMR for purity.

Pyrrolidine ( 99.5%, Sigma-Aldrich), boron tribromide (BBg, Sigma-Aldrich), 4,4-
dimethyl-1-pentene (tbp, 99%, ACROS Organics), 3,3-dimethyl-1-butene (tbe, 95% Alfa
Aesar), tris(dimetylamino)borane (99%, Sigma-Aldrich), 4-dimethylaminopyridine (DMAP,
>99.0% TCI America), sodium tert-butoxide (NaOBu, 99% Thermo Scienti c), iridium (1)
chloride hydrate (IrCl; H,O, Pressure Chemical Co.), resorcinol @EsO,, 99 % Beantown
Chemical), and 1,4,7-triazacyclononane (TCl America) were used as recieved.

42



4.2.2 Sythesis of [I(COE) ,( -Cl) ]

Following reported methods, [Ir(COE)( -Cl),] was synthesized by adding water (11 mL)
and 2-propanol (22 mL) to IrCk 3H,0 (2 g, 5.67 mmol) in a 100 mL round bottom ask
with a stir bar. %% Cyclooctene (4.0 mL) was added and the mixture was re uxed for 3 h at

80 C. The mixture turned from dark red to orange and the reaction mixture was allowed
to cool to room temperature (rt). The bright orange precipitate was Itered and washed
with ice-cold methanol (2 x 20 mL) then drieden vacuo

4.2.3 Synthesis of C gH4{2,6{(OPPr 1),

In accordance with published method§1%° CsH,{2,6 {(OPPr }), was prepared by adding
a solution of resorcinol (0.36 g, 3.28 mmol) and DMAP (0.81 g, 6.60 mmol) in 30 mL THF
to a solution of CIPPr, (1.0 g, 6.55 mmol) in 20 mL THF while stirring at 20 C. After
stirring for a minimum of 1 h at 20 C the solution was allowed to reach rt and stirred for
an additional 24 h. THF was removed under vacuum and the solid residue was extracted
with toluene (2 x 20 mL) and lItered through a short plug of celite. The clear solution was
put under vacuum to remove the toluene, leaving a clear oil.

4.2.4 Synthesis of IrtH 4fCgH3-2,6-(OPPr 1),g

IrH ,f CgH3-2,6-(OPPr,),g was prepared using a modi ed procedure originally developed
by Morales-Morales and co-worker®. A mixture of [If(COE) »( -Cl),] (1.0 g, 1.11 mmol)
and CsH4{2,6{(OPPr ‘2)2 (0.76 g, 2.23 mmol) in toluene (50 mL) was re uxed for 24 h.
Sodium tert-butoxide (180 mg, 1.9 mmol) in 2.5 mL of toluene was added to the cooled
iridium mixture under 1 atm H, at rt. After stirring for 3 h under H , the solution was Iter
through celite and the toluene was removed under a stream of.HThe product was isolated
upon recrystallization from pentane.

4.2.5 Alternative Synthesis of Tris(pyrrolidino)borane

B(NC,4Hg)s was synthesized with modi cations to a reported method? In a 500 mL
Schlenk ask 95 mL pyrrolidine (80.9 g, 1.14 mol) and 130 mL pentane were combined with
a stir bar. The ask was sealed with a rubber septum and put in a -78C bath. Boron
tribromide, BBr3 (43.6 g, 0.174 mol), was slowly added to 50 mL pentane under argon at
-40 C. The cooled BBg solution was added dropwise to the pyrrolidine solution at -78C.
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After addition of BBr3; the combined solution was stirred for a minimum of 3 h at -78C
then allowed to slowly come to rt. After breaking up any large solids formed additional
pentane (4 x 50 mL) was added to transfer the solution and lter. Pentane was removed
from the clear solution under vacuum. The residue was repeatedly vacuum-distilled (x 4) to
give colorless to white crystals.

4.3 Results and Discussion

The catalytic dehydrogenation of tris(pyrrolidino)borane in the presence of the pin-
cer catalyst, IrH,f CgH3-2,6-(OPPY,),g (Figure 1.4, 4) was investigated in several ways at
prescribed temperatures generally following Scheme 4.1. The direct dehydrogenation of
tris(pyrrolidino)borane to tris(1H-pyrrole-1-yl)borane has a theoretical 5.2 wt% gravimetric
and >80 g/L volumetric hydrogen capacities. A summary of the results of all the dehydro-
genation studies of tris(pyrrolidino)borane, TPB, can be found in Table 4.1. The percentage
of conversion of TPB to TPyIB was calculated from NMR integration {Hand''B) of the
peak areas.

Scheme 4.1. General scheme of the pincer catalyzed dehydrogenation of tris(pyrrolidino)borane to tri(1H-
pyrrole-1-yl)borane.?*9%101 |ridium pincer catalyst 4, Figure 1.4 was used for the dehydrogenation studies®

4.3.1 Dehydrogenation of Tris(pyrrolidino)borane From 1:6 Molar
Ratios of Mg(BH 4)» and Pyrrolidine

One to six molar mixtures of Mg(BH4)2 and pyrrolidine were heated to 18@ for 24
hours where upon 1{3 mol% pincer catalyst was added followed by heating to 80 for an
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additional 24 hours. The'H NMR spectrum of the resulting mixture revealed the presence of
two minor, peaks in the ole nic, 5.5{7.5 ppm region indicating that low levels of conversion
to an unsaturated material had occurred. However heating the same mixture to 120{18D
for 24 hours resulted in the production of insoluble polymeric material. The production of
TPB from the dehydrogenation of Mg(BH,), in the presence of pyrrolidine necessitates the
co-production of MgH, which was not isolated from the TPB prior to the dehydrogenation
experiments. It was hypothesized that the pincer catalyst is inactivated upon reaction with
the hydride thus accounting for the observed, low levels of dehydrogenation. In an attempt
to circumvent this problem, the dehydrogenation of TPB that was prepared through an
alternative synthesis (Scheme 4.1) was explored.

4.3.2 Dehydrogenation of Alternatively Synthesized
Tris(pyrrolidino)borane

Tris(pyrrolidino)borane was successfully prepared through modi cations to the method
of Ali and co-workers? As seen in Scheme 4.2, this entails the reaction of 6 equivalents of
pyrrolidine with BBr 3.%*

Scheme 4.2. Alternative synthesis route for tris(pyrrolidino)borane. %

Study of the hydrogen desorption of the material obtained through the alternative syn-
thesis showed similar low levels of dehydrogenation. High resolutidhB and *H NMR
analysis revealed that the TPB produced by the Ali prep contained impurities including
bis(pyrrolidino)borane and tris-pyrrolidinumbromide. It was found that the impurities are
removable following an additional triple vacuum distillation. Tris(pyrrolidino)borane is a
solid at room temperature with an observed melting point of 54{57C using di erential
thermal analysis and di erential scanning calorimetry (DTA/DSC) performed by Dr. God-
win Severa's lab at the Hawaiian Institute for Geophysics and Planetary Science. ThH,
13¢, and !B NMR spectra of the puri ed tris(pyrrolidino)borane in C¢Dg is shown in Fig-
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ure 4.1. The puried TPB was used for all further studies of the dehydrogenation reaction.

Figure 4.2. The H, !B, and *®* NMR spectra of the puri ed tris(pyrrolidino)borane in C ¢Dg. Top Left:
IH NMR (600 MHz, CsDg): = 3.14 (t, 12H CH;N, J = 6.6 Hz), 1.61 (t, 12H CH>, J = 6.4 Hz) ppm. Top
Right: B NMR (192.5 MHz, C¢Dg): = 24.0 ppm (}Bf 'Hg also = 24.0 ppm (s, B)), Bottom: ** NMR
(150 MHz, C¢Dg): = 48.1, 26.6 ppm
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The dehydrogenation reaction was screened over the range of 80{2@with 195 C
showing the most activity. Increasing catalyst loading did not improve activity, 1{3 mol%
showed similar activity. In a closed system (sealed 5 mL Schlenk tube submerged in an oll
bath up to the te on stopcock) heating TPB with 1 mol% POCOP catalyst to 195 C we
observed 5% conversion to TPyIB with the highly puri ed TPB. The *H NMR spectrum
of the resulting product mixture is shown in Figure 4.3. Observable peaks at 6.77 and 6.53
ppm indicate the presence of an unsaturated (i.e. pyrrole) species. Free pyrrolé NMR
peaks appear at 6.37 and 6.30 ppm in benzene. Additional peaks are observed at 3.14 and
1.61 ppm which correspond to the TPB starting material. The'B NMR spectrum only
contained a single peak at 24 ppm for TPB. The levels of production of the corresponding
unsaturated were too low to allow detection.

Figure 4.3. The 'H NMR spectra (600 MHz, C¢D¢) of TPB and catalyst after dehydrogenation for 24
hours at 195 C.

Dehydrogenation at 195 C for 24 h of TPB and 1 mol% POCOP catalyst in a larger
volume (10 mL) sealed tube resulted in increased conversion of TPB to TPylB10%. The
1B hydrogen decoupled NMR spectra is shown in Figure 4.4. A new chemical shift is
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apparent at 21.6 ppm, this singlet (in the hydrogen coupled spectra) indicates conversion to
a new boron species not directly bound to hydrogen. It should be noted that concentration
of the unsaturated product in this sample is su cient to allow observation of a resonance
that is clearly distinct from that of TPB. The proton spectra (Figure 4.4, Left) has the same
chemical shifts as in Figure 4.3. The peaks at 6.77 and 6.53 ppm are more resolved due to
the increase in peak area.

Figure 4.4. The 'H and 11B NMR spectra of TPB after 24 h at 195 C with 1 mol% pincer catalyst. Left:
1BfIHg NMR (192.5 MHz, CgDg): = 24.0, 21.6 ppm and Right: *H NMR (600 MHz, C¢Dg) = 6.77
(m), 6.53 (M), 3.14 (t, 12H CH2N, J = 6.6 ), 1.61 (m, 12H CH,) ppm.

The dehydrogenation of TPB to TPyIB is limited to about 10% in our closed system
reactors. This strongly suggests that the system had reached equilibrium. However, further
conversion should be possible if hydrogen is actively removed from the system, thus elimi-
nating the tight thermodynamic constraints imposed by a closed system. We explored the
pincer catalyzed dehydrogenation of TPB in open- ow reactors. The reaction was carried
out under a slow, continuous argon ow to sweep hydrogen gas evolved from the reaction.
The relatively low, 56 C melting point of TPB necessitated the presence and ne adjust-
ment of inline condensers to prevent the escape of TPB from the system. Our initial e orts
resulted in rapid sublimation and binding of TPB to the surface of the condenser rather than
condensation to liquid TPB and dripping back into the catalyst containing reaction mixture.
As a result, no conversion to TPyIB was achieved. In view of these results, we explored the
use of a back-pressure, open reactor system.
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4.3.3 Dehydrogenations of Tris(pyrrolidino)borane Using A Back
Pressure System

A suitable constant pressure back-pressure reactor was construction in consultation with
Dr. Robert Johnson of the Hawaii Natural Energy Institute who is an expert in the design
and utilization of back-pressure ow reactors. The reactor featured a metering valve and
a back-pressure regulator such that a continuous pressure of argon can be maintained up
to 800 psi while allowing an \open" system with moderate argon ow (1{5 psi) out of the
system. The back-pressure regulator senses the inlet pressure and controls the upstream
pressure in order to maintain a speci ed pressure (Figure 4.5).

Figure 4.5. Diagram of the back-pressure system used, adapted from Laat al.1%?

The system was pressure tested to 20€ and showed no signs of leaks. Studies of the
pincer complex catalyzed dehydrogenation of TPB in this reactor were carried out with a
range of back-pressures and temperatures. The90 C temperatures at which a homoge-
neous mixture of TPB and pincer catalyst was maintained, no dehydrogenation occurred.
At higher temperatures, even under the maximum back pressure800 psi, the TPB was
found to be highly volatile. It sublimed out of the reactor chamber and either condensed
at various points throughout the ow reactor or completely eliminated from the system in
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the argon stream. We concluded that the activation energy required for the pincer complex
catalyzed dehydrogenation requires heating to temperatures beyond the upper limit of the
range of e ective dehydrogenation of TPB with the pincer catalyst.

4.3.4 Transfer Dehydrogenation of Tris(Pyrrolidino)borane

The thermodynamic constraints of TPB led us to try dehydrogenations in the presence of
sacri cial hydrogen acceptors. Sterically unhindered hydrogen acceptors have been used in
systems to transfer hydrogen to a ole nic acceptor (transfer-dehydrogenatioff) Hydrogen is
transferred from saturated C-H bonds to an unsaturated hydrogen acceptor, forming stronger
C-H bonds#! Transfer dehydrogenation is thermodynamically favorable. The methyl C-H
bonds rather than methylene C-H bonds provide the thermodynamic driving forcé.

Transfer dehydrogenations of TPB with the commonly used hydrogen acceptor, 3,3-
dimethyl-1-butene (tert-butylethylene, tbe), were explored, Scheme 4.3. With the addition
of 1.5 mmol tbe to the TPB-POCOP mixture and heating to 195 C for 24 h, we achieved
a higher conversion to TPyIB, around 16% (Figure 4.6). ThéH NMR spectra has ole nic
peaks at 6.8 and 6.54 ppm as well as TPB peaks at 3.14 and 1.61 ppm. The carbon 13
NMR spectra (Figure 4.6, bottom left) show two peaks in the alkene/aromatic region with
chemical shifts of 122.1 and 110.0 ppm along with chemical shifts for TPB at 48.13 and 26.6

ppm.

Scheme 4.3. Catalytic transfer dehydrogenation of TPB to TPyIB with POCOP catalyst and sacri cial
hydrogen acceptor tbe.
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Figure 4.6. The NMR spectra after transfer dehydrogenation of TPB with tbe and pincer catalyst for 24

h at 195 C. Top left: *H NMR (600 MHz, C¢Dg) = 6.8 (m), 6.53 (m), 3.14 (t), 1.61 (m) ppm. Bottom

left: *C NMR (150 MHz, C¢Dg) = 122.1, 110.0, 48.13, 26.6 ppm. Right:*'B NMR (192.5 MHz, C¢Ds)
= 24.0 (s), 21.6 (s) ppm.

After 48 hour dehydrogenation of TPB with tbe and catalyst, conversion to TPyIB in-
creased to 26%, this is evidenced by the increase in intensity of the 21.6 ppm chemical
shift in the B NMR spectra (Figure 4.7). TheH NMR spectra indicates the presence of
unreacted tbe, 5.9{4.8 ppm. It should be noted that appreciable levels of dehydrogenation
of TPB to TPyIB are achieved only in the presence of hydrogen acceptors.
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Figure 4.7. The NMR spectra of TPB/POCOP with tbe after transfer dehydrogenation for 48 hours at
195 C. Top: *H NMR (600 MHz, C¢Dg) Bottom: 'Bf *Hg NMR (192.5 MHz, CsDg). The proton spectra
shows the presence of unreacted tbe with the chemical shifts in the 5.9{4.8 ppm region.
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After transfer dehydrogenation of TPB with tbe, the presence of unreacted tbe (left
over the) was always detected. ThéH NMR spectra (Figure 4.7) shows the unreacted tbe,
5.9{4.8 ppm. Adjusting the amount of tbe used did not change the conversion of TPB to
TPyIB.

Goldman et al. have explored a longer chain hydrogen acceptor, 4,4-dimethyl-1-pentene
(tert-butylpropene, tbp).1% It was hypothesized that tbp would have activity comparable
to that of 1-alkenes (1-hexene) and would be resistant to isomerization due to the bulky
tert-butyl group. % They were surprised by the greater activity of tbp when compared to
tbe.1% This increased activity is explained by the less hindered nature of tbp and its hy-
drogenation being more kinetically facile (in comparison to tbe'f® Theoretical calculations
show a lowering of the Gibbs free energy ( G) using tbp with IrHtbPCP pincer catalysts for
both the hydrogenation and dehydrogenation step'$®

We examined the activity of tbp in the dehydrogenation of TPB (Scheme 4.4). With the
addition of 1.4 mmol tbp to the TPB POCOP mixture and heating to 195 C for 24 h, we
achieved roughly the same level of conversion to TPyIB as with tbe for 24 h (around 20%)
(Figure 4.8). While, after 24 h we saw the same levels of conversion to TPyIB, there was no
unreacted tbp detected in the'H NMR spectra.

Scheme 4.4. Catalytic transfer dehydrogenation of TPB to TPyIB with POCOP catalyst and tbp.
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Figure 4.8. The NMR spectra after 24 hour dehydrogenation of TPB, POCOP with tbp at 195 C.

The highest levels of dehydrogenation of TPB to TpylB, 75% were achieved at longer
reaction times, 96 hours. Figure 4.9 shows th&B NMR spectra for the 96 hour dehydro-
genation with 2 mol% pincer catalyst and 2.4 mmol tbp at 195C. The boron 11 hydrogen
coupled spectra contain no evidence of splitting, boron is not coupled to hydrogen, with
peaks at 24 and 21.6 ppm for TPB and TPyIB respectively.
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Figure 4.9. The B NMR spectra (192.5 MHz, CsDg) of TPB/POCOP and thp after dehydrogenation
for 96 h at 195 C. From integration of the peak areas, conversion to TPyIB at 21.6 ppm is 75%.
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Table 4.1. Summary of tris(pyrrolidino)borane hydrogen desorption studies.

Synthesis Catalyst
Entry of Additives Loading Temp. Time Conversion
TPB (mol%) ( © (h) (mol%)
1 Mg(BH4), + 6 Pyrrolidine - 1/2 80 24 1-3
2 Mg(BH4), + 6 Pyrrolidine - 1/2 120-200 24 0
3 Alternative Synth. - 1 195 24 5
4 Alternative Synth. - 1 195 48 10
5 Alternative Synth. tbe 1/2 195 24 16-20
1.5 mmol
6 Alternative Synth. tbe 1/2 195 48 21-28
1.5 mmol
7 Alternative Synth. tbp 1/2 195 24-48 16-28
1.4 mmol
8 Alternative Synth. tbp 1/2 195 96 70-80
2.4 mmol

4.3.5 Hydrogenation of Tri(1H-pyrrole-1-yl)borane, TPyIB

Preliminary hydrogenation studies of the transfer dihydrogen of TPB with tbe and pincer
catalyst showed complete hydrogenation of tbe (Figure 4.9). Th#H NMR spectra of de-
hydrogenation (top) and hydrogenation (bottom) are shown in Figure 4.9. The inset shows
the complete hydrogenation of tbe indicated by the disappearance of signals in the 4.80{5.85
ppm range. We also observed a greater dehydrogenation of TPB to unsaturated TPyIB after
hydrogenation, shown by the increase in the intensity of the signals at 6.77 and 6.53 ppm.
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