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Development of a new energy infrastructure to combat the climate change and establish a
sustainable energy economy is an urgent necessity. This is a broad multidisciplinary problem
involving power generation, distribution, and storage. Ata fundamental level the solution is
rooted in the molecular formulation of energy vectors. For example, hydrogen is a clean
burning fuel molecule with high gravimetric energy density but is difficult to produce,
distribute and store in a sustainable mannerfor practical applications. However, using liquid
organic molecules such as methanol as carriers of hydrogen presents a viable solution to
reversibly store hydrogen equivalents in a stable form in compatibility with present energy
infrastructure. Such hydrogen storage systems are called liquid organic hydrogen carriers
(LOHC).

Todevelop a hydrogen based energy economy using LOHCs, systems/devices capable of
producing power from stored hydrogen equivalents in the LOHCs on-demand are needed.
Aqueous methanol is an example of an LOHC system, which can store three equivalents of
hydrogen.Methanolis astableliquid underambientconditions oftemperatureand pressure,
and therefore it requires a rather high activation energy barrier to produce hydrogen from
methanol. To reduce this energy barrier, catalytic systems capable of efficiently producing
hydrogen equivalents from aqueous methanol are required. This thesis focusses on the
elucidating the mechanism of homogeneously catalysed dehydrogenation of aqueous
methanol. Dehydrogenation ofaqueous methanolto CO2and hydrogenoccursinfoursteps,
which includes formation of formaldehyde, methanediol, formic acid, and finally CO_ with
stepwise release of three equivalents of hydrogen (see Scheme 1).
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Scheme 1. Fourstages (1—4) ofthe stepwise dehydrogenation of a methanol-water mixture
to Hand CO..

Computational chemistry methods such as density functional theory (DFT) are used in
conjunction with collaborative experimental work to understand the elementary steps
involved in dehydrogenation of aqueous methanol by ruthenium (Ru) based catalysts.
Dehydrogenation of methanol involves deprotonation of the O-H bond and a C-H activation
step necessitating the presence of a base and a Lewis acid acceptor site in the catalytic system
(Scheme 2a). Different catalyst design strategies have been developed for this purpose, as
describedin Chapter 1 ofthis Thesis. Ofthose, the metal-ligand cooperative design principle
is one of the most advantageous strategies for designing catalysts for aqueous methanol
reforming (Scheme 2b and 2c).
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Scheme 2. a) General catalyst design strategy for dehydrogenation of methanol to
formaldehyde. b) Dehydrogenation of methanol to formaldehyde over a Lewis acidic metal
site (M) using an external base (B) for deprotonation of the OH group. c) Metal-ligand
cooperative design strategy for dehydrogenation of methanolto formaldehyde over a metal
complex with a ligand acting as an internal acceptor base.

Several catalysts are reported in the literature for aqueous methanol reforming reaction. A
truly metal-ligand cooperative catalyst for aqueous methanol reforming should not require
presence of additives (base/Lewis acid) for catalytic activity. However, to date the
[Ru(tropzdad)] catalyst reported by the Griitzmacher's group is the only catalyst which can
perform aqueous methanol reforming under neutral conditions without any additives
(base/Lewis acid). Most of the research in this thesis is dedicated to understanding the
reactivity and catalysis by this [Ru(tropo.dad)] complex.

Theoretical concepts and computational methods in computational chemistry are discussed
briefly in Chapter 2. To understand chemical reactions at an electronic level of detail one
needs to use principles of quantum chemistry, which essentially entails solving the Schrédinger
equation. Severalapproximate methods with varyinglevels ofaccuracy are usedtosolve the
Schrédinger equation.

From a computational perspective, a chemical reaction is essentially a rearrangement of
reactant(s)onthe potentialenergy surface (PES)toformthe product(s). Therefore, practical
applications of computational chemistry to molecular systems involve exploration and
characterization of parts ofthe PES ofthe molecules underinvestigation. Suchananalysisis
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rather complex and includes optimization of molecular geometry, Hessian and
thermochemical calculations, energy calculations, transition state searches etc.

Chapter 3 describes a ruthenium (Ru) based homogeneous catalytic system to produce
hydrogen and CO- from aqueous formaldehyde. Formaldehyde is an interesting LOHC (a 1:1
formaldehyde/water mixture contains 8.3 wt% of hydrogen). Moreover, the release of
dihydrogenfrom aqueous formaldehyde (H2CO + H.O 5 CO, + 2Hy) is strongly exothermic
(AH,=-35.8kJmol™"),which providesastrongdrivingforce forthe productionofH,. Aqueous
formaldehyde is largely present in the form of methanediol, which is formed upon
condensation of a formaldehyde molecule with a molecule of water (Scheme 1, stage 2).
Experimentsshowedthattheanionicrutheniumhydride precursorcomplexformstheneutral
[Ru(tropzdad)] (complex 1) and [Ru(tropzdae)] (complex 2) complexes under catalytic
conditions (Scheme 3).
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Scheme 3. Formation of [Ru(trop.dad)] and [Ru(trop.dae)] complexes from the anionic Ru
hydride precursorcomplex.

Experiments and DFT calculations consistently showed that both of these complexes are
active catalysts for dehydrogenation of methanediol. Dehydrogenation of methanediol to CO>
and two equivalents of hydrogen proceeds via formation of formic acid as an intermediate
(Scheme 1, stages 2-4). DFT calculations showed that the complex 2 with a Ru® center first
converts to complex 2’ with a Ru' center, which is the active catalyst in dehydrogenation of
methanediol. In both systems the metal (Ru) and the ligand (Ngad¢/Ndae) cooperate to
dehydrogenate the substrate (methanediol/formic acid) and produce hydrogen. The
important steps in the mechanism of dehydrogenation of methanediol by complex 1 and 2’
are outlined in Scheme4.
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a) Respective Lewis acid and Brensted base sites in complexes 1 and 2'
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b) Dehydrogenation of methanediol by complex 1
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Scheme 4. a) Respective Lewis acid and Bronsted base sites in complex 1 and complex 2’ that
cooperate to dehydrogenate the substrate. b) Dehydrogenation of methanediol/formic acid
over complex 1. While the deprotonation of the O—H moiety occurs via a metal-ligand
cooperative pathway, a metal-centered classical 3-hydride elimination transition state leads
tothe C—H activation step. c) Dehydrogenation of methanediol/formic acid overcomplex 2’.
Thedeprotonation ofthe O—H moiety overcomplex 2’follows a similarpathway asinthe case
ofcomplex 1butthe C—H activation step proceeds via a non-classical 3-hydride elimination
pathway. d) In both complexes 1 and 2’ the metal and the ligand cooperate to produce
hydrogen in a similar manner.

In both the catalyst complexes 1 and 2’, the metal and the ligand cooperate in
dehydrogenationofthe substrate. The key mechanisticdifference betweenthetwosystems
arises from the ability of the dae ligand to provide hydrogen bonding interaction to the
anionic oxygen moiety (in methoxide/formate). While the C—H activation step occurs via a
classical metal centered B-hydride elimination pathway in complex 1, the same step
undergoes a non-classical 3-hydride elimination in complex 2’ with active involvement the
ligand via hydrogenbonding interactions.

Chapter4 is describes the electronic structure and reactivity of the [Ru(trop.dad)] complex.
The coordination of diazadiene diolefin ligand to the Ru center forms various complexes of
the form [Ru(tropzdad)L]. The redox and chemical non-innocence of the dad ligand makes the
description of the electronic structure complicated. The electronic structure of the
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[Ru(tropzdad)]complexcan be described as Ru'with dianionic (bisamidoform)dad?” ligand,
orRu’ coordinated to a neutral (bis imine form) of the dad® ligand, or a Ru'radical coupled to
a mono-anionic dad®” ligand radical (Scheme 5).
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Scheme 5: Possible valence isomers of a non-innocent dad-diolefin metal complex, giving rise
to both metal and ligand centered reactivity.

DFT studies on the [Ru(trop2dad)L] complexes indicate that the closed-shell singlet (CSS),
open-shell singlet (OSS) and triplet electronic structures are close in energy indicating a
possible multi-reference character of the wavefunction. To assess the multi-reference
character, CASSCF calculations were performed on the DFT optimized CSS, OSS and triplet
geometries. Consistent with experimental data, the triplet spin state was found to be very
high in energy. Singlet state CASSCF calculations showed that the ground state wavefunction
possessed a significant multi-reference character in these complexes. While the closed-shell
singlet wavefunction dominates, a rather significant (~8-16%) open-shell singlet [d’-
Ru(l)(L)(trop2dad*~)] contribution is mixed into the ground state. In agreement with their
ambivalent electronic structure, these complexes reveal both metal and ligand centered
reactivity. B3LYP XCfunctional DFT calculations were performed to study the mechanism of
scission of C—Cirop bond upon reaction with AdNs and diazomethane species. These
calculations showed that the metal and ligand cooperate in these reactions and the radical
character of the dad*®” ligand helped lowering the reaction barrier via OSS and triplet
pathways.

Chapter5 provides adetailed DFT study on the mechanism of complete dehydrogenation of
aqueous methanol by the [Ru(tropodad)] complex. Analysis ofthe DFT optimized geometry,
and the potential energy surface of the methanol adduct of [Ru(trop2dad)] revealed a
significant contribution of the Ru® coordinated to a neutral (bis imine) dad® ligand to the
electronic structure of the metal complex.
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Figure 1. a) The electronic structure of complex 1 is best described by two contributing
resonance structures: 1A with ruthenium in oxidation state 0 coordinated to a neutral dad
moiety and 1B with ruthenium in oxidation state +II coordinated to a dianionic dad moiety. b)
Potential energy surface (PES) scanto drive the Honin methanol (Hox (Me OH)) to one ofthe
Nqag atoms. In complex A, methanol prefers to bind via the OH group to the metal center
indicating a larger contribution of resonance structure 1A to the ground state of complex 1.
The vertical axis represents the relative SCF energy (AE) (BP86/def2-SVP) while the horizontal
axis represents the distance between the Nyaqg atom and MeOH hydroxyl proton.

DFT calculations revealed 1-coordination of the dad ligand to the Ru center as an energetically
feasible process. Further analysis of the frontier orbitals and natural charges revealed that
the r-coordination process enhanced the Lewis acidity and Bransted basicity of the Ruand
Ndad centers respectively (Figure 2).
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Figure 2. a) Natural population analysis of complexes 1and 1°. The mostrelevant parts ofthe
complexesare highlightedforclarity. b) Frontierorbitals (HOMO-LUMO) of complexes 1and
1°. (BP86//B3LYP (Water))

Dehydrogenation of a substrate molecule (methanol/methanediol/formic acid) was found to
proceed via a metal-ligand cooperative Noyori-Morris-type mechanism which included
deprotonation of the O—H moiety and the C—H activation steps simultaneously overthe Ngaq
and Ru centers respectively resulting in hydrogenation of the Ru—Ngaq bond. Cooperation of
metal and the Nqaq ligand leads to hydrogen production. The computed transition states with
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relevant bond lengths are shown in Figure 3.
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Figure 3. Snapshots of optimized geometries of the transition states reported in the main text
along relevant bond lengths (in A).

A comparison of reaction pathways with and without t-coordination reveals that -
coordination significantly lowers the transition state barriers and provides a more
favourable, lower energy reaction pathway on the potential energy surface for
dehydrogenation of aqueous methanol. In light of the new discovered T-coordination
transformation, the mechanism for dehydrogenation of methanediol to CO, and two
equivalentsofHzoverthe[Ru(tropzdad)]complex (asdiscussedinchapter3)isrevisedinthis
chapter.Wealsoinvestigatedcomplex2’ (see Scheme4a)as acatalystfordehydrogenation
of agueous methanol. For this system it was found that the explicit solvent molecules form
anintegral part of the reactive system, and solvent effects are crucial in the modelling of the
dehydrogenation reaction.

Chapter 6 provides a case study of solvent effects in methanol dehydrogenation over the
Ru(PNP) complex. DFT based molecular dynamics (DFT-MD) calculations on the Ru(PNP)
systemin a box of explicit solvent molecules revealed that the Nenp moiety is strongly basic
and unlikely to get deprotonated by external base present under the experimentally applied
catalytic reaction conditions (Figure 4). On the basis of (computationally expensive) DFT-MD
calculations with fully explicit solvent molecules, micro-solvated static DFT models were
developed to model the reaction pathways with including the solvent effects at a modest
computational expense.
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Figure4. (a) Methanoladductofthe Ru(PNP) systeminasolventbox. b) Micro-solvated static
DFT model based on DFT-MD simulations. A methoxide adduct with protonated amido moiety
was found to be the resting state. ¢) Deprotonation of amine moiety to generate the anionic
methoxide adduct by a micro-solvated hydroxide moiety was found to be endergonic by 12
kcal mol'" demonstrating the strong basicity of the Nenpamido function. d) pK, of the N-H
function with a methoxide moiety coordinated to the metal center was estimated to be about
25, indicating that it would be energetically challenging to deprotonate it even with 8M KOH
present during the catalytic conditions.

These calculations revealed a new metal-centered pathway for dehydrogenation of
methanol. During the entire catalytic cycle, the amido moiety stays protonated (Scheme 6).
Deprotonation of methanol to generate the methoxide moiety occurred with hence requires
the help of external inorganic base, which acts as a promoter. Stabilization of the resulting
methoxide anion by hydrogen bonding with explicit solvent molecules increases the energy
barrierforthe C—H activation step comparedto a systemwhere suchinteractions are absent
(Figure 5). The C—H activation results in transfer of a hydride to the metal center to generate
the hydrogenated metalcomplex.
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Scheme 6. Computed mechanism for dehydrogenation of methanol and subsequent hydrogen
production overthe Ru(PNP) complex. The amido moiety (Npnp) stays protonated during the
entire catalytic cycle.

In contrast to the C—H activation step, hydrogen evolution proceeds with a lower activation
energy barrier when explicit solvent interactions are accounted for. This effect is attributed
to enhanced stabilization of the methoxide moiety that is generated during the solvent
assisted hydrogen evolution step (Figure 5).
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Figure 5. Left: Bond lengths (top) and HOMO (bottom) of a bare methoxide anion versus a
solvated methoxide anion hydrogen bonded to three methanol molecules. The C—H bond
length decreases upon solvation due to decreased hyperconjugation effect. The orbital lobe
on the hydride moiety shrinks upon solvation which further attests to a decrease in
hyperconjugation. Right: TS geometry during solvent assisted hydrogen production in the
Ru(PNP) system. The transient methoxide moiety that is generated upon protonation of the
Ru-H bond isfavorably stabilized by the extra solvent molecule which lowersthe TS barrier
for hydrogen production.

The computational study performed in this chapter provides new insight on methanol
dehydrogenationand metal-ligand cooperationinthe presence ofa protichydrogenbonding
solvent environment.

Outlook

Several new projects based on the research conducted as part of this PhD thesis can be
envisioned. The [Ru(trop>dad)] systemis to date the only catalytic system that can perform
dehydrogenationofaqueous methanolunderneutral conditions withoutanyadditives (Lewis
acid/base). The peculiar metal-ligand cooperativity resulting from 1r-coordination provide a
direction to look for highly efficient catalysts for methanol dehydrogenation that can operate
under neutral conditions and in an additive free manner. Therefore, a further research
direction could be to look for other metal-ligand combinations where metal-ligand
cooperativity can be harnessed in a similar manner.

A comparison of the contrasting mechanisms of the [Ru(tropzdad)] and the Ru(PNP) systems
for methanol dehydrogenation stress on the importance of the pK, of the ligand when
designing metal-ligand cooperative systems for methanol dehydrogenation. This observation
is summarized in Figure 6
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Figure 6. Effect of the pK, of the ligand in designing a metal-ligand cooperative additive
free catalytic system for dehydrogenation of methanol.

If the pKa of the protonated ligand is very low it will cost a lot of energy to protonate it,
and an external base will be required to deprotonate methanol before C—H activation can
occur. For a system with a highly basic ligand (high pKa upon protonation), once the
ligand is protonated it will be difficult to deprotonate it again, making it unavailable for
deprotonating methanol in the catalytic cycle. In this case again an external base will
be required for catalysis.However,ifthe pKa ofthe protonatedligandis close tothatofthe
solvent/methanol, it will be easier to protonate/deprotonate it reversibly during the
catalytic cycle, and an externalbasewilltherefore notbe needed. Thisobservationcanbe
usedtoscreenligands for design of base free metal-ligand cooperative catalysts for
methanol dehydrogenation. A further research direction could be to perform pKa
calculations on catalysts known for methanoldehydrogenationintheliterature,andthen
computationally perform various ligand modifications to come up with functional
strategies to fine-tune the pKa of the protonated ligand. A similar strategy can be used
to explore methods to tune the Lewis acidity of the metal center as well to discover novel
catalytic systems.

Theimportance of modelling reaction pathways with explicitsolventmolecules is stressed
by the mechanistic studies of methanol dehydrogenation over complex 2’ and the
Ru(PNP) system. Specifically, the development of micro-solvated static DFT models to
accurately capture solvent effects at a lower computational cost (than DFT-MD
calculations)(chapter6) sets aresearch direction for future mechanisticinvestigations of
catalytic systems involving protic solvent environments.
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