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Abstract of the Thesis

The production of molecular hydrogen (H,) through electrochemically, photo-
chemically, or thermal means offers an obvious way to capture energy and thus
provide “greener” energy for the future. Hydrogen itself is not only a fuel but also can
be processed to produce other fuels, and it is an essential material for chemical
production, metal refining, food processing and electronics manufacturing. It is not
freely available. It is produced by the chemical conversion of fuels such as
hydrocarbons and alcohols. The present research work is thus focused on the
possibilities of chemistry with dihydrogen: the efficient proton transfer from anode to
cathode through the polymer electrolyte membrane (PEM) in fuel cells and the
mechanistic study of hydrogenation-dehydrogenation reactions by using transition
metal free catalysts. In this thesis, to solve the difficulties existing in current high
temperature PEM systems based on H3PO, and imidazole, particularly with regard to
the “reorientation barrier”, new types of proton conducting species, like triazole,
tetrazole and pendant crown ethers have been explored, and have been shown
computationally to have high proton conductivity and also effectively transfer protons

though the membrane.

The other aspect of the chemistry of dihydrogen that has been considered in
this thesis is the investigation of new designs of transition metal free systems towards
catalyzing hydrogenation-dehydrogenation reactions. The study of the kinetics and
thermodynamics of chemical reaction mechanisms has been investigated using

density functional theory (DFT).

This thesis, entitled “Computational Studies, using Density Functional Theory,
of Proton Transfer through Polymer Electrolyte Membrane in Fuel Cells, as well as of
Hydrogenation and Dehydrogenation Reactions using Frustrated Lewis Pairs” is

organized into six chapters.

Chapter 1: This chapter is divided into two parts: fuel cell (1A) and frustrated
Lewis pairs (1B). The first section starts with a brief history of fuel cells and polymer
electrolyte membranes along with the motivation for working on PEM fuel cells that

can operate at higher temperatures. This is followed by the discussion on the proton
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AcSIR-NCL Ph. D. Thesis (2015)

conducting materials widely used in PEMs, as well as proton transfer mechanisms,
with the literature survey of previous experimental and theoretical studies in this area.
The second section of this chapter provides an introduction to frustrated Lewis Pairs
(FLPs) that typically consist of main-group Lewis acids and bases, and can be used to
effect a variety of small molecule activations. The modulation of FLP based catalysts
is of high interest as this affords the reduction-oxidation of systems, with the efficacy
varying with the varying electronic properties of catalysts. The review of the literature
showcasing the development of the hydrogenation-dehydrogenation of imines,
oximes, ketones, enamines alcohol and C=C bonds has been provided. The chapter

ends with the scope of the thesis.

Chapter 2: This chapter focuses on the theoretical background and the
computational details used in the present work. Initially, we discuss the density
functional theory (DFT) approach, which includes the Hohenberg-Kohn theorems,
Kohn-Sham equations and Exchange-Correlation functionals. This is followed by a
discussion of the resolution of identity (RI), and with the multipole accelerated
resolution of identity (MARIJ) approximations. The chapter ends with the solvent
corrections and the Energetic Span Model (ESM) to calculate the Turn Over

Frequency (TOF) from a theoretically obtained energy profile.

Chapter 3: In this chapter is described the recently synthesized zero-
dimensional (0D) nitrogen-based porous structures that have been experimentally
found to be stable at high temperatures. A hydrogenated 0D cage can be easily doped
with hydrogen bonding bases such as phosphoric acid, imidazole, and 1,2,3- and
1,2,4-triazoles. Chapter 3 discussed investigations with DFT that have been done to
determine the feasibility of each of these dopants acting as an effective counterpart to
the hydrogenated OD cage for proton transfer at high temperature. Therefore, it is
likely that the effectiveness of the proposed fuel cell membrane would also be high at
the higher temperatures.

Chapter 4: The need for low-cost, clean, efficient future energy has stimulated
a great amount of interest in the modern age. There is a need to develop new
membranes for fuel cells that can conduct protons with high efficiency and at high

temperatures. This chapter discussed the computational study of newly proposed
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proton transfer PEMSs, having pendant nitrogen containing crown ether groups on an
alkyl backbone. What is proposed is a new design of nitrogen containing pendant
group PEMs that can eliminate the need for a reorientation barrier during the proton
transfer process.

Chapter 5: This chapter focuses on dihydrigen generation chemistry. The
catalysis of alcohol dehydrogenation is an important area of research. Transition
metals are known to be effective catalysts for this reaction, but developing metal free
catalytic systems would lead to highly desirable cheaper and greener alternatives. In
this regard, the chapter describes investigations of new design strategies that can be
employed for alcohol dehydrogenations by using metal free frustrated Lewis pairs
(FLPs). A careful study of 36 different proposed FLP candidates reveals that several
new FLPs can be designed from existing, experimentally synthesized FLPs,
candidates that can rival or be even better than state-of-the-art transition metal based

systems in catalyzing the alcohol dehydrogenation process.

Chapter 6: The advent of FLPs reactivity has brought up new perspectives in
the realm of small molecule activation and their application in hydrogenation
reactions. In this chapter, we have investigated the mechanism of metal-free catalytic
hydrogenation by less frustrated and less sterically hindered FLPs, denoted as
modified FLPs (MFLPs). In detail, mechanistic studies with DFT have been
employed for a set of six MFLPs. In addition, a comparison of the turnover
frequencies of FLPs and MFLPs has been done, with the results indicating that almost

all the cases having MFLPs would have higher turnover frequency (TOF).

Chapter 7: Summary

Manoj Vasisht Mane vii
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Energy can be stored in different forms; as mechanical energy, as electrical
energy and as the chemical energy of reactants and fuels, the utilization of which is
one of the most important areas of research of the modern age of science. Storing
chemical energy in the smallest molecule possible: dihydrogen, H,, and unlocking the
same in chemical reactions and in fuel cells is, therefore, a very extensive and
important area of research. On the Earth, hydrogen is the most abundant element, but
is present in the form of dihydrogen (H,) in less than one percentage. H; is not freely
available, so it has to be generated from H,-rich fuels. It is generally generated by the
chemical conversion of fuels such as hydrocarbons and alcohols. Dihydrogen is used
in a range of industries, including chemical production, metal refining, food
processing and electronics manufacturing.® The present thesis deals with this most
important of molecules, and mainly consists of two parts. The first part conatins a
computational study of proton transfer barriers in newly proposed polymer electrolyte
membranes (PEMS), in which dihydrogen is used as a basic source of fuel, converting
chemical energy to electrical energy. The second part showcases the designing of new
chemical systems that can do the important metal-free catalytic release of dihydrogen
from alcohols, or catalyze the reaction of H, with as ketones, imines, enamines and

oximes to the corresponding hydrogenated products.

The first part, as mentioned in the previous paragraph, discusses polymer
electrolyte membranes (PEMs) in fuel cells. Fuel cells are currently of great interest,
because they are a key element in the emerging energy economy.? One of the most
promising types of fuel cells is the proton exchange membrane fuel cell. The water in
Nafion has been employed as a successful PEM in PEMFC,® but it has some
limitations. Therefore, in order to make the proton transfer more efficient, we need to
propose new materials for use as PEMs and investigate their potential for efficient
proton transfer though the membrane. This is the focus of the chapters 3 and 4 of this

thesis.

The second part of the thesis discusses reactions involving dihydrogen. The
oxidation-reduction of organic compounds are well-known and important reactions in
organic chemistry. Among various methods, the widely used transition metal-
catalyzed ones play a key role in these transformations of hydrogenation-
dehydrogenation reactions.*> To overcome the disadvantages of transition metal

based systems, the substitution of transition metal based systems with main group
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systems such as frustrated Lewis pairs (FLPs)® is an attractive option, because this can
lead to cheap and green catalyst systems. The focus of the current work is to
investigate these possibilities through the computational investigations using density
functional theory (DFT). As the chapters 3 to 6 of the thesis will show, this will give a
better understating of proton transfer in fuel cells and hydrogenation-dehydrogenation
reactions using FLPs. A detailed background that has formed the basis of our research
is discussed below in two parts: 1A for proton transfer in fuel cells and 1B for
hydrogenation-dehydrogenation reactions using FLPs.

1A: Proton Transfer in Fuel cells

Sir William Grove in 1839 invented the basic principle of fuel cell and
explored the utility of sulphuric acid as an electrolyte.” According to him, a fuel cell is
“an electrochemical device that continuously converts chemical energy into electrical
energy (and some heat) as long as fuel and oxidant are supplied”. He spent most of his
time searching for an appropriate electrolyte that produces constant current and
observed many electrolytes that produced current with some difficulty, but could not
get the consistent results. In the early 1960s, NASA, in collaboration with industrial
partners, used a fuel cell in the Gemini Earth orbit space capsules and the Apollo
moon landing missions. Willard Thomas Grubb (working at General Electric (GE)),
who used a sulphonated polystyrene ion-exchange membrane, and GE chemist
Leonard Niedrach devised a way of depositing platinum onto this membrane, which
ultimately became known as the ’Grubb-Niedrach fuel cell’. Meanwhile, General
Electric (GE) developed another fuel cell technology called the proton exchange
membrane (PEM) fuel cell, which was used on the Gemini missions.? Initially,
sulfonated polystyrene membrane was employed as the electrolyte but this was
eventually replaced by Nafion® ionomers. This was the discovery of DuPont, and till
date, the Nafion membrane is considered as a first choice for fuel cell membarnes.
Nafion proved to be superior in performance and durability compared to sulfonated
polystyrene. In the 1990s, the phosphoric acid fuel cell (PAFC) plant, employing
phosphoric acid and additives as the fuel cell membrane, also became commercially

functional.
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Fuel cell is a highly efficient and low-polluting promising energy source. In
its basic form, it produces water and electricity from hydrogen and oxygen from the
air, thus, making the fuel cell an environmentally friendly energy source. Notably, the
most efficient heat engines, like internal combustion engines, normally show greater
efficiency in comparison to traditional combustion devices (around 40-50 %), as such
fuel cells are not constrained by Carnot limitations. Over the years, the fuel cell has
advanced in structure and today several different types are available. These can be
classified according to the electrolytes used in the fuel cell. The most widely used fuel
cells classified by their types of electrolyte are given in Table 1.1. Each type of fuel
cell has its own advantages and disadvantages. Phosphoric acid fuel cells (PAFC),
molten carbonate fuel cells (MCFC), and solid oxide fuel cells (SOFC) are being used
in larger power units, whereas the alkaline fuel cells (AFC), polymer electrolyte or
proton exchange membrane fuel cells (PEMFC) and direct methanol fuel cells
(DMFC) are being used for comparatively smaller power units. The high temperature
fuel cells are MCFCs and SOFCs and the low temperature fuel cells are AFCs,
PAFCs, PEMFCs and DMFCs. Out of these fuel cells, the most important is polymer
electrolyte membrane fuel cells (PEMFCs). PEMFCs have attracted significant
attention due to their high power density, higher energy conversion efficiency, low

emission levels, and environmental friendliness.’

Table 1.1 Types of fuel cells.

Fuel Cells Electrolyte Mobile Operating Efficiency
ion Temperature

Alkaline Fuel Cell (AFC) Potassium OH 60-90 °C 45-60 %
Hydroxide

Phosphoric Acid Fuel Cell | Liquid Phosphoric H* 100-200 °C 35-40 %

(PAFC) Acid

Molten Carbonate (MCFC) | Liquid Molten CO” ~650 °C 45-60 %
Carbonate

Solid Oxide Fuel Cell Solid Oxide o* 550-1000 °C 50-65 %

(SOFC)

Polymer Electrolyte lon Exchange H* 60-130 °C 40-60 %

Membrane (PEM) Fuel Cell | Polymer Membrane

Direct Methanol Fuel Cell lon Exchange H* 60-130 °C 40 %

(DMFC) Polymer Membrane

Manoj Vasisht Mane 5
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1.1 Polymer electrolyte or proton exchange membrane fuel cells
(PEMFCs)

The Polymer electrolyte membrane fuel cell (PEMFC), also known as the
proton exchange membrane (PEM) fuel cell, is a type of fuel cell that has been
developed for transport, stationary and portable fuel cell applications. The PEMFCs
convert chemical energy to electrical energy through chemical reactions of hydrogen
with oxygen. The schematic diagram shows the basic operations of PEM fuel cells, as
shown in Figure 1.1. The “heart” of the PEMFC is the proton-conducting membranes,
or proton-exchange membranes (PEMs), which are separated by two electrodes: the
anode and the cathode. PEMFC are an electrochemical device where the oxidation
occurs at the anode and the reduction occurs at the cathode. When supplied with
hydrogen and oxygen, electrochemical half-cell reactions take place at the anode and

at the cathode.
Anode: H, »2H" +2¢
Cathode: %2 0, + 2 H" +2 ¢ — H,0
Overall: H; + % O, — H,0

On the anode side, hydrogen is oxidized to produce protons and electrons. The
resulting protons are transported to the cathode though an aqueous environment, and
the electron formed at the anode passes through external circuit to reach the cathode.
At the cathode, oxygen taken from air is reduced and combined with protons and

electrons to produce water as the final product.

Electric Current

¢
Fuel In J Air In
— N -—
0 -
5 0,
& 2
H,
"
— |Unused
H,0O| Gases Out
e ——- —-

| o
Cathode

Electrolyte
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Figure 1.1 Schematic representations of the polymer electrolyte membrane fuel cells
(PEMFCs).

In the PEMFC system, transporting the proton from anode to cathode through
polymer electrolyte membrane (PEM) has to meet the following requirements for

being practical for commercial usage:

1) chemical stability, 2) mechanical durability at high temperature for long times, 3)
impermeability to gases, 4) resistance to dehydration, 5) high proton conductivity
(especially at low relative humidity), and 6) low cost

1.2 Proton Conducting Materials

The success of PEMFCs technology is based on the effective transport proton
through PEM. The PEM should possess good mechanical strength, high thermal
stability and resistance to chemical attack and degradation.’®** In 1960, the most
widely used polymer electrolyte membranes are a class of perfluorosulfonic acid
(PFSA) membranes such as Nafion® which were actually developed at DuPont by
Walther Grot. The chemical structure of Nafion® is shown in the chapter 3. Nafion
contains five to eleven repeat units of fluorocarbon (CF,-CF;), followed by a repeat
unit with a pendent chain including a sulfonic acid group. The thickness of Nafion
membranes are generally between 50-175 microns, which is used for fuel cell
application. It has long-term stability due to the Teflon-like (copolymerization of
tetrafluoroethylene, commercially known as Teflon®) backbone and also good
mechanical properties with high conductivity, of around 0.1 S.cm™.'? The practical
application of PEMFCs has lots of problems. Typically, the operating temperature of
80 °C produces a large amount of heat with 40-50 % efficiency. However, a heat
energy stack above 80 °C may have a chance of water evaporation, which would
reduce the efficiency of Nafion. However, these polymers fail to operate at elevated
temperatures. These types of systems are currently undergoing further developments
in order to improve their favourable characteristics.**** Several reviews have been
published throughout the world with in-depth research on the polymer electrolyte
membrane fuel cell.***>?* Presently, a few most promising candidates for PEMs are

24,25

based on high performance aromatic polymers such as polyimides, sulfonated

polyetherketone  (S-PEEK),**°  poly-arylene ether sulfones (PAES)®
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34-38

polybenzimidazoles (PBI)**® and many more.!#1619203%4 These materials improve

the water uptake over a range of temperatures, easy recycling and low cost.

The Irvin group* developed crown ethers as components in high temperature
fuel cell membranes for which polyimides had been considered candidates. They
prepared several polyimides comprising of hexafluoroisopropylidene (HFIP) groups,
resulting in thermally stable polymers with 10% weight loss at 400 °C (via TGA).
This stability range and the conductivity of 0.1 S.cm™, mentioned earlier, satisfy the
high temperature requirements for fuel cell membranes. Also, Dukjoon Kim showed
the combination of cerium, crown ether and s-PEEK to investigate one of the most
important oxidation-promoting reagents (the anti-oxidation effect) in fuel cell

membranes.** Some examples of polymeric structures used as PEMs are shown in

Figure 1.2.
0
C F Il
X5 * T4 FQWL
n
Fa
b) Polyetheretherketone C\E%
FaC— FC (PEEK) e [ /m
Fy/m

(9)
.
CF
RH H &
F2C
HOS

Nafion i d) Dow ionomer SO3H
N Nallon momer l)P0|\htnllmldll0|l

+p@6’+ KOt

¢) Sulfonated Poly(etheretherketone) f) Polyimide
(s-PEEK)
RV
CHy 0 {/C\g/)( e
n
g) Polysulfones NN
SO4H
H [ h) trifl styrene (BAM 3G
~<_C2_E' rR, = not present or C_5¢ alkyl, Krime syened )
}I? | i — Ci.15 polyether, Cg oy alkylaryl
| ! CGP = cyclic polyether (crown ether)
CGP

i) Crown ether-containing PEMs

Figure 1.2 Chemical structures of PEMs used in fuel cells.
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1.3 The Proton Transfer Mechanism

In PEMFCs, the proton conducting species are mainly responsible for
transporting protons in short and long ranges. At the atomic level, only oxygen and
nitrogen are suitable for carrying the proton in the PEMFCs, due to chemical stability
and suitable binding constant of oxygen and nitrogen to protons. The possible proton
conducting species with oxygen are water, the oxygen anion, the hydroxyl anion,
alcohol, ether, ester, carboxylic acid, inorganic oxoacid, o0xygen-containing
heterocycles; and with nitrogen are ammonia, amino groups, and nitrogen-containing
heterocycles. The study of proton transport has received considerable attention over a
century because of its paramount importance in chemical, biological, and
electrochemical systems. In PEM fuel cells (hydrogen-oxygen), the oxidation of
molecular hydrogen takes place at the anode to form protons (H") and these resulting
protons must be transported across to the cathode through the membrane to complete
the conversion of chemical energy into electrical energy. The proton transfer
mechanism through different processes can occur through the “vehicular

mechanism”**

or the “Grotthuss mechanism” (for anhydrous proton transfer).*>* The
vehicular mechanism is the more preferred in the aqueous solution. Compounds
containing a small amount of water are expected to conduct through the vehicular
mechanism in which H,O and/or NH3 act as the proton carrier. Also, the proton
conductivity obtained at high temperature, higher than 100 °C, is based on the
heterocyclic molecules as the protic solvent. These conductivities, through the
vehicular mechanism, are responsible for the mobility of solvated protons, resulting in

the relatively high conductivity in oligomers.**

Over two centuries ago, von Grotthuss proposed the collective shuttling of the
hydrogen atom along with water wires.>® Later, the Grotthuss mechanism has been

54
I,

developed by Huckel,* Bernal and Fowler,® Conway™® and Agmon.®” Recently, the

in-depth proton transfer mechanism came from the combinations of ab initio

molecular dynamics simulations (AIMD)>*2°%1

and force-field approaches, which
are based on the empirical valence bond formalism.®>®* In the Grotthuss mechanism
models, the proton undergoes a hopping, by which it is transferred from an H3O" ion
to a neighbouring water molecule. The Grotthuss and vehicular mechanisms both

contribute to proton conductivity in most of the polymer electrolyte systems.
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Since the most widely used PEM — the perfluorosulfonic polymer Nafion -
strongly depends upon water, operatibility becomes the limiting factor due to low
temperature (less than 80 °C). Later on, the heterocyclic compounds have led to
immense interest as potential proton carriers. The pioneering work of the Kreuer
group46,65

conductors. Recent reports on aromatic heterocyclic compounds such as
45,65,66 73,74

on pyrrole and imidazole led to their extensive investigation as proton

67-72 34,35,75-77

imidazole as well as triazole, tetrazole and benzimidazole show
that they can effectively promote proton conduction in a polymer electrolyte

membrane.

|45,46,65,78,79 |80,81

So far, various experimenta and theoretica studies have been
done to investigate the proton transfer process and proton conducting polymers have
been made with dimers, oligomers or chains of imidazoles, in which the imidazole
moieties were tethered to the polymer backbone. However, to the best of our
knowledge, only a few computational studies have been done using triazoles and

884 The Bredas group® and the Yan group* investigated the

tetrazoles.
intermolecular proton-transfer barriers of triazole, which is about 1-2 kcal/mol and
2.6-4.1 kcal/mol respectively at the B3LYP/6-311+G level of theory. Once a proton is
transferred from one imidazole or triazole moiety to an adjacent one, this moiety will
rotate so as to reorient itself into the original position and this reorientation step was
reported as the rate-limiting step. The important rate limiting step barriers are reported

to be ranging from 8.0 kcal/mol to 39.2 kcal/mol.%®%>%2

1B: Frustrated Lewis Pairs (FLP)

In 1923, Gilbert N. Lewis formulated his theory of acids and bases,”® by
defining an “acid” as an electron pair acceptor (Lewis acids) and a “base” as an
electron pair donor (Lewis bases). According to this concept, a Lewis acid is defined
as having a low-lying “lowest unoccupied molecular orbital” (LUMO), which can
interact with the lone electron pair in the high-lying “highest occupied molecular
orbital” (HOMO) of a Lewis base. The chemical reactivity, from the combination of

Lewis acids and bases, results in the formation of Lewis acid-base adducts. For
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example, the Lewis acid borane (BH3) combines with the Lewis base ammonia (NH3)
to generate the adduct ammonia-borane (NH3-BH3). This simple model extends well
beyond main group chemistry and is now considered a principle that is fundamental to
our understanding of many chemical reactions in the fields of inorganic, coordination
and organic chemistry. Recent chemical explorations have encountered some systems
that apparently diverge from this principle, because of steric hindrance. This is
because steric hindrance precludes the formation of simple Lewis acid-base adducts.
In 1942, H. C. Brown and co-workers examined the interaction of pyridines with
simple boranes and found that lutidine formed a stable adduct with BF3, while it failed
to form adducts with BMes (see Figure 1.3). The steric clash of the methyl groups of
lutidine and BMe; precluded adduct formation, but smaller bases were able to form
the adducts with trimethyl borane due to the reduction in steric congestion.** Main

group chemistry has seen numerous reports of adduct formation between a strong
95-104

electrophilic acid, B(C¢Fs)3 and a range of bases.

Me

Me —A\® 6

N— 1 Me-
\ /N BMe,

\3

No Reaction pe
Figure 1.3 Example of steric blocked and open dative adducts formation.

In recent years, Stephan and coworkers have realized that reactivity could
result from sterically encumbering both the Lewis acid and the Lewis base. Several
sterically hindered Lewis acids and Lewis bases preclude the formation of a
“quenched” adduct. Such complexes have been termed by Stephan and coworkers as
Frustrated Lewis Pairs (FLPs), which present extraordinary reactivity due to steric
reasons.'®>'% Subsequent to this, there have been several ongoing investigations in
the field of FLPs systems around the world, with major application centered on

107-114 6,105,106,115

catalysis and the activation of small molecules.
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1.4 FLPs Activation of H,

The major breakthrough in the field of “metal free” main group elements and
Lewis acid-base pairs was contributed by Stephan and coworkers in 2006. They
discovered that the sterically demanding secondary phosphine (C¢H,Me3),PH reacted
with B(CsFs)3 to form the zwitterionic compound
[(CeHoMes),P(H)(CeF4)B(F)(CeFs)2] 1,° which was subsequently treated with
Me,SiHCI to yield 2 (Figure 1.4). As the temperature reached up to 150 °C, the
compound 2 underwent stoichiometric loss of H; in toluene solution to yield a
phosphinoborane species (CgH,Mes),P(CeF4)B(C6Fs), 3 (Figure 1.4). Most
surprisingly, when 3 was reacted with hydrogen at room temperature, the zwitterionic
phosphonium-borate 2 was regenerated. This proves that reversible small-molecule
activation is achievable in the absence of a transition metal (Figure 1.4). Also, several

116-122 123-128

other phosphine/borane and nitrogen/borane combinations have been

investigated for the facile heterolytic activation of H,.
F
H, F
HMes;P: + B(CsFs)s —>Mes?Fé g(Cer)z

F F 1

Me,SiHCI | -Me,SiCIF

F K 7
-H2.150°C  H ,H
Mes,P B(CgFs), *———— Mes,P g(Cst)z
1 atm H>,
3 F F 25°C e 2

Figure 1.4 Synthesis and reactivity of a first metal free catalyst phosphonium hydridoborate

capable of reversible H, activation.

Later, investigations by the Erker group in 2007 led to the development of an
intramolecular zwitterionic alkyl-linked phosphonium-hydridoborate frustrated Lewis
pair as a product of the anti-Markovnikov addition of bis(pentafluorophenyl)borane
(HB(CsFs),), to a vinyl phosphine.**’ Similarly, Rieger and Repo have reported the
synthesis of intramolecular boron-nitrogen (B/N) FLPs derived from the reaction of 2-

bromo benzylbromide, 2,2,6,6-tetramethyl piperidine and bis(pentafluorophenyl)
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chloroborane (CIB(CgFs),)"**!* and showed that the (B/N) FLPs can efficiently
activate the H, molecule under mild reaction conditions through an intramolecular
reaction pathway. Later, intramolecular B-N FLPs were synthesized by the Repo
group*® and they exemplified a utility of new aminoboranes in the activation of
hydrogen under near ambient conditions. Ashley’s group, for the first time,
discovered the synthesis of Tris[3,5-bis(trifluoromethyl)phenyl]borane on the
practical scale, which formed FLPs with the 2,2,6,6-tetramethylpiperidine (TMP) that
split Hy heterolytically.™*® Similarly O’Hare group™®" synthesized sterically hindered
borane tris(2,2',2"-perfluorobiphenyl)borane (PBB) and combined the same with
bulky nitrogen bases such as TMP, DABCO and 2,4-lutidine to forms FLPs. These
FLPs showed facile heterolytic cleavage of H,, but the reverse reaction was not

apparent upto a temperature of 120 °C.

After the discovery of the FLP concept, numerous inter- and intramolecular
FLPs have been reported. 0106115132135 Thase F| Ps contain phosphorus, nitrogen,
carbon donors and boron, aluminium acceptors, and have been successfully employed
to activate molecular hydrogen (H,)'**118136-138

N,O, NO and SO,.*>!%14 Recently, in 2013, the non-interacting, vicinal P/B FLPs

and other species such as CO,, CO,

(4) have been prepared by Erker and coworkers,**® from the combination of dimesityl
norbornenylphosphane with Piers’ borane, HB(C¢Fs),. This structure was confirmed
by X-ray crystallography and spectroscopic data. 4 rapidly cleaves the H-H bond
heterolytically to form 5 and it also adds rapidly to CO,, to benzaldehyde, to SO, and

even to NO at room temperature (see Figure 1.5).

B(CeFs)2 ’
—Z o

PMes-

“_B\H(Cer)z

® .

f\4€$2

Figure 1.5 The FLPs 4 catalyst split H, and reactions with CO,, SO, and NO.
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From the theoretical and computational point of view, the heterolytic splitting

of H, using FLPs catalyst has been mainly studied by Papai’s'?*"**'" and

Grimme’s'®**® groups. For the encounter complex formed between the Lewis acid
and Lewis base, Papai’s group observed the electron transfer (ET) from (‘Bu)sP to the
o* orbital of H, and from the o* of H, to the p orbital of B(C¢Fs)s, resulting in the
cleavage of the H-H bond. Grimme’s group examined the H, heterolytic split by
FLPs, which was initially driven by the electric field (EF) generated by donor-
acceptor atoms of the FLP.19%%21% The privalov group™® demonstrated that the
structure of the P-B species resembles a classical frustrated Lewis acid-base,
increasing the frustration between phosphorus and boron, and thus decreasing the H,
splitting barrier. On the basis of experimental and theoretical studies, the Tamm
group™® investigated and discussed the cleavage of molecular hydrogen
heterolytically by employing bifunctional pyrazolylborane as the catalyst, with the
formation of a mixture of hydrogenated cis and trans products. The Wang group
designed a strategy to activate the metal free hydrogen sp* carbon bridged FLPs for

the activation of molecular hydrogen.

15 Reactions of Frustrated Lewis Pairs with Saturated-

Unsaturated Compounds

i) Dehydrogenation of Alcohols

The catalytic hydrogenation-dehydrogenation of unsaturated-saturated
compounds is undoubtedly one of the most important reactions in chemical industry
and organic synthesis.™"*? To date, several theoretical’******®" studies have been
carried out to determine the potential energy surface and the mechanisms of the
molecular hydrogen activation in order to predict the properties of FLPs. For the first
time, by theoretical -calculations, Privalov address the likelihood of the
dehydrogenation of primary and secondary alcohols by (‘Bu),PB(CgFs),. He also
found that few hydrogenation-dehydrogenation reactions are nearly thermo-neutral.
Therefore, this reaction is reversible under elevated temperatures in the case of
formaldehyde-methanol. Also, the primary alcohols, such as ethanol and 2- phenyl-1-
ethanol, are only moderately exothermic when suitably designed P/B catalysts are

employed. Similarly, new FLPs catalysts have been designed with a weaker
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interaction between the nitrogen and boron centers, which would be very effective for

the alcohol dehydrogenation, as well as better than the transition-metal based systems.
i) Hydrogenation of imines and oximes

In 2007, Stephan’s*® and Klankermayer’s'®? groups have identified catalysts
that could be employed for the H; activation and catalytic reduction of imines under
mild conditions. The sterically encumbered nitrogen of imine is reduced at a
temperature of 80-120 °C in high yield in the presence of H,.** This catalyst has been
successfully commercialized. Figure 1.6 shows the general proposed mechanism of
catalytic reduction of imines or oximes by using the phosphor/borane catalyst. The
imine substrate acts as an FLPs base, and thus effectively, the imine'®* or oxime'®
reductions are possible in the presence of H,, with the Lewis acid B(CgFs); as the
catalyst. These mechanisms proceed via the protonation of imine, followed by hydride
transfer from the hydridoborate, as shown in Figure 1.6. By using this proposed
mechanism, the electron rich imine 'BuN=CPh(H) is reduced significantly faster than
the electron-poor imine PhSO,N=CPh(H). Recently, Stephan’s group™® hydrogenated
a variety of imines at 100 °C with the combinations of H, and di-isobutylaluminum
hydride (DIBAL) or tri-iso-butylaluminum (TIBAL) via hydroalumination followed

by the hydrogenolysis/c-bond metathesis mechanism.

Despite the extremely rapid growth of FLP catalysis, the fields of asymmetric
hydrogenation reactions have not been developed significantly. In 2008, the
Klankermayer group*®? reported the first FLP-catalyzed asymmetric hydrogenation of
imines with 13% ee by using a-pinene-derived chiral borane. Shortly afterwards, the
same group improved the ee by up to 83 % by using the combination of chiral borane
and the phosphine generated by treating (+)-camphor-derived chiral borane and tri-
tert-butylphosphine with H,.'°**®" The FLP approach is rapidly becoming more
effective for the enantioselective hydrogenation of prochiral imines (ee up to 84
9).162166188 Denending on the initial mechanistic investigation, up to 87 % enantio

selectivities have been obtained by using the dimethylphenyl silane for imines.*®
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Figure 1.6 The general proposed mechanism of catalytic reduction of (a) imines by using
phosphorus/borane; (b) imines or oximes using B(C¢Fs)s as catalysts.

iii) Hydrogenation of ketone and aldehyde

The B(CgFs)s-catalyzed reactions between hydrosilane and the aromatic
aldehydes, ketones, and esters have been reported by the Piers group'™. In this report,
a carbonyl group reaction was apparently an example of reactions catalyzed by FLP
that became well known later,106109:116.122.127.133,147.133.173-179 iy yre 1 7 shows the three
step mechanism for the hydrosilylation of carbonyl compounds, suggested by Piers
and coworkers. The silane activation mechanism for the reduction of ketone and ester
catalyzed by B(CeFs)s has been proposed by Yamamoto and coworkers.'*®8! In
recent years, the sterically hindered Lewis acid and Lewis base have been carefully
chosen for the activation of small molecules, by greatly developing the concept of
frustrated Lewis pairs (FLPs). There is no substituent bound to the carbonyl oxygen
atom, and thus the donor-accepter interaction is even stronger between the carbonyl
oxygen atom and the boron atom. This could be the reason why the FLPs have been
rarely applied experimentally for aldehyde and ketone hydrogenations, in spite of

182,183

computational studies suggesting this possibility, by the groups of Privalov and

Wang.'#**% privalov suggested that the hydrogenation of ketone would be likely to be

analogous to that previously described for imine hydrogenations,!®%62170.186.187

111
d

Recently, Stephan reported™ the atom-economic transformations for the aliphatic and

aromatic ketone reduction by using metal free catalyst in the ether solvent. Similarly,
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Ashley developed FLP based catalysts in the 1,4-dioxan solvent for the aliphatic and

aromatic ketone and aldehyde hydrogenations.

R i
X B(CoFs)s R;SiH
R
2 H hvdride Silane
ransfer activation

/O—SiR3
R1/<‘\ R1SiH---B(CgFs)s

R2 H— B( C6F5)3
silyl
R transfer 0
| A

Figure 1.7 The proposed mechanism by the Piers group for borane-catalysed hydrosilylation.
1.6 Scope of the thesis

The present thesis discusses ways in which to improve proton transfer in fuel
cell and hydrogenation-dehydrogenation reactions using frustrated Lewis pairs
(FLPs). The studies towards this end have been conducted with density functional
theory (DFT). For polymer electrolyte membrane (PEM) based fuel cells, a study of
alternatives with reduced limitations is required, while for hydrogenation-
dehydrogenation reactions, a detailed knowledge of the mechanism of these reactions
is required. Both requirements have been fulfilled with computational studies with
density functional theory (DFT). This thesis is divided into two parts: the first part is
based on the study of proton transfer reactions in fuel cells (Chapter 3 and Chapter 4);
while the second part is based on the study of hydrogenation-dehydrogenation
reactions by using modifications to metal free systems such as frustrated Lewis pairs
(Chapter 5 and Chapter 6).

The development of new proton conducting electrolytes that can function at
high temperatures is the focus of Chapters 3 and 4. In chapter 3, to solve the
difficulties existing in current high temperature PEM systems based on H3PO, and

imidazole, a new type of proton conducting species 1H-1,2,3-triazole has been
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explored, and proved to have high proton conductivity and stability for fuel cell
applications, when employed with hydrogenated zero-dimensional (OD) cage systems.
In Chapter 4, to solve the problem of high reorientation barriers is PEMs having
pendant groups, a new design of nitrogen containing pendant group PEMs has been
considered that eliminates the need for the reorientation barrier during the proton

transfer process.

The dihydrogen molecule is small but plays an important role in chemistry.
Hydrogen production and hydrogen activation is not only an important chemical
process, but also enriches our understating of reactivity in saturated/unsaturated
reactions. Transition metal-based systems are known to be effective catalysts for this
reaction, but developing metal free catalytic (frustrated Lewis pair) systems would
lead to highly desirable cheaper and greener alternatives. This chemistry has led to the
design of new chemical systems that can do the important catalytic conversion of
alcohols to the corresponding ketones based on a nitrogen/boron system described in
Chapter 5. Then, in Chapter 6, important new insights have been provides into the
mechanism of the heterolytic splitting of di-hydrogen and the catalytic hydrogenation
of unsaturated compounds using modified FLP (MFLP) catalysts.
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Chapter 2

Theoretical Methods and

Computational Details

ABSTRACT

The aim of the thesis is (i) to develop efficient polymer electrolyte membranes
(PEMs) for fuel cells, membranes that can be effective in the absence of water and
other solvating media at elevated temperatures and (ii) substitute the highly effective
transition metal-based catalyst systems with cheaper and greener metal free catalysts
for hydrogenation-dehydrogenation reactions. This chapter is focused on the
elaboration on some of the theoretical approaches that have been employed in this

thesis.

In the past few decades, various quantum mechanical methods have been
implemented for treating the electronic structure of molecules, clusters and solids.
This chapter begins with a brief introduction to the non-relativistic Schrodinger
equation and the many-body problem by discussing the Born-Oppenheimer
approximation in section 2.1. In section 2.2 is provided a brief summary of density
functional theory (DFT) along with the Thomas-Fermi model, the Hohenberg-Kohn
theorems, the Kohn-Sham equations and the different exchange-correlation
functionals. Section 2.3 describes the RI-J and MARI-J approximations implemented
in the Turbomole software to improve the computational efficiency. In section 2.4 and
2.5 is briefly described the methods taken into account for the solvent corrections and
the energetic span model (ESM) which is employed to calculate the turn over

frequency (TOF) from the theoretically obtained energy profile.
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2.1  The many-body problem or (Basic Quantum Mechanics)

A major goal of electronic structure calculations is to solve the Schrodinger
equation. For a given system composed of N-electrons and M nuclei, the energy can
be determined by solving the Schrodinger equation. The time-independent

Schrodinger equation®? is given by:
H¥=E¥ e (20)

where E is the electronic energy, ¥ = ¥(xi, Xo... Xn) is the wave-function which
describes the state of the N-electron quantum-mechanical system and is a function of
the space-spin coordinates, x;, of all the electrons of the system, and H is the
Hamiltonian operator. H is the sum of the kinetic energy T and potential energy V
operators. The molecular Hamiltonian for a time-independent multi-electron system is
written as:

NM7Z NN oMM7 7

Vi Z—?Z 2.2, A*ZZ—+ZZ - (22)

A=-1vly
253'm 2:aM iaala Tl mita R

In this equation, the nuclei and i and j are related to the electrons of the system
defined by A and B. The first two terms depict the kinetic energy of electrons (with
mass m) and nuclei (with mass Ma), respectively. The third term corresponds to the
electrostatic interaction between the nuclei and the electrons separated by distance ria,
the fourth terms is the electron-electron repulsion separated by r;; and the last term is
the nucleus-nucleus repulsive interaction, where Rag is the distance between the A™

and the B™ nucleus.

The Hamiltonian operator leads to complexity in the Schrodinger Equation,
thereby making it difficult to solve exactly for systems of more than two mutually
interacting particles. In 1927, the first step for overcoming this difficulty was taken
with the help of the Born-Oppenheimer approximation (BO).2 Since the nuclei are
much heavier than the electrons, the nuclei motion is much slower than that of the
electrons. Therefore, we can separate the movement of nuclei and electrons. When we
consider the movement of electrons, it is reasonable to consider that the positions of
nuclei are fixed. Under the Born-Oppenheimer approximation Eq. (2.2), the second

term is neglected and the final term - the repulsion between the nuclei - can be
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considered as a constant for a fixed configuration of the nuclei. The remaining terms

in Eq. (2.2) are called as the electronic Hamiltonian (H,,),

] N oM N
elec = sz ZZZA +ZZ_ (23)
inl A-1 g i i

The solution of the electronic Hamiltonian is an electronic wavefunction. The
energy obtained therefore depends only on the electronic coordinates and the total
energy is obtained as a sum of the electronic energy and the constant nuclear
repulsion. There are many theoretical methods which can be used to solve the
Schrodinger equation such as the Hartree-Fock (HF) approximation and beyond HF
approaches such as Maller-Plesset (MP)* perturbation theory, configuration
interaction (CI)® and coupled cluster (CC) methods.® However, density functional
theory (DFT)’, which uses the electron density [p(r)] as the central quantity instead of
the wavefunction, has become the method of choice for handling chemical systems
that are larger than 15-20 atoms. The DFT method allows for accurate results to be

obtained while being computationally cheaper than other methods.®*°

2.2 Density Functional Theory (DFT)

In quantum chemistry, density functional theory (DFT)’ has been used as an
extremely useful method for the electronic structure calculations. In DFT, the
complicated N-electron wavefunction and the associated Schrodinger equation is
replaced by the treatment of the electronic density from a single electron equation
which is simpler to solve. This is based on the independent work of Thomas and
Fermi using electron density as a basic variable for the study of the N-electron

quantum-chemical system.
2.2.1 Thomas-Fermi Theorem

In 1927, Thomas™ and Fermi*? used electron density as the basic variable
instead of the wavefunction. In this method, the electrons are treated as independent
particles forming a uniform electron gas and the electron-electron repulsion energy
arises solely due to electrostatic interactions. The Thomas-Fermi (TF) total energy of

an atom with a nuclear charge Z in terms of electron density is given by,
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E. p@)::CFIp%(ﬂdr—ZIE%Q{W .”‘Kr”xr)drdr . (24)

The Thomas-Fermi coefficient Cr is equal to 2.871.

Where the first term is the kinetic energy of the electron, the second and third terms
are the electron-nucleus and electron-electron interactions respectively. The energy
functional Etg = [o(r)] is then minimized under the constraint that the electron
densities should integrate to the total number of electrons in the system, in order to

obtain the ground state electron density of the systems.
N = [ p(r)dr .. (2.5)

Applying the method of Lagrange multipliers to incorporate the constraint, the

ground-state electron density must satisfy the variational principle
S{Ere[P1- e (] p(r)dr —N)}=0 .. (26)

This yields the Euler-Lagrange equation,

_ 5Er[0] 5 i)
e =y 3C Ceo () [r I|r r2|dr] . 27)

Hence, the Thomas-Fermi theory involves solving Equation (2.7) under the constraint
(2.5) and inserting the resulting electron density in Equation (2.4) to yield the total

energy.

This simple Thomas-Fermi method is not so important in computing the
ground state energy and density but more as an illustration that the energy can be
determined purely using the electron density. In the past, the TF method has been
used for the calculation of atoms and molecules, and quite a few literature citations

are available.**?

2.2.2 Hohenberg-Kohn Theorem

In 1964, modern density-functional theory was born with the landmark paper
of Hohenberg and Kohn.*® The concepts of their theory originate from two theorems.

The first Hohenberg-Kohn theorem stated that “the external potential v(r) (second
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term in the Eq. 2.6) is determined, within a trivial additive constant, by the electron
density p(r). Since [po(r)] determines the number of electrons, it follows that [p(r)]
also determines the ground-state wavefunction ¥ and all other properties such as
kinetic energy T[po(r)], potential energy V[p(r)] and total energy E[o(r)] of the system.

The energy of the system as a functional of electron density is written as

Elp]=TLpl+V,[p]+V.[p]= fp(r)V(r)Olr +F o] .. (2.8)
where

Fulpl=Tlpl+V.lA] ... (2.9)

Thus, Fuk is a Hohenberg-Kohn universal functional. Note that Fuk[p] is only

dependent on p and independent from any external potential v(r).

The second Hohenberg-Kohn theorem establishes the energy variational
principle, stating that “the exact ground state electron density minimizes the exact

energy functional”. Which means, for any given trial density, that o(r) is such that
p(r) 20, J'[)(r)dr: N, and p(r) is non-negative. The energy functional is always

greater than or equal to the exact ground state energy, Eo,
E, <E,[p] ... (2.10)

Eo is the energy which corresponds to the ground state electron density. It can be seen
that the determination of the form of the Fyk[p] is the crucial part in construction of

the energy functional for obtaining the exact ground state energy.

The classical part of the electron-electron interaction in Eqg. (2.9) is the Columbic

potential energy,

1 ¢r o(r)p(ry)
Jpl== || === drdr ..o (211
| R L (2.11)
In the Thomas-Fermi theory, Vee [o(r)] is replaced by J[o(r)] and the kinetic energy
T[p(N] is taken from the theory of a non-interacting uniform electron gas. Kohn and
Sham proposed introducing orbitals into the problem allowing for more accurate

computation of T[p(r)] with a small residual correction that is handled separately.
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2.2.3 Kohn-Sham Equations

Kohn and Sham in 1965 have proposed to solve the problem for any
interacting system by introducing a corresponding fictitious non-interacting reference
system, in which there are no electron-electron repulsion terms and for which the
ground-state electron density is exactly the same as the density of the interacting

system. The exact kinetic energy Ts[p] of the non-interacting reference system is,

Ts[p]=—%z<wilvzlv/i> ... (2.12)

and T[p] # T[p] . The electron density is,
N 2
p() =3 |wi(r.s)| . (2.13)

with r, s including the space and spin coordinates respectively. Here y; are the natural
spin orbitals. The universal functional Fxn, Eq. (2.9), can be rewritten for the Kohn-
Sham DFT as,

Flpl=T.[p]+ o]+ E, [l = Fxlr] .. (2.14)

which contains the kinetic correlation energy as well as the non-classical part of the
energy. The explicit form of this functional is not known, but various approximate

density functionals for it have been proposed.

The total energy functional is then expressed in atomic units as

Elp]=T,[p]+J[p]+E,[r]+ Iv(r)p(r)dr ... (215)

= ZZIV/:(X)(—%VZM (x)dr +J[p] +E,[p] +Iu(r)p(r)dr ... (2.16)

In the above equation (2.16), the first term is the kinetic energy functional of the
system of non-interacting electrons with the same density, the second term is the
classical Coulomb energy for the electron-electron interaction, the third term is the
energy functional incorporating all the many-body effects of exchange and correlation
and the last term is the attractive Coulomb potential provided by the fixed nuclei.
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The minimum of the Kohn-Sham functional is obtained by varying the energy

functional (Eq. 2.16) with respect to the electron density. This leads to the KS orbital

equations,
[_%vz + Uy ]g}; = g4 (217)
p(r):ZZ|1//i(r,S)|2 ... (2.18)
Vgt (r)zu(r)+iiig]+5§/;°([r';)] =vr +I—d|';)£r3 r'+o.(r) ... (2.19)

Here g; are eigenvalues, y; are KS orbitals, v, is the Kohn-Sham effective potential

andv,. r is the exchange-correlation potential. Finally, the total energy can be

determined from the resulting density through

E=) s, —%I%drdr# Exc[p]+IuXC(r)p(r)dr ... (2.20)

The exchange-correlation functional as defined by KS remains unknown. E,. includes
the non-classical aspects of the electron-electron interaction along with the component
of the kinetic energy of the real system that is different from the fictitious non-
interacting system. Since Eyc is not known exactly, it is necessary to approximate it.

2.2.4 Exchange-Correlation Functionals

“Density functional theory is in principle exact! But, in practice

approximations have to be made" --- Walter Kohn

The challenging task in DFT is the development of an accurate functional for
expressing the exchange-correlation energy, Ey. in terms of the density p. The
accuracy of the DFT calculations decides the exchange-correlation term in the energy
expression. By now, there is an almost endless list of approximations with varying
levels of complexity. Recently, a useful way for categorizing the many and varied Ey.
functionals that exist has been proposed by Perdew.’® The most common types of

exchange-correlation functionals are a) the local-density approximation (LDA), b) the
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generalized-gradient approximation (GGA), c) the meta-GGA and d) the hybrid

functionals.
a) The local-density approximation (LDA)

The simplest approximation proposed by Kohn and Sham is the local density

approximation (LDA) for the exchange and correlation energy, and can be written as,
E'[p]= [Nz, p(r)dr .. 21)

Where &c(p) is the exchange-correlation energy per particle of the homogeneous
electron gas of density [ (r)]. It is well known that the LDA suits best for cases with
slowly varying density, there are hundreds of application of the LDA to the atoms and
molecules.’® Though the binding energies from the LDA are overestimated by about
10%, the quantities that involve differences of energies tend to come out quite good.
In modern LDA, the functionals differ only in how their correlation contributions
have been fitted to the many-body free electron gas data. The Perdew-Zunger (PZ)"
Perdew-Wang (PW)*, and Vosko-Wilk-Nusair (VWN)* functionals are all common
LDA functionals.

b) The generalized-gradient approximation (GGA)

In a molecular system, the electron density is typically rather far from spatially
uniform, so there is good reason to believe that the LDA approach will have
limitations. One obvious way to improve the correlation functional is to make it
depend not only on the local value of the density, but on the extent to which the
density is locally changing (the gradient of the density). Mathematically, the first
derivative of a function at a single position is a local property, so the more common
term in modern nomenclature for functionals that depend on both the density and the
gradient of the density is ‘gradient corrected’. Including a gradient correction defines
the ‘generalized gradient approximation’ (GGA).?># In the GGA approximation, the
unknown functional is approximated by an integral over a function that depends only

on the density and its gradient at a given point in space.??

ESALp(n)] = [d(r)p(n)eS[p(r); Vo(r)] . (222)
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Among the earlier developed functionals, the PW91"® derived from the LDA contains
no empirical input. Its close relative PBE? and the Becke? exchange and the Lee-
Yand-Parr®* correlation functional (BLYP) constructed from the Colle-Salvetti
correlation energy formula® belong to the category of semi-empirical functionals,?®*
and are still popular. It has general applicability and gives rather accurate results for a

wide range of systems.
c¢) The meta-GGA

Since, the improvement from the inclusion of the first derivative, an obvious avenue
for improvement would be to also try and include the second derivative of the electron
density. Such functionals are termed as meta-GGA functionals.®*** There are the class
of meta-GGAs, which have a dependence on the higher order derivatives of the
electron density and/or the kinetic energy density in addition to the electron density
and its gradient. An alternative meta-GGA formalism that is more numerically stable
is to include in the exchange-correlation potential as dependent on the kinetic-energy
density z, defined as:

(r) :%%W v, (r)[° .. (2.23)

where, y; are the self-consistently determined Kohn—Sham orbitals. Various such
MGGA functionals for exchange, correlation, or both have been developed including
B95, B98, TPSS, and VSXC. The cost of a meta-GGA calculation is entirely
comparable to that for a GGA calculation, and the former is typically more accurate
than the latter for a pure density functional.

d) The hybrid functionals

The fourth generations of well known exchange correlation functionals are the
hybrid functionals that are mixtures of the Hartree-Fock exchange with DFT
exchange-correlation. This is the basic idea of the hybrid exchange-correlation
functionals and B3LYP*® is an example of one such commonly used hybrid

functional. The E,. term for the B3LYP functional is written as

EZLP = X+ g, (EXF - ELP) +a, (ES —E™) +a, (S —E'™) ... (2.24),
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where the parameters are a,=0.20, a,=0.72 and a.=0.81. E* is the VWN, ES** is
the Becke88 exchange and E°** is the LYP (Lee-Yang-Parr) correlation. Other

popular hybrid functionals are PBE0*, M06-2X* and BH & HLYP*, which has 50%
Hartree-Fock exchange.

2.3 RI-J and MARI-J approximations

The Resolution of the Identity (RI1-J)**** and multipole accelerated resolution
of identity (MARI-J)*® approximations help to evaluate the electronic Coulomb
integral for both molecular and periodic systems with computational efficiency. These
approximations improve the computational efficiency of large-scale calculations but
require the use of a second or “auxiliary” basis set. The MARI-J method implemented
in the Turbomole software partitions the Coulomb interaction into two parts. By using
multipole expansions, the majority of interactions are evaluated in a far field part and
a computationally dominant near field part takes care of near field interactions
through direct integration of the four-center electron repulsion integrals.

(Nv(N&(r)Ar) ;o
1= |rfr, drdr’= 4v|xcA .. (2.25)

where u, v, k, | are the basis functions. Application of the RI-J (density fitting)
approximation to the near field part helps to reduce the four-center electron repulsion
integrals to a three center integral. In RI approximation, the electron density p is

approximated as a linear combination ¢ of auxiliary basis functions «.

p(r)~ p(r)=> c,a(r) ... (2.26)

where ¢, is the expansion coefficient and can be evaluated using a positive definite

two electron operator ‘g’
2.4 Solvent Correction

The Conductor-like Screening Model (COSMO)* is a continuum solvation
model (CSM), where the solute molecule forms a cavity within the dielectric
continuum of permittivity ¢ that represents the solvent. The charge distribution of the

solute polarizes the dielectric medium. The response of the medium is described by
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the generation of screening charges on the cavity surface. The polarization charges of
the continuum, caused by the polarity of the solute, are obtained from a scaled-
conductor approximation derived by COSMO. The charge g* on the surface segments
can be calculated if distribution of the electric charge in the molecule is known. The
charge g is lower by approximately a factor f(g), for solvents with a finite dielectric

constant.
g*=f(e)q .. (2.27)
The factor f (&) is approximately,

c-1
g+ X

f(e) =

... (2.28)

where the value of x is set to be %2 based on theoretical arguments.

The interaction energy between the solvent and the solute molecule has been
calculated from the solvent screening charges and the known charge distribution of
the molecule. The half of the solute-solvent interaction energy gives the dielectric
energy. The total free energy of the solvated molecule is obtained from the sum of the
energy of the isolated system calculated with the solvated wave function and
dielectric energy.

E=E(@*")+E,, ... (2.29)

The COSMO method can be used for all methods in theoretical chemistry where the
charge distribution of a molecule can be determined; for example, for semi-empirical

calculations, HF calculations or density functional theory (DFT) calculations.
2.5 Energetic Span Model

Traditionally, the efficiency of a catalyst system can be expressed as the
number of cycles performed per unit time and the catalyst efficiency can be obtained
from the turnover frequency (TOF). Nevertheless, until recently, there was no simple
method to calculate the TOF from the energy profile obtained from theoretical
calculations. In this regard, the concept of the Energetic Span Model (ESM)

k,45_52

introduced by Kozuch and Shai provides a way to calculate the TOF from a
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theoretically obtained energy profile (the E-representation). The TOF for the catalytic

cycle is
-AG, /RT _
Tor- KT _¢@ 1 _4A .. (2:30)
h N T-1,-8G]; M
Ze RT
]

G. if i=
G =A% =] .. (231)

R0 if j<ij

Here AG; is the energy of the global reaction, T; and |; are the calculated free energies
of each transition state (TS) and intermediate, respectively and the units of TOF are in

s, This represents the net forward rate constant of the entire cycle. AG/ | is either AG,

or zero, according to the position of T; vs. I; in the specific term of the summation, as
specified in eq. (2.31). Thus, by analogy to Ohm’s law, eq. (2.30) represents the
catalytic-flux law. The TOF is the “net molecular flux” that generates products and is
given by the driving force A (catalytic potential) divided by M (the kinetic resistance
to catalysis). Christiansen®® introduced the term A and M to define the TOF as a
function of kinetic rate constants (the k-representation)*’ in a steady state system.
From Christiansen’s formulation, by applying Eyring’s transition state theory45, one
can derive the A and M terms in the E-representation. Equation 2.30 can be simplified
as such that the “-1” term can be neglected from numerator for the exothermic
reaction (AG, < 0) and the denominator term is usually dominated by a single term of

summation.
TOF "BTTe"f%T .. (2:32)

where JE is the energetic span of the cycle, as
OFE = Ttpts — l1pI if the TDTS comes after the TDI ... (2.33)
OF = Ttprs — ltp1 + AG,  if the TDTS comes before the TDI ... (2.34)

The fundamental two terms appear in eq (2.32): the TDTS (TOF-determining
transition state) and the TDI (TOF-determining intermediate). The AGr term in Eq.
(2.34), the TDTS and TDI are not necessarily the highest and lowest energy states of
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the cycle — these consider all the possible pairs of transition states and intermediates.
The ESM offers a quantification of the influence of each determining states
(intermediate and transition state) on the TOF: the so called ‘‘degree of TOF control’’

(Xtor). The degree of TOF control explicitly in the E-representation is,

N (T-1;-6G/;)
e ! JAT

X e ... (2.35)
TOF, T, ZN:e(TI I 5G,,J%T

ij
ZN: e(Ti—Ij 7565'1-%T

Xiop) = ... (2.36)
TOF, I ZN:e(T, I 5GH%T

ij

where equation (2.35) and (2.36) corresponds to the degree of TOF of TS and
intermediate respectively. The concentration will affect the degree of TOF control
significantly, when either several intermediates or transition states are important, or

when extreme concentrations are involved.

The calculated energy profile of a catalytic reaction therefore can be used to
estimate the turnover frequency (TOF) by ESM. According to ESM, neither one
transition state nor one reaction step possesses all the kinetic information that
determines the efficiency of a catalyst. The TDI and TDTS are not necessarily the
ones with the highest and lowest energy value states along the reaction pathway, nor
do they have to be adjoined as a single step. As such, in catalysis, there are rate-
determining states, not rate-determining steps. From this model, one can conclude that

the smaller the energetic span, the faster the reaction would be.>*®
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Chapter 3

Exploring the Potential of Doped Zero-
Dimensional Cages for Proton Transfer

INn Fuel Cells

ABSTRACT

Calculations with density functional theory (DFT) and MP2 have been done to
investigate the potential of recently synthesized durable zero-dimensional (OD)
nitrogen based cage structures to perform as efficient proton exchange membranes
(PEMs) in fuel cells. Our calculations suggest that the hydrogenated 0D cages, in
combination with hydrogen bonding 1,2,3 and 1,2,4 triazole molecules, would
perform as highly efficient PEMs. The results are important in the context of the need
for efficient PEMs for fuel cells, especially at higher temperatures (greater than 120
°C) where conventional water based PEMs such as Nafion have been found to be

ineffective.
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3.1 Introduction

Fuel cells are considered a promising alternative energy conversion device.
Their promise lies in their essential “green-ness” - they generate water, heat and
electricity without emitting pollutants, with hydrogen as the fuel and the oxygen in the
air as the oxidant.>® The most important component of the fuel cell is the electrolyte
that lies at the “heart of the fuel cell”.* The electrolyte separates the anode and
cathode and conducts a specific ion at very high rates during the operation of the fuel
cell.

Among the various fuel cell types, proton exchange membrane fuel cells
(PEMFCs) are a type of fuel cell where protons conducting membranes, or proton
exchange membranes (PEMS), are used as the electrolyte. The PEMFC that is most
well known is Nafion® - a sulfonated tetrafluoroethylene based fluoropolymer-
copolymer whose chemical structure is shown in Figure 3.1. This PEM operates best
at temperatures below 80 °C, because Nafion functions in conjunction with water
molecules, with the proton transport taking place through different processes - the

Vehicular Mechanism® or the Grotthuss mechanism®’*?

— that require the use of the
water as a medium for aiding the transport of the proton. Since, at temperatures above
80 °C, the chances of water evaporating increase, this reduces the efficiency of

Nafion.

Figure 3.1 Chemical structure of Nafion.

The inability of Nafion to function at temperatures above 80 °C has resulted in
a search for new PEMs that can function at higher temperatures: specifically those
that can function at temperatures greater than 120 °C. This is because there are several
applications where it might become necessary to operate the fuel cell at elevated
temperatures. Moreover, under high-temperature conditions, catalyst poisoning from

carbon monoxide (CO) impurities in fuels becomes less serious because the catalyst
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activity is improved at elevated temperatures. This enables the use of fuels with less
stringent purity requirements. Therefore, several attempts have been made to operate
fuel cells at higher temperatures using PEMs that are durable and efficient at higher
temperatures. Different proton conducting media and alternative polymer membranes
have been proposed, developed and tested. These include the use of alternative proton
conduction media such as phosphoric acid and phosphonic acid** and membranes
such as polybenzimidazole.™!® However, despite such progress, a PEM that can
exhibit both high durability as well as high proton conductivity rates has not yet been
found. Hence, there is still considerable interest in the development of novel,

improved membranes for PEMFCs.

The objective of the current chapter is to propose a new material for use as a
PEM and investigate its potential for efficient proton transfer, using computational
methods. The material in question is a porous cage network that has been recently
synthesized by Tozawa et al..*’ This zero-dimensional (0-D) cage structure (shown in
Figure 3.2) contains four phenyl rings separated by amine groups, and will henceforth
be referred to as “N-cage”. The N-cage structure has been found to exhibit good
thermal stability, with the onset of decomposition having experimentally been
observed only at temperatures above 300 °C.'” Each cage molecule contains twelve
N=C imine double bonds. Calculations, which are discussed below in the section 3.3,
indicate that these imine bonds can be easily hydrogenated to yield a saturated
structure that will henceforth be referred to as N-cage-H,. It is postulated that the
saturated N-cage-H, structure, when combined with a dopant base that has the ability
to exchange protons, can become an excellent candidate for PEMFCs. This is because
of the possibility of forming hydrogen bonded networks between the hydrogenated
zero dimensional cage structure and the dopant molecules that can reside inside the
porous cages. Recent studies™® indicate that the formation of dynamic hydrogen bond
networks within the membrane is an important pre-requisite to high proton
conductivity. Hence it is likely that porous, doped N-cage-H, like zero dimensional
structures, which can accommodate many dopant molecules and which have twelve
nitrogens in each cage that can be protonated, can become excellent candidates for the

role of proton exchange membranes in fuel cells.

The focus of the current work is to investigate this possibility through

(DFT)/MP2 calculations. The favorability of making the N-cage-H; structure has first
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been investigated by studying the thermodynamic ease of the reaction between H, and
the N-cage molecule. The potential of N-cage-H, to function as a PEM has then been
studied by calculations on a system having N-cage-H; along with (i) phosphoric acid,
(if) imidazole and (iii) triazole molecules in the porous cage structure. Investigations
have been done to determine the feasibility of each of these dopants acting as an
effective counterpart to N-cage-H, for proton transfer. Finally, the most promising of
the three has then been considered for further calculations determining the barrier to

intermolecular proton transfer from the cage to the dopant and back to the cage.

Figure 3.2 The recently synthesized zero-dimensional N-cage structure; the color scheme is
as follows: carbon-brown and nitrogen-blue; the hydrogen atoms are not shown for the

purpose of clarity.

3.2  Computational Details

All DFT calculations were performed using the Turbomole 6.0s programs.*®

Geometry optimizations were performed using the Perdew, Burke, and Erzenhof
density functional (PBE).? The electronic configuration of the atoms was described
by a triple-zeta basis set augmented by a polarization function (Turbomole basis set
TZVP). The resolutions of identity (RI)** along with the multipole accelerated
resolution of identity (marij)** approximations were employed for an accurate an
efficient treatment of the electronic Coulomb term in the density functional
calculations. In order to improve the calculation of the energy values, a further

% along with the RI

correction was made through single point MP2 calculations,?
approximation, for the DFT (PBE) optimized structures. . With regard to the transition

states obtained during the investigations of the proton transfer process, care was taken
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to ensure that the obtained transition state structures possessed only one imaginary

frequency corresponding to the correct normal mode.

That this approach, described above, provides reliable results has been further
validated through benchmarking calculations done by comparison to previously
published proton transfer barriers. As Figure 3.4 indicates, the potential energy (AE)
surface published by Li et al?

311+G(d)/MP2/ccpVTZ level of theory for the proton transfer reaction in the 1,2,3-

reporting calculations done at the B3LYP/6-

triazole-triazolium dimer matches almost exactly with the calculations that we have

done at our aforementioned RIPBE/RIMP?2 level of theory (see Figure 3.4).
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Figure 3.4 The potential energy surface for proton transfer in triazole-triazolium dimers; all
the symbols for the different minimum energy structures and transition states as well as all the
values (converted to kcal/mol) inside the parenthesis are those obtained from Figure 4 of the
paper,?* their values having been obtained from a B3LYP/6-311 + G(d)/ MP2/ccpVTZ level
of theory; the values outside of the parenthesis are the values that have been obtained from

our computational approach.

Furthermore, using our RIPBE/RIMP2 computational approach, we have
redone the calculations for determining the proton transfer barriers (AE) for the
imidazolium-imidazole (ImH*-Im), 1,2,3-Triazolium-1,2,3-Triazole (TrH*-Tr), and
Tetrazolium-Tetrazole (TeH™-Te) complexes, that have been published by

Mangiatordi et al.® using a full MP2 approach. The results are shown in Table 3.1;
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indicate practically no difference between the values obtained through the two
different approaches. Thus, these validating benchmarking calculations indicate the

reliability of the computational approach employed in our work.

The contributions of internal energy and entropy were further obtained from
frequency calculations done on the optimized structures at 298.15 K in order to obtain
the AG values that are discussed in Section 3.3 (see the Figures 3.11 and 3.13 below).

Table 3.1 The barriers to proton transfer obtained from full MP2 calculations done for
imidazolium-imidazole ~ (ImH*-Im),  1,2,3-Triazolium-1,2,3-Triazole (TrH*-Tr), and
Tetrazolium-Tetrazole (TeH*-Te) Complexes® compared with the values obtained from our

computational approach.

ImH™Im | TrH™-Tr| TeH"-Te

c | d e

MP2 from reference | 0.5 0.4 14(00|04
Our MP2 calculations | 0.5 0.4 1500106

3.3. Results and Discussion

3.3.1 Proton Transfer through N-cage in Tandem with H3PO,

The N-cage structure was optimized using the input obtained from a crystal
structure®’. The addition of twelve molecules of H, to this structure would lead to the
hydrogenated “N-cage-H, structure, through the hydrogenation of the twelve imine
moieties in the cage. The optimized structure of the N-cage-H, is shown in Figure 3.5.
The AG for the formation of the N-cage-H, is -72.8 kcal/mol, which indicates the
favourability of the reaction. Further calculations were done to explore the addition of
molecules of the dopant X (where X = phosphoric acid, imidazole and triazole) to N-
cage-H,. The addition of two molecules of X was found to lead to the formation of a
hydrogen bonded network between the two dopant molecules and N-cage-H, (see
Figures 3.6, 3.7 and 3.8 below). This system: “[N-cage-H,][2X]”, will be considered
as the model for studying the possibility of proton transfer through the cage. It is
noted here that larger models can also be considered by the addition of more dopant
molecules into the porous cage, and, therefore alternative proton conducting routes

can also be investigated connecting other amine nitrogens in the cage. However, the
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purpose of the current investigation is to illustrate the efficiency of the proton transfer
process for a given, representative hydrogen bonded network formed between the
cage and the dopant molecules, and the “[N-cage-H;][2X] model adopted here is

adequate for this purpose.

Figure 3.5 The zero-dimensional cage structure where all the imine groups in the cage have
been hydrogenated: “N-cage-H,”; hydrogens in the N-C bond is circled in red to indicate one
of the twelve imine groups that have been hydrogenated; the color scheme is as follows:

carbon — brown, nitrogen — blue, hydrogen — yellow.

In order to investigate the energetics of proton transfer through this [N-cage-
H2] network, the first study conducted is as follows: the structures of [N-cage-H;][2X]
were optimized with the addition of a proton: that is, the structures optimized were
[N-cage-H,][2X][H]". During the optimization procedure, two structures were
considered — one where the proton was placed on the amine nitrogen on the cage, and
the other where the proton was placed on the adjacent, hydrogen bonding dopant
molecule, X. This procedure yielded the following interesting results for the three

cases considered:

(i) For the case where the dopant employed was phosphoric acid, only one
final optimized structure was obtained, even though two different structures had been
considered, as mentioned above. In this final, optimized structure, the proton was
found to be on the amine nitrogen of N-cage-H,. This optimized structure is shown in
Figure 3.6 below — the proton is circled in red in the structure. All attempts to start
with different input conformations in order to obtain geometry where the proton was

stable on the phosphoric acid proved unsuccessful. This result indicates that if
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phosphoric acid is employed as the dopant in the N-cage-H, structure, it will fail to
remove the proton from the cage. It is pertinent to note in this regard that if the
hydrogenation of the cage was done in an alternate fashion: if one of the carbons of
the phenyl ring and a nitrogen of an adjoining imine group,?® which can act as a
Frustrated Lewis Pair, were to be hydrogenated in preference to the N=C bond, then
calculations indicate that such a hydrogenated cage would be able to transfer a proton
to the hydrogen bonded network formed by the two phosphoric acid molecules.
However, such an alternative hydrogenation pathway may only exist for certain
hydrogenating agents such as ammonia borane. For the remaining cases, it is likely
that the twelve N=C bonds in N-cage would be preferentially hydrogenated. Hence,
the calculations indicate that for such structures, the phosphoric acid would not be a
good dopant: even though it would be able to form a hydrogen bonded network, it

would fail to be an effective counterpart to the cage in doing a proton transfer.

(i) For the case where the dopant employed was imidazole, the situation was
found to be exactly reversed. For this case, it was seen that the proton remained only
on the imidazole molecule in all the optimized structures. This is shown in Figure 3.7
below: the proton is circled in red and is seen to remain only on the nitrogen of the
imidazole moiety. All attempts made to obtain optimized structures where the proton
was transferred on to the nitrogen of the cage proved unsuccessful: the proton was
found to be only stable on the imidazole in all the cases. Hence, this result indicates
that imidazole would also fail to be an effective counterpart to N-cage-H, for proton

transfer.

(iii) For [N-cage-H2][2X][H]", the final case discussed is X = triazole. For
triazole, two possible isomers exist: 1,2,3 triazole and 1,2,4 triazole and the formation
of a protonated hydrogen bonded network, [N-cage-H,][2X][H]", is possible for both
isomers. Both 1,2,3 triazole?” and 1,2,4 triazole®® have been experimentally employed
as dopants in proton conducting studies with proton exchange membranes. What is
discussed in this section 3.3.2 are the results for X = 1,2,3 triazole, with the results
with 1,2,4 triazole being discussed in a later section. Figure 3.8 shows the structures
obtained for this dopant: it was found that two structures could indeed be obtained for
this case, one where the proton was stable on the cage and the other where the proton
(circled in red in the figure) was stable on the nitrogen of the 1,2,3 triazole. Hence, the

calculations suggest that, of the three dopants, it is triazole that would be most
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effective in participating in proton exchange with [N-cage-H,] to make an effective

proton exchange membrane.

Figure 3.6 The optimized structure where the proton, circled in red, is always found to be
situated on the amine nitrogen of the cage; the color scheme is as follows: carbon — brown,
nitrogen - blue; hydrogen — yellow; only a few hydrogen atoms that take part in the hydrogen

bonding network have been shown, for the purpose of clarity.

Figure 3.7 The optimized structure where the proton, circled in red, is always found to be
situated on the nitrogen of the dopant imidazole; the color scheme is as follows: carbon —
brown, nitrogen — blue, hydrogen — yellow; only a few hydrogen atoms that take part in the

hydrogen bonding network have been shown, for the purpose of clarity.
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Figure 3.8 The two optimized structures that have been obtained for the cage doped with
1,2,3 triazole, with the proton, circled in red, present on both the cage and on the dopant; the
color scheme is as follows: carbon — brown, nitrogen — blue, hydrogen — yellow; only a few
hydrogen atoms that take part in the hydrogen bonding network have been shown, for the

purpose of clarity.

The reason for the difference in the proton abstraction behaviour of the three
dopants in the [N-cage-H,][2X][H]" model lies in the difference in the ability of the
dopant molecule to stabilize the positive charge of the proton. The following
calculation makes this point more clear: the structures X and [XH]" were optimized
for X = phosphoric acid, imidazole and 1,2,3 triazole, and the difference in the
stability between the protonated and neutral species is shown in Figure 3.9 below. As
the figure indicates, the protonated structure is more stable in all the three cases.
However, the dopant that is most effective in stabilizing the proton is imidazole,
followed by 1,2,3 triazole, with phosphoric acid predicted to be the least effective.
The reason for this trend is because of the difference in the basicities of the three
moieties. As has been experimentally determined by Meotner et al.,? triazoles have
lower proton affinity as compared to imidazole. This difference in the proton affinity,
and therefore the basicity between imidazole and triazole explains why the proton is
too stabilized with imidazole as the base and cannot be “recaptured” by the nitrogen
of the cage, while the lower basicity of triazole allows the proton to be stabilized by
both the cage and the triazole moiety. It is noted here that there are several other
bases whose proton affinities (AH values) have also been experimentally
determined.?® As Table 3.2 indicates, the current calculations provide values close to
the experimentally obtained AH values, in addition to faithfully reproducing the

observed experimental trend in the proton affinities.

Table 3.2 A comparison of the experimentally obtained AH values for different bases, taken
from the reference: Meotner et al.?® (the second column of the table below) with the calculated
values for AH from the same paper (the third column of the table below) and the values, that

we have calculated (fourth column in the table below); all values are in kcal/mol.
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AH oyt AH ca AH ca
Base (values from the (values from the (our

reference paper)®’ reference paper)”’ calculations)
Imidazole -222.1 -230.0 -224.6
1methylimidazole -228.0 -234.7 -229.2
4methylimidazole -224.8 -233.7 -229.0
Pyrazole -212.8 -216.0 -210.4
1,2, 4trizole H" at N, -212.4 -214.5 -208.9
Oxazole H" at N, -207.8 -212.0 -207.2

Hence, the above discussion indicates that bases with intermediate basicities
such as 1,2,3 triazole, would be the best choice as a dopant for [N-cage-H;]: they can
abstract the proton from the nitrogen of the cage, while not binding too strongly to it
so as to allow the cage to abstract it back, thereby making for a good proton exchange
pair with the cage. This intermediate value obtained for 1,2,3 triazole also suggests a
guide for choosing other dopants in the future: if a base is to be considered as the
counterpart to hydrogenated zero dimensional cage structures such as [N-cage-H:],
then the difference in the stability between the protonated and neutral species for such
a molecule should fall in the range indicated by 1,2,3 triazole: AG = -213.8 kcal/mol
for the reaction: X + H" = [XH]". Since our calculations indicate that the AG and the
AH values for the reaction X + H* = [XH]" are quite similar, as the entropic change
in adding a proton is very small, AH values, that is the proton affinity, of bases in the
vicinity of -213.8 kcal/mol would be a good guide as to which bases would act as
good dopants for the zero-dimensional cages such as [N-cage-H;] for the purposes of
proton transfer in fuel cell membranes. A perusal of the proton affinity values
determined experimentally?® therefore indicates that 4-methylimidazole (-224.8
kcal/mol), 1-methylimidazole (-228.0 kcal/mol), pyrazole (-212.8 kcal/mol) and

others with similar proton affinities would also be good dopants for [N-cage-H.].
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Figure 3.9 The free energies for the protonated phosphoric acid, imidazole and 1,2,3 triazole
dopants.

Having identified the triazoles as good dopants for the zero-dimensional
cages, it was also necessary to determine the ease with which the proton could move
between the cage and the base, since that would determine the efficiency of the proton
conduction process if such doped cages were to be employed as fuel cells. Discussed
in the next section is the potential energy surface obtained for the proton transfer

process from the cage to the hydrogen bonded triazole network and back to the cage.
3.3.2 Proton Conduction Studies

Figure 3.10 below shows the energy profile (AE values) for the transfer of a
proton from a nitrogen of [N-cage-H;] to the hydrogen bonded 1,2,3 triazole, from
that triazole molecule to the adjoining hydrogen bonded triazole moiety and then from
the second triazole back to another nitrogen atom of [N-cage-H,]. The barriers for
these three proton transfer processes have been calculated using Transition State
Theory. Frequency calculations were done in order to ensure that the obtained
transition state structures contained only one negative frequency corresponding to the

correct normal mode.

As Figure 3.10 indicates, all the three transition states obtained corresponded
to very low barrier reactions. TSy, Which corresponds to the first transfer of the
proton from the nitrogen of [N-cage-H.] (structure 1a, see Figure 3.10) to the nitrogen
of 1,2,3 triazole (leading to the structure 2a, see Figure 3.10), has the highest barrier
for the entire proton transfer cycle. This barrier is found to be only 1.7 kcal/mol (AE

value), which indicates that the proton transfer would be facile, with the efficiency for
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the process likely to be high at higher temperatures. The other two barriers, TS, and
TSs,, corresponding to the transfer of the proton from one 1,2,3 triazole molecule to
the other (forming 3a, see Figure 3.10), and then back to another nitrogen of the cage
(structure 4a, see Figure 3.10 below) are found to be even lower: 0.3 kcal/mol and 0.5
kcal/mol respectively, thereby indicating the facility of the proton transfer for the [N-
cage-H,][X] [H'] case where X = 1,2,3 triazole. Figure 3.11 shows the corresponding
AG values for the same proton transfer cycle. The reason the AE and the AG values
have been shown in separate figures is to highlight the fact that the incorporation of
entropic effects renders the proton transfer process even more facile, with the rate
determining barrier for the process (corresponding to the transition state TSij)
reduced to only 0.2 kcal/mol. It is noted that the other two transition states are
actually found to lie slightly lower in energy than the corresponding reactants (see
Figure 3.11) because the original positive difference in the AE terms is so small that
the favourable addition of entropic and other terms leaves the free energy of the
transition state structures lower than the free energy of the corresponding reactant
structures. The net result of the AG calculations is therefore to indicate that the proton
transfer process for the [N-cage-H»][2X] [H'] system, where X = 1,2,3 triazole, is
likely to be a highly facile one. Since many such proton transfer pathways will be
likely to exist in the doped system due to the possibility of more dopant molecules
being housed in the porous cages and thus being able to transfer protons through other
routes between different nitrogens of [N-cage-H;], the results indicate that the [N-
cage-H,] system doped with 1,2,3 triazole would be likely to perform in a highly

efficient manner as a proton exchange membrane.
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Figure 3.10 The potential energy for the transfer of the proton through the hydrogen bonded

network from one end of the cage to the other; the dopant employed in 1,2,3 triazole; all

values (AE) are in kcal/mol.
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Figure 3.11 The free energy surface for the transfer of the proton through the hydrogen

bonded network from one end of the cage to the other; the dopant employed in 1,2,3 triazole;

all values (AG) are in kcal/mol.
3.3.3 Proton Transfer with 1,2,4 triazole

Discussed in the previous section is the proton transfer pathway for [N-cage-
H2][2X] [H'], where X is 1,2,3 triazole. The corresponding potential energy surface
has also been determined for X = 1,2,4 triazole, the other triazole isomer. Figure 3.12
below shows the potential energy surface calculated as the difference in the AE values
between the different reactants, intermediates and transition states along the proton
transfer route. Only two transition states were obtained: after the first proton transfer
from the cage (structure 1b, see Figure 3.12) to the hydrogen bonded dopant, going
through the transition state TS;y, (see Figure 3.12), the intermediate obtained has the
proton already transferred to the second 1,2,4 triazole molecule (structure 2b, see
Figure 3.12), that is, the transfer of the proton from the first 1,2,4 triazole molecule to
the second is a barrierless process. The second transition state, TS;p, connects this
intermediate to the final structure, 3b, along the potential energy surface (see Figure
3.12). The barrier heights are found to be higher for this case in comparison to [N-
cage-H,][2X] [H'], where X = 1,2,3 triazole. These values are reduced, as in the
earlier case, when AG values are considered: the slowest step of the proton transfer
pathway considered is 0.6 kcal/mol (corresponding to the transition state TSy, See
Figure 3.13), 0.4 kcal/mol higher than the slowest step for X = 1,2,3 triazole case.
However, the smallness of the barrier heights indicates that 1,2,4 triazole can also be a
good dopant for [N-cage-H>] in order to make the zero dimensional cage an effective

proton exchange membrane.
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Figure 3.12 The potential energy for the transfer of the proton through the hydrogen bonded
network from one end of the cage to the other; the dopant employed in 1,2,4 triazole; all

values (AE) are in kcal/mol.
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Figure 3.13 The free energy for the transfer of the proton through the hydrogen bonded
network from one end of the cage to the other; the dopant employed in 1,2,4 triazole; all

values (AG) are in kcal/mol.
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It is to be noted that all the calculations discussed in the previous sections have
focused on static quantum chemical calculations on zero dimensional cage structures,
and it is also important to note that the calculations have been done with a model
system consisting of a single zero dimensional cage doped with imidazole, triazole or
phosphoric acid molecules. Were this system to be employed as a membrane in a fuel
cell, it would consist of a stacking of several doped 0D cage molecules, and its
performance as a fuel cell membrane could therefore be influenced by other factors
such as local concentration effects wherein dopant molecules might cluster more
around certain regions of the porous membrane and less in other regions. Such effects
are not captured by the current computational model employed and might require

further investigations in the future.

Furthermore, it is also possible that thermal fluctuations, which cannot be
captured by the static nature of the quantum chemical calculations described here, can
have effects such as the distortion of the cage due to elongation/fluctuation of the C-C
and N-C bonds in the cage. Zhang et al.,*® for instance, have observed that ab initio
molecular dynamics simulations done on the zero dimensional Cgy cage structure
resulted in distortion of the cage at high temperatures (up to 1800 K), though the cage
structure was still preserved. Sun et al.®! observed, through ab initio molecular
dynamics simulations done at 300 K, that the presence of H, molecules in B-N cage
structures led to distortion of B-N bonds in the cage due to the asymmetric
distribution of the H, molecules in the cage. Joshi et al.** have observed an increase
in bond length fluctuations in small gallium clusters, Gazy and Gasz;, upon conducting
ab initio molecular dynamics simulations and increasing the temperature from 0 K to
900 K in such systems. Chandrachud et al.** have investigated the behaviour of small
sized gold cages (Auis and Aui7) through ab initio molecular dynamics simulations
and found that the increase in temperature from 0 K to 600 K led to distortions in the
cage structure, as well as to a degree of isomerization for both the gold cages
considered. While it is clear that the behaviour of different cage structures, in the
presence and absence of dopants, is likely to be dependent on its chemical
constitution, the examples of the different cage structures cited here indicate that
regardless of the chemical nature of the cage, thermal effects, captured by ab initio
molecular dynamics simulations, would lead to the distortion of the cage, though the

cage structure would remain intact up to high temperatures. The static calculations
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discussed in the work presented here cannot account for the thermal distortions that
are likely in the doped N-cage structures at the temperatures under which the fuel cell
would operate, and this is a limitation of the current work. It is, however, also clear
that the N-cage structure should remain intact even at high temperatures, and the ease
of proton transfer from the cage to the dopant base and back to the cage should be
even more facilitated at higher temperatures, due to the greater ease with which the
barrier to proton transfer can be surmounted. Therefore, it is likely that (a) the doped
N-cage structure would persist at fuel-cell operating temperatures, even though
distortions in the cage structure would be likely and (b) the efficiency of the proton
transfer, and therefore the effectiveness of the proposed fuel cell membrane, would

also be high at the higher temperatures.
3.4 Conclusions

The recently synthesized and characterized zero dimensional nitrogen based
(“N-cage”) structures have been experimentally found to be stable up to temperatures
well above 300 °C.'” Such cages structures are also porous and can thus be easily
doped with hydrogen bonding bases such as phosphoric acid, imidazole and 1,2,3 and
1,2,4 triazoles. Since it has been demonstrated'® that formation of dynamic hydrogen
bond networks within the membrane is an important pre-requisite to high proton
conductivity,"® such zero dimensional doped N-cage structures have the potential to
be excellent proton exchange membranes in fuel cells. This potential has been
explored through full quantum mechanical calculations with DFT and MP2 methods.
The results indicate that the hydrogenated zero dimensional cages (“N-cage-H,”)
would perform very efficiently as PEMs in combination with two hydrogen bonding
1,2,3 and 1,2,4 triazole molecules (“[N-cage-H,][2X]”, where X = 1,2,3 and 1,2,4
triazole. The process of transferring a proton from one nitrogen in the cage to another
through the network of triazole molecules was found to be nearly barrierless - the
slowest step in the proton transfer process studied had a barrier of 0.2 kcal/mol (AG
value) for X = 1,2,3 triazole. The corresponding barrier in 1,2,3 triazole was 0.6
kcal/mol. The results thus highlight the possibility of the existence of highly efficient
proton conducting channels in the proposed [N-cage-H;][2X] PEMs. The results are
significant due to the need for developing new, efficient PEMs that can perform in the
absence of water at high temperatures.
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CHAPTER 4

Proposing Efficient New Pendant Group
Polymer Electrolyte Membranes for
Fuel Cells
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ABSTRACT

There is a need to develop new membranes for fuel cells that can conduct
protons with high efficiency and at high temperatures. This chapter reports a
theoretical study of proton transfer barriers in newly proposed polymer electrolyte
membranes (PEMs), having pendant nitrogen containing crown ether groups on an
alkyl backbone. The proton transfer in the proposed pendant group PEMs would
occur without the need of an external agent such as water or phosphoric acid, and
without the need for the pendant groups to rotate and reorient themselves after each
proton transfer. The current study shows that this would make the proposed PEMs
very efficient, with low proton transfer barriers. This has been seen to be true for a
range of different PEM cases considered, differing in the number of linker atoms in
the alkyl backbone, and in the number of nitrogens contained in each pendant group,
thus indicating the potential of the proposed pendant crown ether group structures as
PEMs for fuel cells.
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4.1 Introduction

The need to develop new avenues for clean energy is paramount in the modern
age. Polymer electrolyte membrane fuel cells (PEMFCs) that combine dihydrogen
and dioxygen to generate electrical energy, producing no greenhouse gases during the
process, hold great promise in this regard. There has, therefore, been considerable
interest shown in developing new PEMFCs, with special attention being focused on
developing new membranes that can separate the anode and the cathode in the fuel
cell, and help transport the proton efficiently from the anode to the cathode. Indeed,

the membrane has been described as the “heart” of the fuel cell.

Investigations have revealed that proton transport in the polymer electrolyte
membranes (PEMSs) occurs primarily through two processes: 1) the vehicular
mechanism? and 2) the Grotthuss mechanism™*® (or structure diffusion). In PEMs that
employ water, such as Nafion,' the proton is transported through water channels in
complex forms associated with water molecules, such as HzO" and HsO,", by the
vehicular mechanism. Alternatively, protons are transferred by the forming and
breaking of bonds in the water network, with the cooperation of pendant sulphonate
groups in the Nafion membrane. These mechanisms of proton transport have led to
Nafion being employed as a successful PEM in PEMFCs, but it has also been noted
that the use of water in Nafion results in a disadvantage: the PEMFC shows poor
conductivities at temperatures above the boiling point of water. High proton
conductivities are, however, desirable at higher temperatures (> 100 °C), because
operating the PEMFC at high temperatures can make heat management easier,

increase fuel cell efficiency, reduce cost, and prevent catalyst poisoning.**

This limitation of the use of water in PEMs has provided the impetus for the
development of a particular type of proton transfer known as “anhydrous proton
transfer”. This is when a proton can be transferred from the cathode to the anode
without the aid of a solvent-type medium such as water. One possible means of
achieving this is by having pendant groups on a polymer backbone. Such a membrane
can transport a proton through two steps: (i) by transferring the proton from one
pendant group to the next, followed by (ii) the reorientation of the pendant group back
to the original position, thus being ready for the next proton transfer. Steps (i) and (ii)

are illustrated in Figure 4.1 below for a membrane with phenol as the pendant group.
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Such membranes have the advantage of increased proton conductivity with increase in
temperature, even at higher temperatures. This is in contrast to the proton transport
that occurs with the assistance of the solvent (usually water) where the proton

conductivity is seen to decrease with the increase in temperature.
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Figure 4.1 Anhydrous proton transfer through polymer electrolyte membranes (PEMSs) with
pendant groups usually proceeds through two steps: (i) proton transfer and (ii) reorientation of

the pendant group.

However, despite their attractiveness, such PEMs, having pendant groups on a
polymer backbone, have a disadvantage in that the reorientation step (ii) is the slow

1229 yanging from 8.0 kcal/mol® to 39.2 kcal/mol.*?

step,*? with a significant barrier,
The reason a rotation or reorientation barrier is required in such membranes can be
understood when one considers an example, such as the case of the proton transfer
reaction between two nitrogen containing moieties, which has been studied and

L1226 and triazole.”” The transfer

reported®?®> for model systems such as imidazole
process in such systems involves one nitrogen accepting a proton while another
nitrogen in the same molecule donates a proton to the neighboring molecule. This is
illustrated in Figure 4.2 below for the case of imidazole. What this “sharing” of the
proton transfer process leads to be the requirement of the imidazole moiety having to

rotate so as to reorient itself into the original position, ready to accept the next proton.
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Figure 4.2 Schematic representation of proton transfer through imidazole pendant groups on

a polymer backbone: the proton transfer is shared between two nitrogens.

The above discussion makes it clear that one approach for increasing the
efficiency of anhydrous proton transfer PEMs would be to employ a pendant ligand
that does not have to be reoriented during the process of proton transfer. Such a PEM
containing PEMFC can combine the twin advantages of anhydrous proton transfer at
high temperatures with high efficiency. The focus of the current computational
investigation is to investigate potential PEMs that can do just that. What has been
proposed are PEMs having crown ethers as the pendant groups. An illustrative
example of a pendant groups crown ether is shown in Figure 4.3 below, having —CH,-
CH,- groups connecting five oxygens and a nitrogen atom: the azal8-crown 6-ether.
The proposed PEM structure shown in Figure 4.3 has the pendant groups connected
with a single CH, linker along the alkyl backbone. Figure 4.3 shows a proton transfer
process starting from the aza crown ether pendant group on the left (A) to the adjacent
nitrogen moiety on the middle pendant group (B). This leads to a new intermediate
that can transfer a proton to the next pendant group on the right (D). The end result of
the proton transfer from A to D is that, in the final structure, the pendant group A is
now in a position to receive the next proton without having had to undergo the
reorientation step. This is because, as shown in Figure 4.3, the same nitrogen atom
acts as both hydrogen bond donor as well as acceptor as it accepts and also releases
the proton to the nitrogen of the neighboring pendant group. It is this “single-site”

behavior from the nitrogen that eliminates the need for the reorientation barrier.
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Figure 4.3 Schematic representation of proton transfer through crown ether pendant groups
on a polymer backbone; the proton being transferred is shown in a larger font than the other

hydrogen atoms.

Hence, the choice of nitrogen containing crown ethers as the pendant groups
can lead to new PEMs that can display high proton conducting efficiency. It is to be
noted that crown ethers have been employed as effective complexing agents for
cations and also to form complexes with H;0" or HsO,", depending on the ring size.?
The proposed PEM structures in the current work are crown ethers with one, two and
three nitrogen atoms in each group: the mono-aza, di-aza and tri-aza crown ethers
respectively (see Figure 4.4 for the schematic structures and Figure 4.5 for the
computationally optimized geometries). The computational studies with the proposed

structures will indicate their potential to act as PEMs in fuel cells.
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Figure 4.4 Chemical structures of the aza-18-crown-6 ether pendant groups that have been

investigated in the current study.
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Figure 4.5 The optimized structures of the mono, di and tri aza-crown ether groups that are
pendant to the polymer backbone with (a) one and (b) three methylene (CH,) group linkers;

the color scheme is as follows: carbon-gray; nitrogen-blue; oxygen-red; hydrogen-black;
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hydrogen atoms, other than the proton being transferred, have not been shown for the purpose

of clarity.
4.2  Computational Details

The geometry optimizations were carried out employing density functional
theory (DFT) with the Turbomole 6.4 suite of programs.”® The Perdew, Burke, and
Ernzerhof (PBE)® functional was used for the geometry optimization calculations.
The triple-{ basis set augmented by a polarization function (Turbomole basis set
TZVP) was used for all the atoms. The resolution of identity (RI)** along with the
multipole accelerated resolution of identity (marij)* approximations were employed
for an accurate and efficient treatment of the electronic Coulomb term. In order to
improve the calculation of the energy values, a further correction was made through
single point PBEO calculations®®*® for the DFT (PBE)-optimized structures. The
PBEO functional has been used in previous computational studies on polymer
electrolyte fuel cell membranes,® as well as in studying N-to-N proton transfer
reactions,® which is pertinent in the current calculations. Moreover, the PBE and the
PBEO functionals have been shown to provide the best results in describing hydrogen
bond interactions and hydrogen bonding strengths.® Furthermore, the PBEO
functional has been shown to give the best results in the calculation of pKa values,
involving proton transfer reactions, in phenolic derivatives.®” In addition to these
studies which are pertinent to the current work, there are several other investigations
in other areas of research where the PBEO functional has been shown to provide

excellent results. 343

Frequency calculations have been done at the DFT level in order to obtain the
zero point energy, the internal energy and entropic contributions (calculated at 298.15
K). Hence, in addition to the AE values, AG values have also been reported. With
regard to the transition states obtained during the investigations of the proton-transfer
process, care was taken to ensure that the obtained transition-state structures

possessed only one imaginary frequency corresponding to the correct normal mode.
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4.3 Results and Discussion

Discussed in the following sub-sections is the energetics of the proton transfer
process calculated for the different proposed PEMs. Two parameters will be varied in
the PEM models considered: (i) the number of nitrogen atoms in each pendant crown
ether group: the mono, di- and tri-aza cases shall be considered and (ii) the number of
linker atoms between each pendant group: cases with one CH, linker and three CH,
linkers shall be considered.

4.3.1 The Mono-aza Crown Ether Case

The first case considered is the “mono-aza” crown ether: an 18-crown 6-ether
suspended from an alkyl backbone. The lone nitrogen in the 18-crown 6-ether is
placed at the bottom of the cyclic pendant group, away from the polymer backbone.
As mentioned above, there are two possibilities that have been considered for this
case: a system (i) with a single CH> linker between the carbons containing the pendant
groups and (ii) with three CH, linkers.

(1) Mono-aza Crown Ether Pendant Groups with a Single CH, Linker

Figure 4.6 below shows the energy profile for the proton transfer process for
the system with a single CH> linker in the alkyl backbone for the 18-crown mono-aza
crown ether pendant groups. Three pendant groups have been considered in the model
employed, because studying the proton transfer process with three pendant groups
makes it more clear why the reorientation step is not required for these systems. As
Figure 4.6 indicates, the proton is first placed on the nitrogen of the crown ether on
the left. This leads to stable minima, where the other hydrogen of the crown ether
makes a hydrogen bond with the nitrogen of the adjacent pendant group. This is a
favorable reactant structure for the proton transfer process. A proton transfer from this
reactant requires a transition state that is only 1.1 kcal/mol (AE value) higher in
energy, which suggests a very facile reaction. This low value compares very favorably
with the proton transfer barriers that have been calculated in the past for other PEM
systems.*®182044 Following this first proton transfer step, an intermediate complex is
formed, referred to as “int.1” in Figure 4.6, which is a structure stabilized by
hydrogen bonding between the two nitrogen atoms, with the difference that it is now

the middle nitrogen that has the proton. The hydrogen-bond stabilized intermediate
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int.1 is more stable than the reactant structure by 2.6 kcal/mol (see Figure 4.6). What
is also clear from the optimized structures for int.1 and int.2, is that this loss in
hydrogen bonding leads to the approach of the crown ether pendant group on the right
towards the middle crown ether. This is shown by the decrease in the N-N bond
distance between the two crown ether groups: from 3.14 A in int.1 to 2.76 A in int.2.
This approach of the crown ether on the right leads to the formation of the next
intermediate structure denoted as int.2 in Figure 4.6, lying -2.2 kcal/mol along the
energy surface. The hydrogen bond in int.2 is between the nitrogens of the middle and
right crown ethers. This intermediate is the precursor to the next proton transfer step,
where the proton is taken by the nitrogen of the crown ether on the right. This step is,
again, very facile, having a barrier of only 0.9 kcal/mol. Taken from the lowest
intermediate in the entire cycle: int.1, the barrier height is 1.3 kcal/mol, which is still
indicative of a favorable reaction. It is to be noted that the corresponding free energy
(AG) values have been shown in parenthesis, and the barrier heights are comparable
or reduced even further when the AG values are considered, indicating that the
inclusion of internal energy and entropic effects has a further salutary effect in
reducing the proton transfer barrier. Indeed, as is clear from the Figures 4.6, 4.8, 4.11,
4.13, 4.16 and 4.17 below, for some of the systems studied and discussed later, the
original positive difference in the AE terms is so small that the favorable addition of
entropic and other terms leaves the free energy of the transition-state structures lower

than the free energy of the corresponding reactant structures.

Care was taken to obtain several possible conformations of 1a and 2a, and the lowest
conformations have been considered for the energy calculations. However, it is to be
noted that, while the trimer structures la and 2a appear symmetric, there is a
difference of 1.3 kcal/mol (AG value) between the structures, with 2a being more
stable. The reason for this is an extra, weak bonding interaction between the proton of
the nitrogen and a crown ether oxygen in the middle ring of 2a, which provides extra
stabilization to the structure. This weak bonding interaction is indicated in Figure 4.7
below, and was not found in 1a. The difference in the structures and the energies of
la and 2a is therefore due to the fact that the presence of the extra proton in the
structures “breaks” the symmetry between the three rings, and so, structure 2a is not a
mirror image of 1a: the bonding in the coordination nitrogen of the central ring having

a hydrogen bond with the nitrogen of the ring on the left in 1a is different from the

Manoj Vasisht Mane 77



AcSIR-NCL Ph. D. Thesis (2015) Chapter 4

bonding in the coordination nitrogen of the central ring having a hydrogen bond with
the nitrogen of the ring on the right in 2a. A similar difference in energy between the
initial and final structures is also observed in the other structures that have been

discussed in the succeeding sections.
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Figure 4.6 The potential energy surface for proton transfer through the mono-aza-18-crown
6-ether from the crown ether on the left to the crown ether on the right, with one CH; linkerin
the alkyl backbone; the proton being transferred is shown in a larger font than the other

hydrogen atoms; all values are in kcal/mol.

Figure 4.7 Optimized structures for 1a and 2a; the color scheme is the same as for Figure 4.5
above; there is an extra weak bonding interaction in the middle ring 2a between the proton on
the central nitrogen and a crown ether oxygen (circled in the structure), which stabilizes 2a by

1.3 kcal/mol over 1a.
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(i) Mono-aza Crown Ether Pendant Groups with Three CH, Linkers

As mentioned earlier, we decided to investigate how changing the number of
CH; linkers between the pendant crown ether groups would affect the energetics of
the proton transfer process. The current subsection therefore discusses the proton
transfer process when the pendant groups are separated by three CH, linkers, as
opposed to one CH; linker. As shown in Figure 4.8 below, the proton transfer process
in such a system would again involve two steps: (i) proton transfer from the first
pendant group to the one in the middle, and then (ii) proton transfer to the final
nitrogen atom on the pendant group on the right. The AE value for the barrier for the
slowest step is quite comparable for the two cases (1.3 kcal/mol for the 1-CH; linker
case, 2.0 kcal/mol for the 3-CH; linker case, see Figures 4.6 and 4.8), while a
comparison of the corresponding AG values shows only a slightly larger difference,
with the 3-CH, linker case preferred by about 0.9 kcal/mol (1.5 kcal/mol for the 1-
CHj linker case, 0.6 kcal/mol for the 3-CHj linker case, see Figures 4.6 and 4.8).

2.0¢0.1)

Figure 4.8 Potential energy for proton transfer through the mono-aza-18-crown 6-ether from
the crown ether on the left to the third crown ether, with three CH, linkers in the alkyl
backbone; the proton being transferred is shown in a larger font than the other hydrogen

atoms; all values are in kcal/mol.
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Overall, the results for the proton transfer considered for the one and three
CH; linker group cases shows that the barriers for the slowest step of the transfer
process: 1.3 kcal/mol for the 1-CHalinker case and 1.7 kcal/mol for the 3-CHlinker
case, are smaller than the slowest step barriers that have been obtained for other
pendant group PEM that have been investigated,’®*®?°4 thus demonstrating the

importance of proton transfer without a orientation barrier in pendant group PEMs.
4.3.2 The Di-aza Crown Ether Case

We have also considered the possibility of having more than one nitrogen in
the 18-crown 6-ether structures. Discussed in the current subsection is the case where
two nitrogen atoms have been placed in the pendant groups. Figure 4.9 below shows
the structure of the di-aza pendant crown ether considered, with the nitrogens placed
in the middle of the 18-crown ether. It is to be noted that in such a structure, the
proton transfer can take place from either of the two nitrogen atoms of the pendant
group to the correspondingly placed nitrogen atoms in the next 18-crown ether
pendant group. Hence, there are two pathways possible for the transfer of the proton
in this type of PEM. Moreover, since there are two CH, linker cases that are being
considered: the one and three linker cases, as in the mono-aza crown ether case
discussed above, this means that there are four proton transfer pathways that will have

to be investigated for the di-aza crown ether case. These are discussed below.

Figure 4.9 The optimized structure of the di-aza pendant crown ether; the color scheme is as
follows: carbon-gray; nitrogen-blue; oxygen-red; hydrogen-black; all hydrogen atoms have

not been shown for the purpose of clarity.
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(i) Di-aza Crown Ether Pendant Groups with Single CH, Linkers

The proton transfer for the di-aza case has been studied in the same way as
discussed above: with the proton being transferred via the nitrogen atoms in the
pendant groups from the left to the middle to the right. As shown in Figure 4.11
below, this leads to two energy profiles, because of the possibility of two pathways,
each involving one set of corresponding nitrogen atoms on the three pendant groups.
As the energy profiles indicate, there are differences observed in the value for the
slowest step in the proton transfer processes. For the 2_1 case shown below, the
slowest step is the first proton transfer step, while for the case denoted as 2_2 in
Figure 4.11, the slowest step is the second proton transfer step from the pendant group
in the middle to the pendant group on the right. The optimized structures of the four

transition states for the proton transfer steps for have been shown in Figure 4.10.
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Figure 4.10 The optimized structures of the transition states during the proton transfer
process for the mono aza 18-crown 6-ether pendant group PEM, with one CH2 linker in the

alkyl backbone; the color scheme is as in the Figures 4.5, 4.7, 4.9.

In terms of the transition state structures, there are distinct differences
observed between the four transition states, with regard to the orientation of the crown
ether rings and of the alkyl backbone. The chief reason for the difference in the barrier
heights between the 2_1 and the 2_2 cases is due to the stability of the intermediate,
int_1, structure in each case. While both the 2_1 int_1 and the 2_2 int_1 structures
were found to be stable, the 2_2_int_1 structure was found to be more stable, thereby

leading to the greater barrier height for the proton transfer calculated from this
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reactant structure. The reason for the greater stability of 2_2_int_1 is the nature of the
hydrogen bonding in the intermediate. As shown in Figure 4.12 below, showing the
optimized structures of 2_1 int_1 and the 2_2_int_lcases, there are two hydrogen
bonds, featuring separate N-H groups in 2_2_int_1, while the two hydrogen bonds
feature the same N-H group in the 2_1 int_1 case. This leads to greater compactness
between the left ring and middle rings in 2_2 _int_1, thereby leading to more steric
crowding between the two pendant groups in comparison to the 2_2_int_1 and thus
explaining the difference in their relative stabilities.
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Figure 4.11 The potential energy for proton transfer through the di-azal8-crown 6-ether
pendant groups; there is a single CH, linker in the alkyl backbone; the proton being
transferred is shown in a slightly bigger font than the other hydrogen atoms; all values are in

kcal/mol.
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Figure 4.12 The optimized structures of int_1 for the 2_1 and the 2_2 cases; the color scheme
is as follows: carbon-gray; nitrogen-blue; oxygen-red; hydrogen-black; only a few hydrogen
atoms that take part in the hydrogen-bonding network have been shown; the rest have not

been shown for the purpose of clarity.
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(i1) Di-aza Crown Ether Pendant Groups with Three CH, Linkers

Shown in Figure 4.13 below are the energy profiles for the transfer of proton
from the left to the right for the PEMs designed with three CH- linkers between the
di-aza 18 crown pendant groups. Here, too, a significant difference is observed in the
energy profiles, principally depending on the difference in the relative stabilities of
the intermediate complexes. In the 2_1 case, the first intermediate is stable while for
the 2 2 case, the second intermediate is stable. As in the one linker case, the
difference in the stabilities of the intermediates in the 2_1 and the 2_2 cases is again
due to the relative orientations of the pendant groups. The optimized structures for the
two intermediates for the 2_1 case are shown in Figure 4.14 below. Two different
perspectives: the front and side views are shown for the two structures. These
perspectives reveal that the int_1 structure is more staggered than the int_2 structure
for the 2_1 case, thus leading to the observed greater stability for int_1 compared to
the int_2 structure. Likewise, for the 2_2 case, int_2 was found to be more stable. A
perusal of the intermediate int_ 1 and int_2 structures for 2_2 showed that the
difference in this case was due to an extra hydrogen bond present in int_2. Therefore,
the analysis of the intermediate and transition state structures discussed so far, for the
mono and di-aza cases, indicates that the relative stabilities of the different species
along the potential energy surface depends on (i) the steric interactions between the
pendant groups, which is an unfavorable interaction and (ii) the number of hydrogen
bonds between the pendant groups, which is a favorable interaction. It is this interplay
between the favorable and unfavorable factors that determines the nature of the
potential energy surfaces. What is also of note is that the highest barrier calculated
among all the four possibilities considered for the di-aza 18 crown ether case, (3.8
kcal/mol, AG value) is still significantly lower than the barriers that have been
determined and reported for other pendant group PEMs (ranging from 8.0 kcal/mol to
10.7 kcal/mol)*"°, thus showing the potential of the newly proposed PEMs, due to

the elimination of the reorientation barrier.
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Figure 4.13 The potential energy surface for proton transfer through di-azal8-crown 6-ether
pendant groups; with three CH, linkers in the alkyl backbone; the proton being transferred is
shown with a slightly larger font than the other hydrogens; all values are in kcal/mol.

Figure 4.14 The optimized structures of int_1 and int_2 for the 2_1 case; the color scheme is
as follows: carbon-gray; nitrogen-blue; oxygen-red; hydrogen atoms have not been shown for

the purpose of clarity.

4.3.3 The Tri aza-crown Ether Case

The final type of pendant PEM that has been considered is one with three
nitrogens present in each pendant group, each nitrogen separated from the other two
by CH,-CH,-O-CH,-CH_groups (see the optimized structure of the pendant groups for
the one CHalinker case, shown in Figure 4.15 above). For this case, there are three
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separate routes that can be investigated for the transfer of the proton between the
adjacent nitrogens in the three pendant groups. Moreover, as before, cases with one
and three CH; linkers have been considered, thus giving rise to six different proton
transfer pathways, the AE and AG for which have been calculated. As for the earlier
cases, the difference in the stability of the intermediates and the subsequent effect on
the barrier heights is again found to be due to the two factors that have been discussed
above for the di-aza case: the unfavorable steric interactions between the pendant
crown ether groups and the number of favorable N-H-O hydrogen bonding
interactions possible in each structure. The potential energy surfaces, both AE and
AG, are shown in Figure 4.16 below for the 1-CH, linker case and in Figure 4.17
below for the 3-CH; linker case. The calculations show that the proton transfer
process, like for the mono-aza and the di-aza cases, is again seen to be quite facile in
all the six possible cases considered, with the highest barrier among all the barriers
considered found to be only 4.9 kcal/mol (AG value), once again indicating the high
efficiency that can be expected for the proton transfer through the proposed PEMs,

where the need for the reorientation of the pendant group has been eliminated.

Figure 4.15 The optimized structure for the tri-aza pendant group case; there is one CH,
pendant group in the alkyl backbone in the example shown above; the color scheme is the

same as in Figures 4.5, 4.9 and 4.14.
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Figure 4.16 The potential energy surface for proton transfer through tri-aza 18-crown 6-ether
pendant groups, with one CH, linker in the alkyl backbone; the proton being transferred is
shown with a slightly larger font than the other hydrogens; all values are in kcal/mol.
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Figure 4.17 The potential energy surface for proton transfer through tri-aza 18-crown 6-ether
pendant groups, with three CH, linkers in the alkyl backbone; the proton being transferred is

shown with a slightly larger font than the other hydrogens; all values are in kcal/mol.

4.4  The Relative Efficiencies of the Different PEMs Considered:

Overall Picture

What has been discussed in the previous sections is the potential of structures,
having 18-crown ethers with nitrogens as pendant groups on an alkyl backbone with
one or three CH; linkers, to perform as PEMs in fuel cells. Added to the advantage of,
such proposed PEMs not employing water as a solvent/proton transferring medium, is
the elimination of the reorientation step during the proton transfer. 18-crown ether
structures having one, two or three nitrogens in each pendant group have been
considered, and all the possible pathways for the proton transfer between the groups
has been studied. The results from the calculations are summarized in the bar graphs
shown in Figure 4.18 below. Specifically, the calculated barrier (AG) for the slowest,
rate determining step has been shown for the proton transfer process in the proposed
mono, di- and tri-aza PEMs, for both the one and the three CH; linker possibilities for
each case. It is to be noted that since there are two different pathways in each di-aza
linker PEM and three separate pathways in the each tri-aza linker case, only the most

efficient pathway has been shown in Figure 4.18 for each case.

A comparison of the different barrier heights shows that all the different pendant
group cases that have been considered are likely to be very good candidates for
PEMSs. The barrier for the rate determining step for proton transfer has been seen to
range from about 0.5 kcal/mol to 5.0 kcal/mol over all the cases studied. Therefore,
even the least efficient PEM case obtained is indicated to be more efficient than other
pendant group cases (having barriers ranging from 8.0 kcal/mol to 10.7 kcal/mol)*"%°
that have been proposed and studied to date. This shows that the concept of
eliminating the rotational barrier in the reorientation step, by having the same nitrogen
atom accept and release protons, is a promising one that can lead to very efficient

PEMs.

A further point that can be made is that there are more pathways for proton

transfer in the tri-aza case than in the di-aza, and more pathways for proton transfer in
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the di-aza case in comparison to the mono-aza. Since the highest barrier height for
any proton transfer pathway is only around 5.0 kcal/mol, all the proton transfer
pathways would be operational in the PEMs, especially since the PEMs proposed are
for high temperature applications. Hence the current work indicates that having crown
ether structures with only nitrogens in place of oxygens in the crown ethers might be
extremely efficient as PEMs in fuel cells.

B CH Linkers
B 5 CH_Linkers

A G kcal/mol

mono d
aza-crowns

Figure 4.18 An overall picture of the proton transfer process through the different pendant
group PEMs that have been considered.

45 Conclusion

There is a need to develop efficient polymer electrolyte membranes (PEMSs)
for fuel cells, membranes that can function effectively in the absence of water and
other solvating media, and at elevated temperatures. Structures with nitrogen
containing pendant groups on a polymer backbone represent one promising avenue'”
20 that has been explored as potential PEMs that can satisfy these criteria. However,
such PEMs are likely to encounter high barriers, ranging from 8.0kcal/mol to 10.7
kcal/mol,*”® during the proton transfer process, due to the necessity for the pendant
groups to rotate and reorient themselves during the proton transfer process. The
current computational study proposes a new design of nitrogen containing pendant
group PEMs that eliminates the need for the reorientation barrier during the proton

transfer process. The pendant groups in question have (i) one, (ii) two and (iii) three
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nitrogen atoms in 18-crown 6-ethers. Since nitrogen containing crown ethers have

d.***" Moreover, there exist synthetic strategies*®>® for post-

been prepare
functionalization reactions where a polymer backbone bearing a reactive group, such
as —CH,CI°™* can react with a group on the crown ether (such as an amine) in order
to create pendant crown ethers bound to a polymer backbone. This indicates that the
experimental synthesis of the proposed PEMs would be a very feasible process. The
possibility of proton transfer in such complexes has been comprehensively
investigated with density functional theory (DFT). The results indicate that the proton
transfer will be likely to take place with barriers significantly lower than those
predicted for other pendant group PEMSs. Indeed, the barriers indicate that the
proposed PEMs would compare very favorably with all other PEMs that have been
studied and reported in the literature. As such, the current work opens up promising

new possibilities in the field of polymer electrolyte membrane fuel cells.
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CHAPTER 5

Computational Study of Metal Free
Alcohol Dehydrogenation

Employing Frustrated Lewis Pairs
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ABSTRACT

The catalysis of acceptorless alcohol dehydrogenation (AAD) is an important
area of research. Transition metal based systems are known to be effective catalysts
for this reaction, but developing metal-free catalytic systems would lead to highly
desirable cheaper and greener alternatives. With this in mind, the -current
computational study investigates design strategies than can lead to metal free
frustrated Lewis pairs (FLPs) that can be employed for AAD catalysis. A careful
study of thirty six different proposed FLP candidates reveals that several new FLPs
can be designed from existing, experimentally synthesized FLPs that can rival or even
be better than state-of-the-art transition metal based systems in catalyzing the alcohol

dehydrogenation process.
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5.1 Introduction

Alcohol dehydrogenation is often used to activate alcohols to the more
reactive ketones or aldehydes.’* Nowadays, the demand for renewable energy sources
has led to significant interest™® in utilizing alcohol dehydrogenation for H, production
from bio-mass or its fermentation products, usually employing transition metal
catalysts.>*? A variety of transition metal catalysts such as rhodium, iridium and
ruthenium have been reported™®?* for this process, with well known hydrogen
acceptors such as O,, H,O, and acetones. Acceptorless alcohol dehydrogenation
(AAD), on the other hand, is less common,**?*?° byt is useful, particularly in terms
of H, production and atom economy. In this regard, the work of Yamaguchi, Fujita,

and their co-workers?®?

is significant, because they have developed a new iridium
metal complex which catalyzes alcohol dehydrogenation efficiently under mild
conditions without requiring acceptors, thus being the most promising AAD catalyst

developed to date.

The mechanism for the AAD catalysis by the iridium complex of Yamaguchi
et al. has been computationally studied by Wang and coworkers.** As shown in
Figure 5.1, the mechanism involves three steps: (i) ligand rotation leading to Ir-O
bond cleavage to form the reactive intermediate int.1, (ii) hydrogen transfer from the
alcohol substrate to form int.3 (through transition sate TS) and (iii) the release of
dihydrogen to regenerate the catalyst. They calculated the overall reaction free energy
barrier height'* for 1-phenylethanol dehydrogenation to be 30.0 kcal/mol.
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Figure 5.1 The catalytic cycle for alcohol dehydrogenation.

While the experimental and computational work on AAD catalysis, discussed
above, is significant, it is notable for the fact that it involves a transition metal
complex. Transition metal catalyzed reactions are not ideal because of the use of
expensive transition metals, and the production of waste, high cost and toxicity. To
overcome these disadvantages, the substitution of transition metal systems with Main
Group systems is an attractive option, because this can lead to cheap and green
catalyst systems. The recent work of Stephan and co-workers®® is important in this
context. They have introduced the concept of “frustrated Lewis pairs” (FLPs), which
are complexes that contain a Lewis acidic and a Lewis basic center, sterically
separated from bonding with each other, leading to latent Lewis acidity and basicity
that can be exploited for small molecule activation.?®*° FLPs have been employed for
3132 and amines.® Also, the hydrogenation of C=C,3*
C=N,*3 pulky imines®*® and C=0" double bonds using FLPs has been reported.

the activation of dihydrogen,

Furthermore, the dehydrogenation of alcohol to ketone,** and the dehydrogenation of

ammonia-borane®*? by FLPs has also been demonstrated.

Coming to the topic under discussion: AAD, the FLP systems that may be

important are phosphinoboranes, which have been studied experimentally?®3’3843-45

and computationally.3#46-49

dehydrogenation of alcohol through P/B cooperation in the (‘Bu),P=B(CsFs), FLP.*

Indeed, computational studies have reported the

However, as will be shown in the section 5.3, the barriers in the dehydrogenation
process with this system are higher than for the metal based iridium system*! that has
been discussed above. Now, in order to be truly effective, Main Group based systems
need to have barriers that are similar to, or preferably lower, than the barriers obtained
for metal systems. It is therefore imperative that other FLPs be considered that would
be as effective (or more effective) than the existing metal-based system. An effective
strategy in this context would be to design more sterically constrained FLPs that
would have weaker interaction between the Lewis acidic and basic centers, leading to
a lowering of the barriers for the alcohol dehydrogenation process, and thus to more

catalytically efficient systems.

With this in mind, we have considered the N/B FLP system shown in Figure

5.2 below, which has been experimentally synthesized recently by Chernichenko et
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al.®**! In this FLP, 1, and its variant, 2 (see Figure 5.2 below), there exists a dative
bond between the nitrogen and the boron atoms, which is a weaker bond than the
more covalent bond between P and B in the (‘Bu),P=B(C¢Fs), FLP. Furthermore, the
coordination of each atom to the phenyl ring ensures greater steric hindrance in this
case, which would lead to easier activation of the N-B bond. We have therefore
decided to look at 1 and 2 as starting points of a thorough computational investigation
into the possibility of employing these complexes, and introduced variations to these
complexes, for the efficient dehydrogenation of alcohols. As many as thirty six
different N/B complexes have been considered, and several promising candidates for
the dehydrogenation of the alcohol 1-phenyl ethanol (the same alcohol that had been
considered for the iridium based system)*! have been identified. As will be shown in
section 5.3, while 1, 2 and several of their variants are predicted to not be as effective
as the metal based system; our studies have unearthed some promising candidates that
are predicted to be more effective than the metal based systems for the alcohol

dehydrogenation catalysis process.

Figure 5.2 Main Group FLP complexes that have been reported experimentally; the color
scheme is as follows: carbon-gray; nitrogen-blue; hydrogen-black; boron-pink; fluorine-

yellow.
5.2. Computational Details

The geometry optimizations were carried out employing density functional
theory (DFT) with the Turbomole 6.4 suite of programs.®> The Perdew, Burke, and
Ernzerhof (PBE)* functional was used for the geometry optimization calculations.
The triple-{ basis set augmented by a polarization function (Turbomole basis set
TZVP) was used for all the atoms. In the calculations involving the iridium catalyst,

we have employed the def-TZVP basis set for the iridium atom. The resolutions of
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identity (R1)** along with the multipole accelerated resolution of identity (marij)>
approximations were employed for an accurate and efficient treatment of the
electronic Coulomb term. In order to improve the calculation of the energy values, a
further correction was made through single point B3-LYP calculations®®*” for the
DFT (PBE)-optimized structures. Natural population analysis was done to obtain the
NBO charges for certain cases described in section 5.3.3, where required, were done.
Frequency calculations have been done at the DFT level in order to obtain the zero
point energy, the internal energy and entropic contributions (calculated at 298.15 K).
Hence, in addition to the AH values, AG values have also been reported. With regard
to the transition states obtained during the investigations of the dehydrogenation
process, care was taken to ensure that the obtained transition-state structures
possessed only one imaginary frequency corresponding to the correct normal mode.

To check whether dispersion effects are important for these systems, we have
done full optimizations of structures using Grimme’s dispersion corrected functional,
B97-D*® (see section 5.3.3). Our calculations reveal that the dispersion corrections are
not particularly significant for the systems that we have studied, and therefore, our
TZVP/PBE/B3LYP approach is sufficiently robust to handle the newly proposed FLP

systems.
5.3 Results and Discussion

The frustrated Lewis pair, 2, which has been recently synthesized, can be
employed for alcohol dehydrogenation. As shown in Figure 5.4 below, however,
employing such a system would give rise to a barrier of 33.2 kcal/mol for the slowest
(first step) of the reaction. This is in contrast to a barrier of 21.9 kcal/mol for the
slowest (first) step of the reaction, if the iridium catalyst were to be employed (see
Figure 5.5 below). It is therefore clear that 2 would not be an effective Main Group
substitute for the iridium catalyst, which has been employed experimentally to
dehydrogenate the alcohol.”*?’ It is to be noted that the barriers for FLP 1, discussed
in the Introduction (section 5.1) , are even higher than those calculated for 2 (see
Figure 5.3), indicating that this would be even poorer at dehydrogenating the alcohol.
However, beginning from 2 as the point of reference, one can modify and design new
FLPs that may serve to be superior catalysts to 2, and even rival the iridium based

catalyst in dehydrogenating the alcohol.
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Figure 5.3 The free energy surface for the alcohol dehydrogenation reaction employing the
recently synthesized metal free frustrated Lewis pair complex 1 at TZVP/PBE/B3LYP; all

values are in kcal/mol.
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Figure 5.4 The free energy surface for the alcohol dehydrogenation reaction employing the

recently synthesized metal free frustrated Lewis pair complex 2; all values are in kcal/mol.
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Figure 5.5 The free energy surface for the alcohol dehydrogenation reaction employing the

recently synthesized iridium complex; all values are in kcal/mol.

With this in mind, we have designed four strategies for modifying 2. As

shown in Figure 5.6 below, the strategies are as follows:

Strategy I: Modify the functional groups on the nitrogen and boron of 2. The groups
modified are denoted as Ri, R, and R3 respectively. As shown in Table 5.2 below, Ry
has been generally kept as the CH3 group, while for Ry, the different groups that have
been considered are: CH3, C(CH3)3, CH(CH,),, and the N(CHz3), group, while for R,
CsFs and C(CHgs)3 have been considered as the functional groups. Furthermore, all the
corresponding cases with the hydrogens of the phenyl backbone of 2 replaced with

fluorine atoms have also been considered.

Strategy I1: Modify 2 by adding a linker, C(CF3),-CF,-CH,-CH,, between the boron
and the backbone phenyl group (see Figure 5.6). As will be explained in a later
section, the reason for adopting this strategy of “sewing” the boron and the back
phenyl group together is to reduce the interaction between the boron and the nitrogen
atoms, thereby sterically increasing the frustration in the FLP. Different R, groups
have been considered for this case, including CHs, C(CHs)s, CH(CH,),, and the
N(CHs), group. All the corresponding cases with the hydrogens of the phenyl
backbone replaced with fluorine atoms have also been considered.

Manoj Vasisht Mane 100



AcSIR-NCL Ph. D. Thesis (2015) Chapter 5

Strategy Ill: Modify 2 by adding the linker, C(CF3),-CF,-CF,-CF,, between the
boron and the backbone phenyl group (see Figure 5.6). This is a variant of Strategy 11,
with the emphasis being on observing how having fluorines in place of hydrogens
leads to a change in the alcohol dehydrogenation barrier. Different R, groups have
been considered for this case, including CH3, C(CHs)3, CH(CH>),, and the N(CHj3),

group.

Strategy 1V: Modify 2 by adding a linker, CF,-CF,-CF,-CF,, between the boron and
the backbone phenyl group (see Figure 5.6). Different R, groups have been
considered for this case, including CH3, C(CHs)s, CH(CHy,),, and the N(CH3), group.
All the corresponding cases with the hydrogens of the phenyl backbone replaced with
fluorine atoms have also been considered. A possible synthetic strategy for making an

FLP with a fluorinated backbone is shown in Figure 5.12.

Complex X=H Complex X=F
Strategy |
x Ry R 3 Ry » CHy . Ry = CICH)y: Ry = CiF, 9 |Ry*CiCH,); Ry = CHy . Ry = CiF;
/ 1
I X ‘NI 2 4 Ry = C{CHylyi Rz =CHy ;. Ry = CyF e 10 [Ry=CH, = Rz=CICHy)y Ry =CyFs
—— 5 Ry = CH R; = CH{CH; ) Ry = CFy, 11 Ry = CH, Rz = CHICH,; Ry = CyF,
G -
XN [|‘ 6 Ry=CHe © Ry= N{CHyls Ry = CeFs 12 [Ry=CHy = Ra=N{CHy),: Ry= CFe
A Rs 7 Ry =CH;  Rp=CHy ., Ry=CICFy)| 13 |Ry=CH, Rz=CH R; = CIGFq)
8 Ry =CH; | Ry = N|CHgly; Ry = CICFy)y 14 |Ry=CH, = Ry~ N|{CHi): Ry = C(CFy),
o R .
- N 15 R; * CH, 19 | Ry=CH
SO PN LD Sl = | 16 Rz = C{CHy)y 20 Rz = C{CH. )y
\ / X B~ P
N H 17 R; = CHICH,); 21 Rz = CHICH, ),
LI:C—C/\\CFa 18 Ry = N[CHy), 22 Ry = N{CH. ),
g = F:v CF,q
2 C|-F X 1 \N’R’
s 5 4 -
semeeeatens 1 23 R; = CH, 27 | Ry=CH,
' -
X a- 24 R; = C{CHy), 28 Rz = C{CH;)y
F,C A\ 25 R, = CHICH.), 29 Ry = CHICH,),
F:C~’(::jT CF(':-,F! 26 Ry = N(CHa s 30 | Ra=N|CHyl
X
v \N,Rz 31 Rz = CHy 35 | Ry=CH,
v 32 R; * C[CH;) 18 R; = C{CH,ly
—
X B~ 33 Rz = CH(CH,), k73 Rz = CH(CH,),
F:C  CF, 34 R; = N[CHaJ; 38 | Ry=N(CH,)
F.C—¢f
Fy

Figure 5.6 The four strategies that have been employed for investigating the conversion of

the existing catalyst system, 2, to potential new complexes for alcohol dehydrogenation.

Before discussing the results obtained from the four strategies mentioned
above, a point regarding the slowest step for the reaction cycle for the alcohol
dehydrogenation catalysis is noted here. The complete catalytic cycle for the
dehydrogenation of 1-phenylethanol has been shown in the Figures 5.4 and 5.5 above

for the case of 2 and the iridium system respectively. As can be seen from the figures,
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the cycle involves two steps, along with the respective barriers. The first step is the
extraction of the hydrogens from the alcohol, leading to the formation of the ketone,
while the second step involves the formation of the dihydrogen molecule, H,, from
the hydrogenated catalyst, thereby regenerating the catalyst (see Figure 5.4 above). As
can be seen from Figure 5.4, the first barrier is 16.8 kcal/mol higher than the second
barrier. This higher activation barrier for the first step in comparison to the second is
seen to be the trend for a range of other different systems that we have considered. As
shown in Table 5.1 below, the difference between the first and the second barriers is
always significant (in the range 8.8-16.5 kcal/mol, see Table 5.1) for every case

considered.

Table 5.1 The first and second barriers of the catalytic cycle for the dehydrogenation of 1-

phenylethanol by a range of different FLP complexes considered in this study (all values are

in kcal/mol).
(AG)# (AG)#
Complex Complex

TS, TS, TS, TS,
8 27.9 16.8 29 28.4 16.9
15 30.2 18.9 30 17.5 3.9
18 21.7 10.2 31 24.3 15.5
19 30.0 16.4 34 22.0 104
22 23.9 7.4 35 21.9 12,5
25 36.8 | 16.3 38 215 9.7
26 18.3 3.7

The reasons for this are two-fold:

(i) The first barrier involves the interaction of two molecular species, i.e., it is an
intermolecular reaction. This leads to a higher entropic cost for the reaction, thereby

increasing the barrier.

(i1) The crossing of the first barrier leads to an intermediate that is higher in energy

than the reactant intermediate, while the crossing of the second barrier leads to an
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intermediate that is lower in energy than the corresponding reactant intermediate.

Thus, the favorability of the second reaction leads to a reduction in the second barrier.

Since all the different representative cases discussed in Table 5.1 have the
second barrier lower than the first, it is clear that the rate determining step for the
dehydrogenation reaction is the first step, involving the dehydrogenation of the 1-
phenylethanol to the corresponding ketone. Therefore, only the first step has been
considered for all the different cases that have been studied as modifications to 2 in
the strategies I-1V. This has been done in order to reduce the computational cost of
doing the full quantum chemical calculations for the many FLP complexes considered

in the study.

The results from the different strategies adopted are discussed in the sections below.
5.3.1 Strategy |

The barriers (AG values) for the slowest (first) step of the reaction are shown
in Table 5.2 for all the cases considered under Strategy 1. All the barriers for the
alcohol dehydrogenation reaction are seen to be quite high, in the range 27.9 - 41.5
kcal/mol. Since the barriers are significantly higher than that for the iridium based
system (21.9 kcal/mol), this indicates that these FLP complexes, if synthesized, would
be significantly less effective than the iridium based system for the alcohol
dehydrogenation. It is to be noted that for every case studied, its corresponding
complex, where the hydrogens were replaced with fluorines, was also considered as a
potential candidate for the alcohol dehydrogenation catalysis reaction. It is seen that
this did not lead to any improvement in the barrier heights for any of the cases

investigated (see Table 5.2).

It is to be noted that different conformations can be considered for the FLP
complexes that have been studied under Strategy 1. As shown in Figure 6 below, for
the FLP complex 3, the group R; is cis to the backbone phenyl group (denoted as
“down C(CHs)z group” in Figure 5.7 below), while for the FLP 4, it is trans to the
backbone phenyl group (denoted as “up C(CH3)s group”). The calculations indicate
that the “down” R; group case is the more energetically favorable conformer. In the
cases of the FLPs 3 and 4, the difference in energy between the two conformers is 1.7

kcal/mol, with the “down” conformer being more stable. The reason for this is steric:
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having the C(CHjs)s group cis to the backbone phenyl increases the distance of this
bulky group from the boron center, thereby making the conformer sterically more
favorable. It is also observed that for 3, the approach of the substrate alcohol is more
favored in comparison to 4, by 3.8 kcal/mol. The reason for this is that the undesired
interaction between the substrate and the C(CHs)s group is minimized in the “down
conformer” in comparison to the “up”. As shown in Figure 5.7 below, the optimized
structures of the reactant complexes of the two conformers with the substrate present
shows that the distance between the oxygen of the incoming alcohol and the nitrogen
center is significantly lower for the “down” conformer in comparison to the “up”.
This indicates that putting the bulky group cis to the backbone phenyl or FLP
complexes would yield lower barriers for the cases considered under Strategy |I.
Hence, for the other complexes that have been considered under this strategy, the
bulkier group on the nitrogen has been kept cis to the phenyl ring, i.e. in the “down”

conformers, as can be seen from Table 5.2 below.

down C(CH;); group up C(CHy)y group
AG" = 0.0 keal/mol AG" = 3.8 kcal/mol

Figure 5.7 A comparison of the nitrogen-oxygen distance for two FLP cases: complexes 3
and 4; the color scheme is as follows: carbon-gray; nitrogen-blue; hydrogen-black; boron-

pink; fluorine-yellow.

These results indicate that changing the functional groups on the Lewis acidic
boron and the Lewis basic nitrogen centers in the FLP is not enough to reduce the
barrier for the alcohol dehydrogenation reaction, thereby implying that a different
strategy has to be adopted in order to bring down the barrier. This is discussed in the

next section, which discusses the results of employing Strategy I1.
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Table 5.2 The barrier heights (AG values) for the slowest step of the reaction of
dehydrogenation of 1-phenylethanol by the newly designed discussed under Strategy I; all

values are in kcal/mol.

X R
X \;/Rz
OH X B—y M [Transiton
Complex X Jz . State
X=H
3 R1 - CH3 ’ Rz = C(CH3)3 N R3 = CGFS 31.7
4 |Ry= C(CH3)3 R;=CHs  ; Ry=CgFs 355
5 |Ry=CHj : Rp=CH(CHs)s: Rs=CqFs 28.2
6 |Ry{=CH; ; Ry=N(CHa), : Ry=CgFs 28.3
7 R1 = CH3 - Rz = CH3 > R3 = C(CF3)3 33.5
8 Ry = CH3 . Rp= N(CH:;)? . Ry= C(CF3)3 27.9
X=F
9 | Ry=C(CHy); Ry = CHs R3 = CFs 41.5
10 |Ry=CH; ;: Ry=C(CHa)s :Rjs=CgFs 34.8
11 |Ry=CH; ; Rp=CH(CHy)y R3 =CeFs | 369
12 R1 = CH:; . R2 = N(CH;)/ . R3 = CﬁFs 33-3
13 R1 = CH3 . Rz = CH3 ' R3 - C(CF3)3 41.2
14 |R,=CH; ;: Rp=N(CHa), ; Ry=C(CFa);| 315

5.3.2 Strategy Il

The results from the previous section, where 2 was modified by putting
different functional groups at the boron and nitrogen centers, suggests that this is not
adequate to bring about the desired changes in the rate determining step for the
alcohol dehydrogenation process. The reason the barrier heights are quite high for
such cases is that there is a significant interaction between the Lewis acidic boron and
the Lewis basic nitrogen centers. As can be seen from Figure 5.8 below, the distance
between N and B is 1.764 A in 2. For the modifications discussed in Strategy I, this
distance is increased only by about 0.059 A for the best case, in terms of the greatest
increase in the B-N bond distance, (for the case where R; = CH3, R, = C(CHj3)s;and R3
= CgFs, complex 10). Now, the slowest (first) step involves the addition of a hydrogen
each at the nitrogen and the boron centers, which would occur at the cost of the
interaction between the nitrogen and the boron in the FLP. Hence, any strategy that
can lead to a decrease in the interaction between the N and the B centers would lead

to a decrease in the barrier. This forms the basis for Strategy Il, which involves the
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linking of the boron and the backbone phenyl group. In doing this, the interaction
between the boron and the nitrogen centers is reduced. The linker that has been
employed to connect the boron and the phenyl carbon is C(CF3),-CF,-CH2-CH,. This
linker has been chosen in order to maximize the withdrawal of electron density from
the boron center: by putting fluorine atoms in place of hydrogens in the first two

carbons attached to the boron.

Figure 5.9 below shows a comparison of the best case under Strategy I, in
terms of the greatest increase in the B-N bond distance, with the worst case, among all
the different linked cases studied in Strategy Il, (the case where R; = CH3, R; =
C(CHj3);, complex 16). What is observed is that the B-N distance is significantly
increased by linking the boron to the phenyl backbone. The N-B distance is 2.566 A
in the worst Strategy 11 FLP case, while it is 1.823 A in the best Strategy | FLP case.
This decrease in interaction between the B and the N centers, i.e., the increase in
steric frustration in the FLP in the Strategy Il FLP cases should lead to greater
interaction with the hydrogens of the 1-phenylethanol substrate, which could lead to a

decrease in the dehydrogenation barrier.

This is indeed borne out by the calculations for all the different FLPs that have
been considered in Strategy Il, as shown in Table 5.3 below. In almost every case, the
barriers have dropped significantly in comparison to the barriers that have been
obtained for the complexes studied under Strategy I. Also, as had been done for all the
cases studied under Strategy I, we have considered the effect of replacing the
hydrogens of the backbone phenyl ring with fluorines for all the cases considered in
Strategy Il. The results, as shown in Table 5.3, indicate that this has only a marginal
effect on the barriers in comparison to the corresponding non-fluorinated cases, with
the barrier decreasing in two cases and increasing in the other two. This implies that
fluorinating the backbone phenyl ring is unlikely to have a significant effect on the
barrier heights for the alcohol dehydrogenation reaction for the cases considered

under Strategy 11 as well.

A perusal of the results in Table 5.3 indicate that the most effective FLP among
the ones considered in Strategy Il is 18: the case where R, =N(CHy3),. For this, the rate
determining barrier has been found to be 21.7 kcal/mol. This compares very favorably

with the barrier obtained for the iridium catalyst complex (21.9 kcal/mol). This
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suggests that FLP complexes like 18 would be as effective as the highly efficient

iridium complex in catalyzing the dehydrogenation of 1-phenylethanol.

The next section will discuss modifications to the linker connecting the boron

center to the phenyl backbone.

Best Case for Strategy 1 Worst Case for Strategy 11

Figure 5.8 A comparison of the boron-nitrogen distance for two cases: complexes 2 and 10;
the color scheme is as follows: carbon, gray; nitrogen, blue; hydrogen, black; boron, pink;

fluorine, yellow.

Figure 5.9 A comparison of the boron-nitrogen distance for two cases: complexes 10 and 16;
the color scheme is as follows: carbon, gray; nitrogen, blue; hydrogen, black; boron, pink;

fluorine, yellow.

Table 5.3 The barrier heights (AG values) for the slowest step of the reaction of
dehydrogenation of 1-phenylethanol by the newly designed discussed under Strategy II; all

values are in kcal/mol.
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X
X \N’R"
x:: : ~ Transiton|

| ch\ CF; State
Complex H;r-c“(r_;z CFa (AG)#
X=H
15 | RemcHs 30.2
16 R; = C{CH;);5 3.7
17 Ry = CH{CHa), 78
18 | Ry=N(CHy), o
X=F
19 | Ry=CHy 29.6
20 | Ry=C(CHs)s 5.2
21 Rz = CH{CH;); 293
22 | Ry=N(CHa) 239

5.3.3 Strategy Il

The previous section discussed how connecting the boron and the phenyl
backbone of 2 with the C(CF3),CF,-CH,-CH, linker led to a significant decrease in
the barrier height for the first step of the catalytic cycle, for almost all the cases
considered. What is discussed in this section is the possibility of reducing the barriers
even further by fluorinating all the hydrogens of the linker, i.e., by employing the
linker C(CF3),CF,-CF,-CF,. The cases, otherwise, are the same as had been
considered in Strategy Il, in terms of the R;, R, and R3 groups. The values, collected
in Table 5.5, show that the barrier increases marginally by about 0.6 — 1.6 kcal/mol in
three cases (case 23 in comparison to case 15; case 27 in comparison to case 19; case
28 in comparison to case 20). However, for the remaining five cases, the replacement
of hydrogens with fluorine atoms is seen to lead to a decrease in the rate determining
barrier heights. The most important cases in this regard are 26 and 30, in which the

barrier heights are reduced to 18.3 kcal/mol and 17.5 kcal/mol respectively.

An explanation for the slight increase in the barrier in some cases and the
lowering of the barrier in the others when corresponding cases are considered between
Strategies Il and Il is provided in Table 5.4 and Figure 5.10 below. An NBO charge
analysis has been done for the nitrogen and the boron atoms in the transition state
structures for the first transition state for the corresponding cases taken from Strategy
Il and Strategy Il1. It is seen that the charge difference between the N and the B atoms
is almost the same between corresponding cases where the barrier is only slightly
increased between the Strategies Il and Il (see Table 5.4, entries 1, 5 and 6).

However, for the five Strategy Il cases where the barriers are lowered, it is observed
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that there is a marked reduction in the difference in the charge difference between the
N and the B atoms (see Table 5.4, entries 2, 3, 4, 7 and 8). This indicates that the
electrostatic interaction between the two atoms is reduced in these five Strategy 111
cases in comparison to their Strategy Il counterparts, in the transition state structures.
This would lead to greater ease of separation between the N and the B atoms, thereby

reducing the barrier.

Table 5.4 The NBO charge analysis of the first transition state for different FLP complexes

obtained from the Strategies Il and IlI.

entry complex boron nitrogen A (B-N) complex boron nitrogen A (B-N) difference
B (N ® (N "

15 0.0646 -0.4153 0.4799 23 0.0244 -0.4292 0.4536 -0.9
16 0.1341 -0.4577 0.5918 24  0.0478 -0.4659 05137 0.9
17 0.1143 -0.4329 0.5472 25 0.0284 -0.4448 04732 11
18 0.0704 -0.2874 0.3578 26 -0.0339 -0.2981 0.2642 34
0.0210 -0.4177 0.4387 27  -0.0129 -0.4318 04189 -1.6
20 0.0542 -0.4564 0.5106 28  -0.0079 -0.4687 0.4608 -0.6
21 0.0605 -0.4342 0.4947 29  -0.0073 -0.4469 0.4396 0.7
22 0.0432 -0.3017 0.3449 30 -0.0748 -0.3016 0.2268 6.4

WNDTOEWN -
-
©w

This is the difference in the barrier height between the barrier obtained for the first transition
state for the FLP in column 2 in comparison to the first transition state barrier for the
corresponding FLP in column 6.
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Figure 5.10 A comparison of the charges on the nitrogen (blue) and the boron (pink) atoms in
the optimized transition state structures for corresponding structures taken from the Strategy
Il and Strategy Il classes: the structures in the left (15, 16, 17 and 18; 19, 20, 21 and 22) are
from Strategy Il and the structures to their right (23, 24, 25 and 26; 27, 28, 29 and 30) are
from Strategy Il1.

Among all the 36 cases that have been proposed and studied in this
computational investigation, 30 represents the case that would be predicted to be the
most efficient at doing the alcohol dehydrogenation catalysis. The complete catalytic
cycle for the dehydrogenation of 1-phenylethanol by 30 is shown in Figure 5.11
below. As discussed earlier, the reactions subsequent to the first step proceed with
very little further requirement of energy, with the second barrier being only 13.7
kcal/mol for the case of this FLP.

The values for the barrier heights for the slowest step for alcohol
dehydrogenation for 26 and 30 are 3.6 kcal/mol and 4.4 kcal/mol lower than the
corresponding barrier height for the iridium catalyst case. Hence, the current
computational investigations provide a pointer to how non-metal based FLPs can be
improved to make them significantly better than the state-of-the-art metal based
systems at doing important chemical transformations.

F5C,
8.7 Eag CF4 0
=n FiC=C trg 3.9 + H;
L - 2 Ph
i/ . 4.7 int 2 Dol +
F\ N S N/
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Figure 5.11 The free energy surface for the alcohol dehydrogenation reaction of employing

the complex 30; all values of free energies are given in kcal/mol.

Table 5.5 The barrier heights (AG values) for the slowest step of the reaction of
dehydrogenation of 1-phenylethanol by the newly designed discussed under Strategy Il1I; all

values are in kcal/mol.

X\ R
X N
X g—H Tr:nstlton
State
: FaG, )VCF» ‘
Complex FyC—CF,CFa’ (AG)"
X=H
23 R, = CHy 31.1
24 R, = C(CHa)s 32.8
| 25 Ry =CH(CHs), | 26.8
26 R, = N(CH3), 18.3
X=F
27 R, = CH, 31.2
29 Ry =CH(CH,), | 28.4
30 Rz = N(CH3), 17.5

The calculations were conducted for the slowest (first) step of the reaction for
FLP complexes 3, 4, 16, 25, and 30 by using B97-D functional. The results, as shown
in Table 5.6 indicate that the values obtained by this TZVP/B97-D approach are quite
similar to the corresponding values obtained by our reported TZVP/PBE/B3LYP
approach. There is only a slight decrease observed in the barrier height when the
TZVP/B97-D approach is employed: the barrier height decreases in the five cases by
1.5-2.8 kcal/mol, while the trends remain the same (see Table 5.6). Furthermore, as
shown in Figures 5.12 the transition states for complexes 3 and 4, the optimized
geometries obtained from the TZVP/PBE/B3LYP and the TZVP/B97-D approaches

are quite comparably similar.
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Table 5.6 Comparing the barrier height of TS1 of dehydrogenation of 1-phenylethanol at B3-
LYP and Grimme’s B97-D functional Levels.

Entry | Complex TS:(A G)*
PBE/B3-LYP B97-D
1 3 31.7 29.5
2 4 35.5 33.9
3 16 33.7 31.2
4 25 26.8 24.0
5 30 17.5 14.8
Complex 3 = C(CH,); group down Complex 4= C(CH;); group up
B97-D PBE B97-D

"-Wl A /2 490 A , 520 A &"1 51T A
. @
\
\'/‘kl‘l P ‘\o
|Z7U7 ‘698\ 2629\ ’6'9\
z . d
oo
@ - g

|

< - - ©

Figure 5.12 A comparison of the transition state for two FLP cases obtained from the
TZVP/PBE/B3LYP and the TZVP/B97-D approaches: complexes 3 and 4; the color scheme

is as follows: carbon, gray; nitrogen, blue; hydrogen, black; boron, pink; fluorine, yellow.
5.3.4 Strategy 1V

The last strategy that has been investigated is to reduce the size of the linker
by replacing the C(CF3),CF,-CF,-CF; linker employed in Strategy 111 with CF,-CF,-
CF,-CF,. This replacement of the CF3; groups in the carbon o to the boron with the
smaller fluorine atoms has been done in order to reduce the possibility of steric
interactions between the CF3; groups with the hydrogens of the incoming alcohol
substrate. That this change has a salutary effect on the barrier heights is evidenced by
the results, collected in Table 5.6 below. The barrier heights are reduced to the range

21.5 kcal/mol — 28.9 kcal/mol for the eight cases considered. Indeed, the investigation
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of these cases throws up three new possible FLPs: 38, 35 and 34, that have barrier
heights for the slowest step (21.5 kcal/mol, 21.9 kcal/mol and 22.0 kcal/mol
respectively) that are comparable to the corresponding barrier height for the iridium
catalyst case (21.9 kcal/mol). This suggests that this strategy of employing a simpler

linker can also lead to effective FLPs for alcohol dehydrogenation catalysis.

Table 5.6 The barrier heights (AG values) for the slowest step of the reaction of
dehydrogenation of 1-phenylethanol by the newly designed discussed under Strategy 1V; all

values are in kcal/mol.

X 1 N
X g—H |Transiton
E.C };Fz State
Complex ‘F;C—C?Q (AG)"
X=H
3 R; = CH, 24.3
32 Ry = C(CHs)y 27.0
33 R;=CH(CHs), | 258
34 Rz = N(CH3), 22.0
X=F
35 R, = CHy 219
36 Rz = C(CH3)y 28.9
37 Ry = CH(CHs), | 27.4
38 | R;=N(CHy) 215

Overall, the current computational investigations indicate that one can design
new FLPs beginning from an existing, experimentally synthesized, FLP, and
introduce modifications that can increase the efficiency of the FLP substantially. As
shown in the graph in Figure 5.15 below, out of the 36 cases investigated, there are
six (18, 26, 30, 34, 35, 38) that compare very favorably with the iridium catalyst,
which is the state-of-the-art system present today for alcohol dehydrogenation
catalysis.'! It is to be noted that five of the six cases (18, 26, 30, 34, 38) feature an N-
N bond in the FLP. It is likely that the presence of the nitrogen attached to the Lewis
basic FLP nitrogen increases its Lewis basicity, and thereby leads to reduction in the
barrier. Since N/B FLPs having an N-N substitution have not yet been reported, a
synthetic route to making such complexes is shown in Figure 5.13 below, for the FLP
case 34. It is possible that such FLPs may also face decomposition pathways during

the catalysis reaction, but such possibilities are beyond the scope of the current work.
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NO, NO» Br. OH NO,
Diazonium Dorate (CF)4=B_
Salts ;
¢l — Cl - Cl
Alkyl Borane Coupling
Vll‘ gtcp l 59-62 N‘Br-l .(.F‘..}'Br
2 . - < 63,64 X
Hydro-

65-67 :
Step I Boration

NH, NO,
NO,
H Nitroarenes 1 Intramolecular
B~ Reduction B” B-C Coupling
A e BH,
F:(:'\ /CI‘Z F:(:-\ /('FI
c—CF; Step V71 c—CF; Step 1V 670 (CF),-Br

Step V1 7 "ll)mmnualmn

X \ ,!;_
N~NH, N
H Hydrazine Alkyl
B\’ Derivative g
Re S FaC /\(F.
c—CF; Step Vi1 755 FyC—CF,
M, b 34

Figure 5.13 Proposed Synthesis of complex 34.

The proposed synthetic route of the proposed compound 34 comprises a series
of steps, which begins with the commercially available compound 34;. The 34; will
give diazonium-borate salt compound 34, (step 1)**°* followed by reaction with 4-
bromo-1,1,2,2,3,3,4,4-octafluorobutylboronic acid to yield compound 345 (step 11).53%*
The hydro-boration of compound 345 will generate compound 34, (step 111).%°” The
intramolecular B-C coupling as well as nitro-arenes reduction will be accomplished in
the presence of a palladium based catalyst to yield compound 345 and 34 respectively
(step 1V®®7% and step V'*"%). The diazotization and hydrazine alkyl of compounds 34

and 34; will be form the final compound 34g (step V1”>"" and step V1178%).

The highly fluorinated chain would increase the electron deficiency on the
boron center compared to a compound having a mixture of methylene and difluro-
methylene groups, and having a more electron deficient boron centre would serve to
decrease the energy barrier in the alcohol dehydrogenation reaction. This is why we

have proposed highly fluorinated tethered FLP complexes like compound 34.
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This result also indicates the importance of modifying FLPs in order to

increase the steric hindrance between the Lewis acid and base moieties in the FLP,

thereby increasing their capacity to do new chemistry. The complete catalytic cycle

for the dehydrogenation of 1-phenylethanol for the cases 18, 26, 34, 35, 38 are shown

in the figure 5.14.
18
26 : OH
34
33 “Ph
38

0.0 .~

21.7
18.3
22.0
21.9
215 TS, 10.2
f S 3.7
;“;' 10.4
o 12.5
3. >
oy 5.9 9.7 TS
48 i -3.1 ]
— 0.7 -11.0 .". 2.2
int.1 -1.9 -9.7 Ol
1A -4.3 18 o
—_— 4 26
int.2 - +
oA "‘.2 ;:"-" /)\Ph
=) 3 + H
int.3 + ] 38 2
A

Ph

Figure 5.14 The free energy surface for the alcohol dehydrogenation reaction of employing

the complexes 18, 26, 34, 35, 38; all values of free energies are given in kcal/mol.
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Figure 5.15 A comparison of the barrier heights for the slowest step of the alcohol

dehydrogenation process for the six best FLP complexes obtained from the current study with

the corresponding barrier height for the state-of-the-art iridium catalyst.
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5.4 Conclusions

Full quantum chemical calculations have been done employing density
functional theory (DFT) in order to test the possibility of designing new chemical
systems that can do the important catalytic conversion of alcohols to the
corresponding ketones. Specifically, metal free systems have been considered, based
on the frustrated Lewis pairs (FLP) concept that has recently been developed.®
Different strategies have been considered in order to design new FLPs beginning from
an existing, experimentally synthesized, FLP>!: a complex having a weak nitrogen-
boron interaction that can be ruptured and regenerated during the alcohol
dehydrogenation catalysis process. Careful investigations with thirty six proposed
FLP complexes reveals that new FLPs can be designed with a weaker interaction
between the nitrogen and boron centers, and thereby lead to systems that would be
very effective at the alcohol dehydrogenation process. Indeed, there are several metal
free FLP cases that have been identified through the current work that would have
barriers comparable to or lower than the calculated barrier for the slowest step for the
state-of-the art acceptorless alcohol dehydrogenation (AAD) metal catalyst present
today.™

The current work, therefore, provides insight into how one can substitute
highly effective transition metal-based alcohol dehydrogenation catalyst systems with
cheaper and greener metal-free catalysts, and should thus serve as a guide for

experimentalists working in this important area of research.
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CHAPTER 6

A Computational Study of the
Hydrogenation of Unsaturated
Substrates (C=0, C=N, C=C) Catalyzed

by Frustrated Lewis Pairs

ABSTRACT

Catalytic hydrogenation of unsaturated compounds employing frustrated
Lewis pair (FLPs) catalysts is an important area of research, because such catalysts
offer a unique opportunity for the development of transition-metal-free
hydrogenation. The aim of this chapter is to investigate the mechanism of metal-free
catalytic hydrogenation by less frustrated and less sterically hindered FLPs, denoted
as modified FLPs (MFLPs). The examination of a set of six MFLPs, for catalyzing
various unsaturated compounds is investigated in detail by full quantum chemical
calculations with density functional theory (DFT). In addition, a comparison of the
turnover frequencies (TOFs) of FLPs and MFLPs shows that most of the cases having

MFLPs would have a significantly higher TOF.
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6.1 Introduction

Catalytic hydrogenation of unsaturated compounds is one of the most
important reactions in chemical, industrial* and biological processes.? This process is
facilitated by both homogeneous and heterogeneous transition metal (TM) catalysts.>*
Unfortunately, transition metals are not only expensive but also require complete
removal due to toxicity issues. To overcome the disadvantages of the traditional
hydrogenation of unsaturated compounds, efforts have been directed to develop
transition metal free hydrogenation catalysts. However, the direct reactions of
molecular hydrogen with stable main group systems are quite rare and most of the
reactions require harsh reaction conditions. The main-group hydride reagents (NaBH,4
and LiAlH,)° suffer various drawbacks for stoichiometric reduction, being plagued by
tedious procedures and high cost, and also produce toxic chemical waste. For the
reduction of organic compounds, a few strategies have been reported, such as for
Hantzsch esters,® the Birch reduction of arenes with sodium in ammonia,” and the
Meerwein—Ponndorf-Verley (MPV) transfer hydrogenation catalysis,® but these
procedures are stoichiometric and generate an equivalent of waste, and are more

costly for production processes.

In this context, the major breakthrough towards the catalytic hydrogenation by
“metal free” main group elements and Lewis acid-base pairs has been discovered by
Stephan’s group in 2006.° The combination of bulky Lewis acids and bulky Lewis
bases, called Frustrated Lewis pairs (FLPs) has led to an important approach for the
activation of molecular hydrogen and other small molecules. FLP chemistry has been
employed for the hydrogenation of a wide range of unsaturated compounds, including

10,11 11,12 14,15

carbonyl compounds,®® nitriles,'® alkenes,**** alkynes,'®

15,19,20

enamines,
17,18

imines,
and aromatics,**?*. Additionally, FLPs
23,24

silylenol ethers, substituted olefins

have been shown to dehydrogenate ammonia-borane??*, as well as alcohols.”>?® The
heterolytic cleavage of H, is possible in the absence of the dative bond in imine-
borane pairs and this type of hydrogenation of imines is much more valuable from a
synthetic point of view. To date, the transition metal free catalytic hydrogenations of

27-30 and

unsaturated compounds have been studied both experimentally
theoretically.®*® Stephan and co-workers have reported® metal free reversible H,

activation using a sterically encumbered Lewis acid and Lewis base, under mild
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conditions, by the compound (CsH2(CHz3)3).P-CsF4—B(CsFs).. Soon after the
11,17,34,35

pioneering studies of the FLPs concept, the groups of Stephan’s and Erker
have developed several highly effective intramolecular P/B systems, while N/B
systems have been explored by Repo and co-workers.***® From the theoretical point
of view, the mechanism of the activation of molecular hydrogen and the
hydrogenation of unsaturated compounds using FLP catalysts has been recently

»16,30,33,41 »25,32,42,43

studied by Papai’s and Privalov’s groups respectively.

Frustrated Lewis Pairs (FLPs)
,] 3 A \ / N
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Modified Frustrated Lewis Pairs (MFLPs)

Figure 6.1 The reported and modifies FLPs catalysts used in this study for hydrogenation

Recently, Repo and co-workers® have studied with both experiment and
theory the reversible activation of molecular hydrogen by using an intramolecular
FLP catalyst ansa-aminoborane 1 (ortho-TMP-C¢H4-BH,). The same group
demonstrated exceptional reactivity in the asymmetric hydrogenation of imines and
enamines  with  high  stereoselectivities using the  chiral  bridged
binaphthylaminoborane catalyst 3.** In 2008, Repo and Rieger reported*’ the efficient
H, transfer to imines and other compounds by using ansa-aminoboranes 2 in catalytic
amounts. As shown in Figure 6.1, 4 was synthesized by Tamm’s group,*® which was
capable of activating H, in both a cis and a trans fashion. In the two step mechanism
studied by Privalov,* the reduction of imines has been proposed to occur with the aid
of a phosphonium borate complex (5), in which the proton transfer took place from
phosphorus to nitrogen and the hydride was transferred from the boron to the carbon
center of the imines. Oestreich’s group®® has reported a catalytic method for the

hydrogenation of oximes to form hydroxylamines using 6 (shown in Figure 6.1).
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Similarly, using 6 with 1,4-dioxane, Stephan’s group has found an effective catalyst

for the hydrogenation of ketones and aldehydes.

We present here a theoretical investigation, employing density functional
theory (DFT), of the activation of molecular hydrogen by FLPs followed by the
transfer of proton and hydride to the unsaturated (e.g. C=C, C=0, C=N) compounds
to form the saturated product. We examine all the transition states and intermediates
of the catalytic cycle of the newly designed catalysts that have been reported in the
literature, and also show how subtle changes in the design of borane bound ligands
can dramatically improve the performance of FLPs towards the hydrogenation
process. We have focused mainly on the development of FLPs for hydrogenation
catalysts. With this in mind, we have looked at the design of FLP catalysts in a
counter-intuitive fashion by decreasing the frustration between the nitrogen or
phosphorous and boron, thereby also decreasing the Lewis acidity and Lewis basicity,
as well as the steric hindrance. Such catalyst design represents an introduction of
hydrogen in place of the high electron deficient pentaflourophenyl backbone in the
ligand framework. While decreasing the Lewis acidity at the boron center thus could
affect the H, activation barrier, the hydride transfer from boron to carbon will be
easily accomplished, which would result in a decrease in the activation barrier (the
hydride transfer step). We have calculated all the catalytic cycles in the solvent phase,
and have evaluated the efficiency of our modified catalyst to others, by comparing
their relative turnover frequencies (TOFs) with the help of the ‘energetic span model’

(ESM), developed by Shaik and Kozuch.*"*

We have shown that such “modified FLPs” (MFLPs), shown in Figure 6.1, are
a good choice of catalysts and that such species would be equally effective in other
catalytic systems. The general outline of our concept is as shown in Figure 6.2, where
the comparison of the barriers is illustrated for the hydrogenation of unsaturated
compounds with a reported FLP that has a more electron rich center, with a modified
frustrated Lewis pair catalyst (MFLP) that has a less electron deficient center. Also,
we have demonstrated that dramatic changes can occur in the TOF if a less frustrated,

less steric system were to be employed.
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Figure 6.2 The general comparison of frustrated Lewis pairs (FLPs) with modified frustrated
Lewis pairs (MFLPs) for the hydrogenation of unsaturated compounds.

6.2 Computational Details

The geometry optimizations were conducted employing density functional
theory (DFT) with the Turbomole 6.4 suite of programs.”® The Perdew, Burke, and
Ernzerhof (PBE)* functional was used for the geometry optimization calculations.
The triple-{ basis set augmented by a polarization function (Turbomole basis set
TZVP) was used for all the atoms. The resolutions of identity (R1)** along with the
multipole accelerated resolution of identity (marij)> approximations were employed
for an accurate and efficient treatment of the electronic Coulomb term. Solvent effects
were accounted for as follows: we have done full geometry optimizations of all
intermediates and transition states calculations using the COSMO model, with
different solvents for the respective reactions. The solvents used in this study are
toluene, diethyl ether, dichloromethane, 1,4-dioxane and benzene. Moreover,
dispersion corrections (disp-3) were also included through these calculations.>* To
improve the calculation of the energy values, a further correction was made through
single-point B3-LYP calculations®™®® for the DFT (PBE)-optimized structures.
Frequency calculations were conducted at the DFT level to obtain the zero point
energy, the internal energy, and entropic contributions (calculated at 298.15 K). With
regard to the transition states obtained during the investigations of the hydrogenation
process, care was taken to ensure that the obtained transition state structures
possessed only one imaginary frequency corresponding to the correct normal mode.
From Turbomole optimized geometries, refined energies of the hydrogenation

reactions were obtained from single-point calculations, including the polarization
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effects of solvent, which were considered by using the integral equation formalism:
the polarizable continuum (IEFPCM)*’ solvent model calculations at the M062X/6-
31+G* level using the Gaussian 09°° program.

Described by Weinhold et al., the second-order perturbation theory was

applied in this study through the natural bond orbital (NBO)>®

analysis using the
NBO program as implemented in the Gaussian software package. On the basis of the
NBO concept, the energetic importance of Lewis acid-base pairs for all the possible
interactions between donor-acceptor orbitals was estimated. The donor-acceptor
integrations give the estimate of the stabilization energy value AE®, which is

calculated by the equation:

AE® =q, [F(Lj)z/gi _81]

where q; is the donor orbital occupancy, €; and g; are the orbital energies of the
donor and acceptor NBOs respectively and F(i,j) are the off-diagonal NBO Fock

matrix elements.

The efficiency of a catalytic cycle can be estimated through the determination
of TOFs using the AUTOF program, which is based on the energetic span model
(ESM) defined by Shaik and co-workers.*”® According to this model, the TOF-
determining transition state (TDTS) and intermediate (TDI) can be located from a
catalytic cycle by the evaluation of the degree of TOF control (Xtor).*” This model
has been employed to calculate the TOFs from the free energy profiles obtained for

the different mechanisms discussed in this chapter.
6.3 Result and Discussion

In the present work, our main goal was the investigation of the catalytic
hydrogenation of ketones, imines, oximes and enamines. Catalytic hydrogenation
requires two reaction steps: first, H, cleavage and second, hydrogen transfer. The
general idea behind this is the design of systems where the boron center would be less
electrophilic, which would result in lower intrinsic Lewis acidity. In order to design
new FLP catalysts, we have included six modified FLPs in our study. Figure 6.1
shows a list of modified FLPs containing ansa-amino borane (N/B) type of

compounds (1', 1", 2', 3"), bifunctional pyrazolyborane (4"), P/B intramolecular FLP
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(5") and a reported simple Lewis acid bis(pentaflorophenyl)borane [HB(CgFs),]
(6"),%4® called the Piers’ borane, whereas Figure 6.3 lists seven (oxime, imine, ketone

and enamine) reactants that were systematically hydrogenated in this study.

iml im2 )< im3 )<

ot ot o
S 0P

No,
|m4 kel ke2 enl

Figure 6.3 The unsaturated compounds employed in the hydrogenation reactions.
6.3.1 Hydrogen Splitting

The heterolytic cleavage of molecular hydrogen has been reported previously.
These reported barriers had been calculated at a different level of theory with different
solvents. We have therefore recalculated the barrier heights for the interaction of the
FLP catalysts 1-5 with H, at the current level of theory with the solvent correction
employed for the respective solvents. The calculated activation barriers are as follows:
11.1 kcal/mol, 10.7 kcal/mol, 22.2 kcal/mol and 21.0 kcal/mol for the catalysts 1, 2, 3
and 4 respectively. The results for the energy calculations have been included in the
Table 6.1. Interestingly, while the pentaflorophenyl (CsFs) groups enhance the Lewis
acidity of the FLP systems, the newly designed MFLPs for the less electron deficient
systems are still highly reactive towards H, activation. Therefore, it is reasonable to
conclude that the MFLPs also maintain their hydrogen-splitting capacity. The
activation barriers of H; are 13.8 kcal/mol, 9.4 kcal/mol, 21.1 kcal/mol, 13.3 kcal/mol
and 17.6 kcal/mol respectively for the MFLP catalysts 1°, 1'*, 2, 3", 4*. Except for the
MFLP catalysts 1' and 2', all other catalysts have a lower activation barrier in
comparison to the corresponding FLP systems. In addition, we have also calculated
the activation barrier of H, by 6 and modified 6" catalysts. Experimental and
theoretical reports have shown that, in the absence of the imine-borane dative bond,
facile hydrogen splitting would occur. Therefore, we decided to investigate the non-

covalent imine-borane and oxime-borane MFLP systems, which have a small
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activation barrier of 15.2 kcal/mol and 14.3 kcal/mol respectively. The activation
barrier of H, splitting is 20.8 kcal/mol for the MFLP catalyst 6" with 1,4-dioxan as

solvent.

Table 6.1 A comparison of the first transition state (H, splitting) activation barrier (AG", AE*
in kcal/mol) and the relative energies (AG, AE in kcal/mol) at the PBE/TZVP/B3LYP/TZVP
and PBE/TZVP/M062X/6-31G* levels of theory, with solvent corrections.?

B3LYP MO06-2X
Entry FLP + H, AG” [AE"] AG [AE] AE* AE

1. 1 13.8(5.0) | 2.8(-9.8) 3.3 -6.5
2. 1" 9.4 (0.1) 3.3(-9.8) 0.6 7.5
3. 2 10.7 (0.7) |-121(-281)| 139 -10.1
4. 3 133(35) | 5.1(-6.5) 3.0 -3.8
5, 4 17.6 (8.0) |-10.7 (-25.9) 7.3 -27.9
6. 6'-ox1 143(5.2) | 3.0(-23.4) 6.1 -23.2
7. 6'-im2 15.2 (2.1) |-16.4 (-42.5) 2.4 -44.5
8. | 6-1,4-Dioxan | 20.8 (16.7) | 20.5(-2.3) 21.8 0.1

ElThe solvents are used are as follows: 1' and 1"= Dichloromethane; 2' = Benzene; 3' =
Diethyl Ether; 4', 6'-ox1 and 6'-im2 = Toluene; 6'-1,4-Dioxan = 1,4-Dioxan.

6.3.2 Hydrogenation by B/N pairs

As shown in Figure 6.4, schematically describes the general catalytic cycle of
the imine (or oxime) and ketone hydrogenation. On the basis of reported theoretical
studies of hydrogenation reactions, the investigation for both the hydrogenation
reactions involves three steps: i) molecular hydrogen activation to form the
hydrogenated catalyst, ii) the transfer of hydrogens to the unsaturated compound to

form the saturated product, and iii) the release of the product and regeneration of the
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catalyst (see Figure 6.4). In all the intramolecular FLP catalysts (1, 2, 3, 4), the
hydride transfer is likely to be the rate determining step (TS3) for imine or oxime
hydrogenation and for ketone hydrogenation, hydrogen transfer through the concerted
mechanism is the rate determining step (TS2), in the catalytic cycle.

R
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Figure 6.4 General catalytic cycles for imine and ketone hydrogenation by using MFLPs (1',
1", 2" 3", 4").

In the intramolecular FLPs, there are four stable members in the heterocyclic
ring, and there is a slight decrease in the steric hindrance of the acidic and basic units
of the FLPs that form the dative bond. We have employed the modified FLP catalysts
1" and 1" for the hydrogenations of ketone and imine, having a common hydrogen
splitting step. The solvent (dichloromethane, €=8.93) Gibbs free energy profile for
(1", and the complete catalytic cycle of acetophenone (kel) and imine (iml)
hydrogenation has been described in Figure 6.5. Both the hydrogenation reactions
start with a common first step of di-hydrogen activation followed by transfer of
hydrogen via the transition states TSy, for ketone and TS;, (1-2) for imine. These then
form the ketones and amines products and regenerate the catalysts 1°'. As shown in
Figure 6.5, the hydrogen activation step has a barrier 13.8 kcal/mol, which is higher
than the FLP catalyst 1 by 2.7 kcal/mol. For the ketone hydrogenations, the addition
of acetophenone to the hydrogenated catalyst 1' (Int 2) to form the second
intermediate Intk3 is followed by hydrogen transfer to the ketone by a concerted

process having a barrier of 14.4 kcal/mol. The second step TSy2 is the rate
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determining step for ketone hydrogenation to form 1-phenylethanol. As compared to
the sterically hindered FLP 1, the transition state of the rate determining step for 1" is
less by 10.7 kcal/mol. The complete energy profile of ketone hydrogenation by using
1 has been shown in the Figure 6.6.

(D:T + 9 s i &
g—H "7kp @I +
H

g-H prx
Alcohol I \H Amine

Figure 6.5 The Gibbs free energy profile for the imine (im1) and ketone (kel) hydrogenation

reaction employing modify frustrated Lewis pair complex 1'; all values are in kcal/mol.
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Figure 6.6 The Gibbs free energy profile for the ketone (kel) hydrogenation reaction

employing modify frustrated Lewis pair complex 1; all values are in kcal/mol.

In the FLP-mediated imine hydrogenation, the processes usually take place in
a stepwise fashion.®**** The mechanisms of these proceed via the activation of
hydrogen, then proton transfer to the nitrogen of imine, followed by hydride transfer
from hydridoborate. After the first step activation of hydrogen, the transfer of the
proton from N-H from Int;,3 to the nitrogen of the imine to form Inti»4 is endergonic
by 3.4 kcal/mol in the dichloromethane solvent, with the corresponding barrier being
only 4.1 kcal/mol. The last step involves the transfer of the hydride from the catalyst
to the carbon of the imine to form the corresponding amine product. For this step, the
barrier corresponding to the transition state TS;y3 is 6.5 kcal/mol (seen Figure 6.5).

As illustrated, in the ansa-aminoboranes 2 and 3, the Lewis acid and base are
close to each other but do not form the B-N bond because of the highly hindered TMP
(2,2,6,6-tetramethylpiperidino-1) and binaphthyl moieties. In our catalyst design, the
idea was the introduction of less frustrated Lewis acid-base pairs at the boron center
of the catalysts (2', 3') in order to ensure the formation of the less stable boron-
nitrogen bonds. Catalysts 2' and 3" have been modified by changing the functional
group on the pentaflorophenyl (CsFs) group to the hydride, H’, on the boron center of
FLPs 2 and 3. A comparison of the structures 2 and modified 2" shows that the less
hindered boron substituent causes lower stability of the intermediate formed.
Therefore, the modified 2' and 3" activated H, produce an unstable hydrogenated
product in comparison to the respective aminoboranes, 2 and 3. For the imine (im1)
hydrogenation reaction, the aminoborane 2 forms stable 2-H, and 3-H, adducts (-12.1
and -9.4 kcal/mol) compared to 2'-H, and 3'-H, (-0.4 and 5.1 kcal/mol).

We have attempted to gain further insight into the mechanism of hydrogen
splitting by the modified 2* and 3" catalysts and the nature of the N-H, H-B
dihydrogen bond interactions. The B-N dihydrogen distance of the optimized
structure after hydrogen splitting in 2', 3' MFLPs catalyst are 3.126 A, 3.258 A (as
shown in figure 6.7) and for FLPs 2 and 3, they are 3.281 A and 3.293 A respectively.
These results suggest that there is a significant interaction between the boron and the
nitrogen centers to gives a less frustrated system, upon going from 2 and 3 to 2’ and

3’ respectively. The imine (im1) forms an adduct Int2 that is relatively unstable for
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MFLP 2" in comparison to the adduct Int2 formed for FLP 2. This is followed by
proton and hydride transfer to the imine. The ansa-aminoborane 2 has a high hydride
transfer barrier (21.6 kcal/mol) from the boron to the carbon center of imine, in
comparison to the modified FLP 2' (9.6 kcal/mol). The energy profile for imine

hydrogenation reaction by using FLP 2" is shown in Figure 6.8.

Figure 6.7 The boron-nitrogen distance for complexes 2* and 3'. Only the hydrogens involved
are shown and the rest have been removed for the purpose of clarity. The B-N distances are
shown in A. The color scheme is as follows: carbon, gray; nitrogen, blue; hydrogen, black;

boron, pink; fluorine, yellow.
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Figure 6.8 The Gibbs free energy profile for the imine (im1) hydrogenation reaction using

modify frustrated Lewis pair complex 2' with solvent; all values are in kcal/mol.

We have also carried out an NBO analysis (see Table 6.2), which provides
information about electron donor-acceptor interactions. In this analysis, all possible
interactions between filled (donor) and empty (acceptor) orbitals are examined and
then their energies (E®@ values) are evaluated by second order perturbation theory.
Table 6.2 shows a comparison of the transition states and intermediate structures of
the full catalytic cycle for 2 and 2'. In the transition state structures, the interactions of
LP and ¢ with ¢* and LP* are important. An NBO analysis of the interactions
between the H, and MFLP 2' at the transition state (TS1) confirms that it has
ineffective donor-acceptor interactions in comparison to FLP 2 (see Table 6.2, Entry
1). This result gives a high H; splitting barrier in MFLP 2. In TS2, the transfer of
proton from nitrogen from 2' to the nitrogen of imine leads to almost the same barrier
as in 2. In a last hydride transfer step (TS3), the donor-acceptor interactions was
found to have a large stabilization energy ocs.np—LP*g3 and LP*g3—c*cg.p2 IN
MFLP 2" in comparison to 2, which resulted in a decrease in the activation barrier.
These studies provide evidence that donor-acceptor interactions play a major role in
the imine hydrogenation reaction. Figure 6.9 shows the selected one donor-acceptor
interactions of intermediates and transition states for MFLP 2'.

Table 6.2 Second-order perturbation stabilization energies (E® values in kcal/mol), for the
intermediates and transition states for the reactions (for 2 and 2') as obtained by the NBO

analysis.
Entry | Geo- MFLP (2" FLP (2)
metry
Donor- E@ Donor- E@
Acceptor Acceptor

1 TS1 LPN4—)G*H1_H2 9.90 LPN4—>G*H1_H2 9.97

GHl.H2—>LP*|33 15.90 GH1.H2—>LP*|33 19.85

2 Intl | og3-H1—0%Na-H2 | 16.81 | 6g3-H1—0*Na-H2 | 26.07

3 Int2 LPN5—>G*CG.H7 1.50 LPN5—>G*C6-H7 1.31

LP|:9—>G*(;9_H10 1.17

Manoj Vasisht Mane 134



AcSIR-NCL Ph. D. Thesis (2015) Chapter 6

4 TS2 | megns—LP*np | 19.93 | megns—LP*y, | 16.05
LPng—LP*y, | 271.03 | LPng—LP*y, | 269.52

LI3N5_>LP*H2 127.67 LPN5—>LP*H2 125.24

5 Int3 GB3-H1_’G*N5-H2 22.97 GB3-H1_’G*N5-H2 11.29

6 TS3 | ocsrz—LP*ps | 129.57 | ocg-v2—LP*ps | 114.47

LP*33—>0*08.H2 25406 LP*33—>G*(;3.H2 16597

Figure 6.9 The selected NBOs donor—acceptor interaction diagram of three intermediate and
three transition state structures for the imine (im1) hydrogenation using the MFLP 2'.

Recently, Du’s group®®®® has introduced the asymmetric hydrogenation of
imines and enamines through a binaphthyl backbone. We have modified the recently
developed** chiral bridged binaphthyl backbone aminoborane 3' catalyst for the
hydrogenation of imine (im1) and enamine (enl). We have also determined the free

energy profile (with diethyl ether as solvent) as reported by Repo et al.,** for the
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hydrogenation of enamines, as well as the full catalytic cycle of 3 (see Figure 6.10)

Calculations with the modified chiral aminoborane catalyst (3"), indicated a decrease
in the barrier height of the hydrogen splitting and the hydride transfer barrier (see
Figure 6.11). In the second step, the proton transfer from the nitrogen to the carbon of
enamine has a barrier of 17.4 kcal/mol, i.e. it is the rate limiting step. In MFLP 3', the
hydride transfer barrier decreases considerably, from 26.5 kcal/mol (in the FLP 3
case) to 3.0 kcal/mol. These results indicated that the barrier heights decrease but

comparing the overall reaction cycle is not helpful for the hydrogenation of enamine
if the TOFs are compared.
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Figure 6.10 The Gibbs free energy profile for the enamine (enl) hydrogenation reactions
employing the modified frustrated Lewis pair complex 3; all values are in kcal/mol
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Figure 6.11 The Gibbs free energy profile for the imine (iml) and enamine (enl)
hydrogenation reactions, employing the modified frustrated Lewis pair complex 3'; all values

are in kcal/mol.

For the hydrogenation of imine (im1) by MFLP 3', only two transition states
were obtained. The first transition state is for H, splitting, which is common for the
hydrogenation of imines and enamines, while TS2 is for the proton transfer to the
imine, which is the rate limiting step (see Figure 6.11), while the hydride transfer step

is a barrierless process.

The FLP containing bifunctional pyrazolylborane 4 was reported for the
heterolytic cleavage of dihydrogen (H,;). We have employed the modified FLP
catalyst 4, having a less frustrated boron center. The hydrogenation of ketone (kel)
was studied for the case of 4'. In the hydrogenation of kel, the H, splitting transition
state (TS1) barrier found to be 17.6 kcal/mol and the hydrogen transfer to ketone
(TS2) was found to have a barrier of 28.0 kcal/mol when the MFLP 4" was employed.
The second step is the rate-determining step in both cases 4 and 4'. It is interesting to
note that for this case — for the hydrogenation of ketone, the rate determining step
remains the same in both the catalytic systems (4 and 4'), and the only change is seen
for the H, splitting barrier, which was decreased by 3.4 kcal/mol in the case of 4'. The

energy profiles for the complete catalytic cycles for 4 and 4" are given in Figure 6.12.
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Figure 6.12 The Gibbs free energy profile for the ketone (kel) hydrogenation reactions,

employing the modified frustrated Lewis pair complex 4 and 4'; all values are in kcal/mol.
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We have further compared the FLPs with the MFLPs with the help of turnover
frequency (TOF) calculations using the energetic span model (ESM). The basis of the
ESM is the correct assumption that the TOF depends not only upon the highest energy
transition state but also on other, more stable intermediates with respect to the
reactants and products. It is notable that when the ESM is employed, the calculated
(Turnover Determining Intermediate) TDI and the (Turnover Determining Transition
State) TDTS may be different for the different catalysts employed. A perusal of the
mechanistic cycles of different FLPs and also modified FLP catalysts shows that the
TDI and TDTS are different for each of the reaction pathways. Table 6.3 shows the
TOF comparison of the FLPs catalysts (1, 2, 3, 4) with the modified FLPs (1°, 2°, 3,
4).

Table 6.3 The absolute and relative (MFLP/FLP) turnover frequency (TOF) values obtained
for FLP 1-4 and MFLP 1'-4" catalysts with respective reactants imine, ketone and enamine.
All the TOF values are in h™.

Reactant MFLP TOF FLP TOF Relative TOF
(reduction of ) (hour)™* (hour)* | (MFLP/FLP)
Imine 1" [ 259x10°| 1 [5.03x10" | 515x10%
(im1) 2" |155x10°| 2 |7.04x10%™| 220x10°
3" |6.42x10°| 3 | 1.40x10° 4.59
Ketone 1" [541x10"| 1 | 1.16x10° | 4.41x10°
(kel) 4 |852x10°| 4 | 5.83x10° 1460
Enamine (en1) | 3" [899x10°| 3 | 8.21x10" -0.11

6.3.3 Hydrogenation by HB(C¢Fs), and P/B FLP pairs

To date, heterolytic hydrogen splitting and hydrogenation of oxime ethers,
imines and ketones have been reported by using the Lewis acid B(CgFs)s.t>!%2733:46:6%-
" Also the Lewis acid borane species such as HBAr, (Arf=2,4,6-

tris(trifluoromethyl)phenyl)”® and the Piers’s borane'®’® HB(CgFs), with the
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combination of tri-tert-butylphosphine (‘BusP) and chiral diene can acts as FLP
catalysts.®®®®"""® This has been employed used for the activation of H, and a highly
enantioselective hydrogenation of silyl enol ethers®® and imines.®® Herein, our aim
was to investigate whether the less frustrated HB(CgsFs), systems were useful for the
splitting of molecular hydrogen and for catalytic reductions, with ketone or imine or
oxime ethers. To this end, we have compared the full catalytic cycle for the electron
deficient B(CgFs)3 with the less deficient HB(CgFs), (6") catalysts with basic partners.
We have considered three case for the hydrogenation: the first hydrogenation of the
oxime ether (ox1) and the second hydrogenation of imine (im2), and the third
hydrogenation of 4'-nitroacetophenone (ke2) with 1,4-dioxan, by the modified 6" FLP.
These reactions were carried out by using toluene as solvent for the hydrogenation of
oxime and imine and 1,4-dioxan as solvent for the hydrogenation of ketone.

The first step involves H; splitting by the oxime (ox1) and imine (im2) with a
modified borane to form oxime-hydridoborate [6'-H][H-oxi]* and imine-
hydridoborate [6°-H][H-Im]" ionic complexes having barriers of 14.4 kcal/mol
(TSoxil) and 13.0 kcal/mol (TSjml) respectively. After formation of the ionic
intermediates, the hydrogenation of the oxime ether and imine can easily occur by
hydride transfer from hydridoborane. The hydride transfer transition state barriers [8.9
kcal/mol (TSxi2) and 6.5 kcal/mol (TSin2)] are lower than the H, splitting barriers in
both the cases. In the overall reaction, the formation of the hydroxylamine and amine
is an exergonic process when the modified HB(CgFs), FLP (see Table 6.4) is
employed. It is important to note that the overall rate of the reaction (i.e., the TOF) is
decided at the H, splitting step for both the cycles. A catalytic turnover frequency
calculation done for each catalytic cycle is shown in Table 6.4, entry 6; for both
methods PBE/TZVP/B3LYP/TZVP and PBE/TZVP/M062X/6-31+G* for the
hydrogenation of imine and oxime using MFLP 6.

In the third case, for ketone hydrogenation in the presence of Lewis acid 6
attached to one of the oxygen atoms of the 1,4-dioxan, the formation of the complex
intermediate Intl was seen to have higher free energy in comparison to the fully
dissociated reactant species. The H; splitting on the Intl gives the hydridoborane and
protonated 1,4-dioxan (Int2) via the transition state TS1. The activation free energy
barrier for H, splitting is 20.8 kcal/mol being lower than the B(CgFs); in the 1,4-
dioxan transition state TS1. This shows that the MFLP 6" can activate H, facilely in

Manoj Vasisht Mane 139



AcSIR-NCL Ph. D. Thesis (2015) Chapter 6

comparison to FLP 6. The addition of ketone to the Int2 was seen to be endergonic by
5.1 kcal/mol, but the proton transfer from 1,4-dioxan to the oxygen atom of 4'-
nitroacetophenone has a barrier height of only 0.5 kcal/mol. The turnover frequency
for this catalytic cycle of hydrogenation of ketone with 1,4-dioxan as solvent for 6" is
8.04 x 10 h™*, which is relatively higher than the FLP 6 by 18.2 h™%. All the optimized
transition state structures for the hydrogenation of oxime, imine and ketone in 1,4-

dioxan with 6" catalyst are shown in Figure 6.13 below.

Table 6.4 The relative free energies AG (B3LYP/TZVP) and electronic energy AG (MO06-
2X[6-31+G*) for the hydrogenation of imine and oxime by the modified molecule (6") in
toluene, and the absolute turnover frequency (TOF) in h™%. All values are in kcal/mol.

Entry | MFLPs | B3LYP/TZVP (A G) | M06-2X/6-31+G*(A E)
6’ Imine Oxime Imine Oxime
1 |Intl+H,| -10.3 -5.0 -18.8 -16.7
2 TS1 4.9 9.4 -16.3 -10.6
3 Int2 -16.4 3.0 -44.5 -23.2
4 TS2 -10.9 11.9 -38.3 -15.3
5 | Product | -20.1 -8.6 41.1 -28.3
6 TOF |1.59x10°|1.97x10°]6.33x 10" | 3.43 x 10"
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Figure 6.13 Optimized structures of the first and second transition states for the
hydrogenation of 6' to the oxime and imine, with toluene as solvent, and ketone, with 1,4-
dioxan as the solvent. The transition stats are denoted as TS, for oxime, TS, for imine and
TS, for ketone; the key atom-atom distances are in A. The color scheme is as follows:
carbon-gray; nitrogen-blue; oxygen-red; hydrogen-black; boron-pink; fluorine-yellow.

The experimentally'®"

proposed two step hydrogenation of imines by the
bifunctional phosphonium borate (5, see in figure 6.1) complexes has been studied
through computational methods by Privalov.>> We have done the calculation by our
methods for the 5 and modified 5" catalysts with a sterically encumbered and electron-
rich imine (‘BuN=CPh(H)), with toluene employed as the solvent. Our aim was to
decrease the rate determining step barrier. To this end, we have compared the energies
of FLP 5 with the MFLP 5°. The comparison indicates that the transition state TS2 is
the rate determining step when 5 is used as the catalyst — the same as reported
earlier.3® The first step is the proton transfer to the imine to form the iminium ion,
having a barrier AG (AE) of 3.9 (3.5) kcal/mol, which is almost the same (AE) as
compared to the catalyst 5. The corresponding AG (AE) values are 0.8 (3.4) kcal/mol].
We have demonstrated that the less electron deficient boron center plays an important
role in the second transition state. However, the formation of intermediate is an
exergonicc process in both catalysts. The second barrier, corresponding to hydride

transfer to the carbon center of the corresponding iminium ion was large in 5 [AG
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(AE) = 8.5 (7.4) kcal/mol] compars to the modified FLP 5' [AG (AE) = 2.3 (0.3)
kcal/mol]. The calculations were also done by another Gaussian method with single
point (AE) calculations at the M062X/6-31+G* level. Such calculations also showed
the same trend as calculated at the B3LYP level of theory. The proton transfer to
nitrogen of imine (TS1) barrier was found to be 4.6 kcal/mol and the barrier for the
second transition state (TS2) hydride transfer to carbon of imine was found to be only
1.3 kcal/mol. The overall exergonicity of the imine reduction is increased when the
MFLP is employed. Figure 6.14 shows the energy profile for the hydrogenation of
im3 using 5°, which has been calculated at B3LYP and M062X levels of theory. The
three optimized intermediates and the two transition state structures are given in

Figure 6.15 below.

10 7
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Figure 6.14 The energy profile for the reaction 5'+ im3 + H, in toluene. The relative AG (AE)
energies are calculated by single point B3LYP/TZVP and M06-2X/6-31+G* (in parentheses)
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Figure 6.15 Optimized structures of the intermediates and the transition states for the
hydrogenation of imine (im3) by hydrogenation of 5°, with toluene employed as the solvent.
The key atom-atom distances are in A. The color scheme is as follows: carbon, gray; nitrogen,

blue; oxygen, red; hydrogen, black; boron, pink; fluorine, yellow.
6.4 Conclusion

We have demonstrated that the electronic modification on both the Lewis acid
and the Lewis base in FLPs provides less frustrated and less steric hindrance, leading
to what we have denoted as modified FLPs or MFLPs. This approach was exemplified
by the hydrogenation of unsaturated compounds, which have been studied by using a
set of six MFLPs. This calculation has been studied with the aid of full quantum
chemical calculations by employing density functional theory (DFT) with the solvent
model (COSMO) to understanding the role of MFLPs on the heterolytic splitting of
H, hetrolytic and the hydrogenation of unsaturated compounds such as imines,
ketones and enamines. The hydrogen activation with the mediation of MFLPs was
seen to have better kinetics and thermodynamics in comparison to that of the other
FLPs. Among the FLPs employed, the hydride transfer was observed to be the rate
limiting step, but in the case of the MFLPs catalyst, for most of the cases, the
molecular hydrogen splitting step and in a few cases, the proton transfer step was seen
to be the rate limiting step. The change in the reaction mechanism can be attributed to
the change in electronic nature and in the steric hindrance of the Lewis acids-bases.
Importantly, a comparison of the turnover frequencies of FLPs and MFLPs, except for
the case of enamine hydrogenation, showed that all cases having MFLPs had higher
TOF, in the range of 4.59 h to 5.15 x 10" h™. Our results therefore provide
important new insights into the mechanism of MFLPs mediated, heterolytic splitting

of molecular hydrogen and the catalytic hydrogenation of unsaturated compounds.
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Chapter 7

Summary

The present thesis has addressed two aspects that are significant in dihydrogen
chemistry: fuel cells and frustrated Lewis pairs (FLPs).

The key findings of this thesis are as follows:

» The third chapter has focused on newly proposed proton exchange membranes
(PEMs) that can perform significantly in the absence of water at high
temperatures. The recently synthesized and characterized zero-dimensional
doped N-cage structures have the potential to be excellent PEMs in fuel cells.
This potential has been examined through full quantum mechanical
calculations with DFT and MP2 methods. The results indicate that the
hydrogenated N-cage system doped with 1,2,3- triazole would be likely to
perform in a highly efficient manner as a PEM. Therefore, the effectiveness of

the proposed fuel cell membrane would also be high at higher temperatures.

» What is essential for efficiency in the PEM is the reorientation barrier in
certain type of pendant group PEMs, which was the focal point of the fourth
chapter. What has been proposed in this chapter is a new design of nitrogen
containing pendant group PEMs on a polymer backbone that can satisfy these
criteria. The results indicate that the proton transfer will be likely to take place
with barriers significantly lower than those predicted for other pendant group
PEMs. The current work thus opens up promising new possibilities in the field
of PEM fuel cells.

» In the last few years, the chemistry of FLPs has been developed at a

spectacular pace. The reactions discovered with FLPs have opened up new
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avenues in small molecule activation and hydrogenation-dehydrogenation
reactions. Computational studies have allowed the establishment of effective
mechanistic studies to aid the experimental breakthroughs. Our quantum
chemical calculations have been conducted by employing density functional
theory (DFT) to test the possibility of designing new catalysts that can do the
important hydrogen splitting and the catalytic conversion of hydrogenation-
dehydrogenation reactions to the corresponding products. Specifically,
transition-metal free catalysts have been considered, based on the FLP
concept. 36 proposed FLP complexes have been proposed and studied,
revealing new FLPs that can be designed with a weaker interaction between
the nitrogen and boron centers, which can thereby lead to systems that would
be very effective at the alcohol dehydrogenation process. Also, we have
demonstrated that the electronic modification on FLPs provides lower
frustration and less steric hindrance, denoted as modified FLPs (MFLPs). This
approach is shown to be highly effective for the heterolytic splitting of H, and
the hydrogenation of unsaturated compounds such as imines, ketones and
enamines. Finally, these results indicate that the newly designed FLPs can be
even better than transition metal based systems at important chemical

transformations.
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