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Abbreviations

Abbreviation Description
CO2 Carbon dioxide
ppm Parts per million
nm Nanometre
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DBN 1,5-diazabicyclo[4.3.0]non-5-ene
TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene
TMG 1,1,3,3-tetramethylguanidine
COD 1,5-Cyclooctadiene
DMAP 4-dimethylaminopyridine
IR Infrared
NMR Nuclear magnetic resonance
SC-XRD Single crystal X-ray diffraction
UV/Vis Ultra-violet/ visible
° Degree
°C Degrees Celsius
K Kelvin
A Angstrom
Y IR stretching frequency (cm™)
A Wavelength (nm)
d Chemical shift (ppm)
A Absorbance
Kobs Observed rate constant
Ky Rate constant (forward reaction)
K1 Rate constant (reverse reaction)
K1 Equilibrium constant



Abbreviation

4
X

T
AH?
AS?
AG*

mg
mmol
ul
M
CDCls
CsDs

Description

Jaw angle

Bite angle

twist angle

Standard enthalpy change of activation
Standard entropy of activation
Gibbs free energy of activation
Milligram

Millimole

Microliter

mol-dm™

Deuterated chloroform

Deuterated benzene



Abstract

Nature has perfected CO»-fixation in plants through the Csz, C4 and CAM (crassulacean acid
metabolism) mechanisms. Thus, by applying a biomimetic approach to CO.-fixation the
knowledge and approach can be ameliorated. This led to the identification of four “non-
nucleophilic” bases, which can be categorized as amidines or guanidines, that have an innate ability
to coordinate to CO,. The amidines were 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) and the guanidines were 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD), 1,1,3,3-tetramethylguanidine (TMG).

Overall, the main pursuit of this study was to elucidate on the relevant aspects pertaining to the
assimilation and activation pathways of CO,. This was performed by firstly confirming the
coordination ability of the bases to CO- through preliminary solution studies, which indicated that
TBD had the strongest ability followed by DBU, DBN and TMG. Thereafter, two model
complexes were identified in literature that contained the bases. The general formulae for the two
model complexes that were synthesized and characterized were trans-[Pd(L).Cl,] and
[Rh(L)(COD)CI] (L = (DBU, DBN, TMG, TBD)), except for the TBD-Rh(I) complex.

Of the complexes synthesized, three yielded single crystals, of which two were novel complexes,
that were suitable for single-crystal X-ray diffraction (SC-XRD); namely trans-[Pd(DBN).Cl],
[Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI]. The novel Pd(ll) complex packed
centrosymmetrically, while the Rh(I) complexes were evaluated on the influence the bases had on
the 1,5-cyclooctadiene (COD) conformation by assessing three dihedral angles within the COD.
Of the three angles, the most significant difference is seen in the jaw angle () — between the two
complexes (y = 75.3(3)° and 64.7(4)° for the DBU and TMG complexes respectively). This was
attributed to increased electron density in the & antibonding orbitals on the metal centre, for the
latter complex, which resulted in an increase in steric hindrance from the metal centre towards the
back-bones of the COD. Therefore, in theory, substitution reactions of the bases by other strong
bases would lead to a faster reaction in the TMG-containing complex as opposed to the DBU-
Rh(I) complex. This is due to increased reactivity from the two electron donating pathways (c and

n donation) to the metal centre aiding the © back-donation to the diolefin.
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This notion was confirmed through extremely fast substitution kinetic reactions observed in the
two Rh(I) complexes by 4-dimethylaminopyridine (DMAP) at different temperatures, because the
leaving group (being DBU or TMG) determines the rate of attack based on its electron density
contribution to the metal centre. Furthermore, the substitution reaction followed a typical and
classical associative mechanism and was supported by the negative AS” value determined for both
complexes. The forward rate constant ki was ten times slower and ca. 3 % less entropy driven for
the DBU-complex than for the TMG-complex, with neither experiencing a strong
solvation/reverse pathway.

Thus, similar rates may be achieved with CO; but the rate being limited by the initial activation of
CO2 by the bases. Additionally, the large solvent pathway may add to the reaction by performing
the reaction under supercritical COo.

Keywords:  CO, DBU, DBN, TMG, TBD, DMAP, COD, X-ray diffraction, kinetic reactions.
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Opsomming

Die natuur het CO-fiksering in plante deur middel van die C3, C4 en CAM (“Crassulacean”-
suurmetabolisme) meganismes vervolmaak. Dus, deur die toepassing van 'n biomimetiese
benadering tot CO»-fiksering kan die fundamentele kennis uitgebrei word. Dit het gelei tot die
identifisering van vier "nie-nukleofiele" basisse, wat as amidiene of guanidiene gekategoriseer kan
word, wat 'n inherente vermoé het om CO: te kodrdineer. Die amidiene was 1,8-
diazadisiklo[5.4.0Jundek-7-een (DBU) en 1,5-diazadisiklo[4.3.0]non-5-een (DBN) en die
guanidiene was 1,5,7-triazadisiklo[4.4.0]dek-5-een (TBD), 1,1,3,3-tetrametielguanidien (TMG).

Die hoofdoel van hierdie studie om relevante aspekte rakende die assimilasie- en aktiveringsbane
van CO> te ondersoek. Dit is bewerkstellig deur eerstens die kotrdinasievermoé van die basisse
aan CO- te evalueer deur middel van voorlopige oplossingstudies, wat daarop dui dat TBD die
sterkste vermoé het, gevolg deur DBU, DBN en TMG. Daarna is twee modelkomplekse in die
literatuur geidentifiseer wat die basisse bevat. Die algemene formules vir die twee
modelkomplekse wat gesintetiseer en gekarakteriseer, was trans-[Pd(L).Cl2] en [Rh(L)(COD)CI]
(L = (DBU, DBN, TMG, TBD)).

Van die komplekse wat gesintetiseer is, het drie enkelkristalle gelewer, waarvan twee nuwe
komplekse was en geskik vir enkel-kristal X-straaldiffraksie; naamlik trans-[Pd(DBN).Cl.],
[Rh(COD)(DBU)CI] en [Rh(COD)(TMG)CI]. Die nuwe Pd(Il) kompleks het sentrosymmetries
gepak. Die Rh(I) komplekse is geévalueer deur middel van die invloed wat die basisse op die
konformasie van 1,5-siklooktadieen (COD) gehad het, soos gemanifesteer deur drie hoeke binne
die COD. Vanuit hierdie drie hoeke is die belangrikste verskil in die kaakhoek (Eng. Jaw angle)
(v) waargeneem - tussen die twee komplekse (y = 75.3 (3) © en 64.7 (4) © vir die DBU en TMG
komplekse onderskeidelik). Dit is toegeskryf aan verhoogde elektrondigtheid in die =-
antibindingsorbitale op die metalsentrum, vir laasgenoemde kompleks, wat gelei het tot 'n toename
in steriese interaksie met die ruggraat van die COD. Gevolglik in teorie, sal substitusiereaksies van
hierdie basisse deur ander sterk nukleofiele lei tot 'n vinniger reaksie in die TMG-bevattende

kompleks in teenstelling met die DBU-Rh(I) kompleks. Dit is te wyte aan verhoogde reaktiwiteit
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van die twee elektrondonerende interaksies (o en m) aan die metalsentrum wat die « terugdonering

aan die diolefin help.

Hierdie is bevestig deur middel van baie vinnige substitusiekinetiese reaksies wat by verskillende
temperature in die twee Rh(l) komplekse deur 4-dimetielaminopiridien (DMAP) waargeneem
word, omdat die verlatende groep (DBU of TMG) die tempo van aanval bepaal op grond van die
elektrondigtheidsbydrae tot die metaal sentrum. Verder het die substitusiereaksie 'n tipiese en
klassieke assosiatiewe meganisme gevolg soos afgelei van die negatiewe AS* waarde wat vir beide
komplekse waargeneem is. Die voorwaartse tempokonstante ki was tien keer stadiger en ongeveer
3% minder entropie gedrewe vir die DBU-kompleks in vergelyking met die TMG-kompleks, en

het nie 'n sterk oplosmiddel/ terugwaartse getoon nie.

Dus, soortgelyke tempos kan met CO2 behaal word, maar die relatiewe tempo sal afhang van die
aanvanklike aktivering van CO> deur die basisse. Daarbenewens kan die groot oplosmiddelpad

bydrae tot die reaksie, deur dit onder superkritiese CO> uit te voer.

Sleutelwoorde: CO,, DBU, DBN, TMG, TBD, DMAP, COD, X-straal diffraksie, kinetiese
reaksie.



1 Aim of the study

What to expect
General overview of carbon dioxide (CO.) pollution, and its fixation in nature and in organic and

organometallic systems, followed by the aims of the study.

1.1 Introduction

The world has been migrating to a more environmentally conscious approach to the future for the
past two decades. This is due to the damage being done to all the ecosystems, including those not
inhabited by people. Various forms of pollution contribute to the effect on the ecosystems, namely
water, land and air pollution — due to the industrialization of natural resources. The major pollutant
that is emitted, is considered to be anthropogenic carbon dioxide (CO.), which is one of the many
gases that contribute to the greenhouse effect. In April 2018, CO2 concentrations in the atmosphere
reached a record high of 410 ppm [1], and the concern is that there is no cost-effective option to
reduce the levels of CO: in the atmosphere. Moreover, although governments are introducing
stricter emission laws to reduce the rate of greenhouse gas emissions such as the Paris Agreement,

this does not mitigate the need to reduce the overall gas emissions in the atmosphere [2].

An issue with COz is that it is a very inert and stable gas. The consequence of this is that it has
poor reactivity and needs to be activated through either the electrophilic carbon or nucleophilic
oxygens, since the brute electrochemical approach is energy intensive [3]. The irony is that nature
has perfected CO> storage and fixation in biological systems through various mechanisms and
cycles, most notably, photosynthesis in plants [4-6]. Thus, through the study of biomimetic
systems (human imitation of models/ systems from nature) such as photosynthesis, a better
understanding may be achieved by which synthetic systems or models can be utilized to reduce

the rate or levels of anthropogenic CO> being emitted [7].

The primary purpose of photosynthesis is energy storage in the form of carbohydrates [4]. This is
achieved through a series of steps where CO: is activated and fixated, with the energy being

1



Aim of the study

supplied by light photons with a specific wavelength (400 nm to 700 nm). These photons are
absorbed by chlorophyll and, by means of charge separation, the photon energy is transferred to
an electron and goes through an electron chain to eventually produce adenosine triphosphate (ATP)
and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) [4]. Both ATP and
NADPH play a role in COz fixation by supplying the energy for both the ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) enzyme, which produces 3-phosphoglyceraldehyde (G3P),
and the Calvin cycle to subsequently form carbohydrates. However, CO- is also stored in the form
of malic acid or oxalic acid by the phosphoenolpyruvate carboxylase (PEPc) enzyme in certain

plants, and decarboxylated at a later point to be used in the above-mentioned processes [5,6].

1.2 Organic and organometallic biomimetic systems

With biomimetics in mind, CO- fixation/storage via organic and organometallic systems have
shown promise. A recurring factor in both systems is the presence of amidine and guanidine bases
(Fig. 1.1). The two prominent amidines that feature often are 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), and for guanidine are 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,1,3,3-tetramethylguanidine (TMG) [8].

The reoccurring appearance of these four bases in nature can be attributed to their ability to
coordinate to CO- in solution and form carbonate and carbamate salts [9,10]. This led researchers
to incorporate amidines and guanidines into other organic systems with switchable ionic liquids
(SWILSs) to capture CO2 and be able to remove it by sparging with an inert gas or by heating [11].
Additionally, in 2017 Seipp et al. created a TMG-containing ligand (2,6-pyridine-
bis(iminoguanidine)) that in aqueous solution could absorb CO> from ambient air and be released
through heating [12]. In the Morita-Baylis-Hillman reaction, an activated alkene derivative is
coupled to an aldehyde in the presence of 1,4-diazabicyclo[2.2.2]octane triethylenediamine
(DABCO) as the catalyst, but when DABCO was replaced by DBU the reaction time decreased
from 96 hours to 6 hours and the yield was greater in the latter case (87% and 89% respectively)
[13,14].
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Figure 1.1: Chemical structures of the two types of amidines; (a) 1,8-diazabicyclo[5.4.0]Jundec-7-
ene (DBU), (b) 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), and guanidines; (c) 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), (d) 1,1,3,3-tetramethylguanidine (TMG) [8].

One metal catalyst that performed exceptionally well in the presence of DBU, as a cocatalyst, was
the catalyst [Ru(OAc)(PMez)4] in supercritical carbon dioxide (scCOz), pentafluorophenol and H>
resulted in a turnover frequency (TOF) that was too excessive to measure with the equipment [15].
However, the reaction with the base, triethylamine (NEts), had a TOF of 95000 h*, but preliminary
tests on the reaction rate showed that the NEts was ten times slower than DBU, which illustrates
the possibly larger TOF that could be expected for DBU.

Due to amidines and guanidines being able to activate CO, their presence as a co-catalyst or ligand
on metal complexes have yielded improved turnover numbers (TON), turnover frequencies (TOF)
and product selectivity when compared to prior ligands and co-catalysts, even in CO»-free
reactions, as illustrated in the above examples. In addition to the above mentioned examples, the
catalyst trans-[Pd(DBU)2Cl>] was used for the selective double carbonylation or aryl iodides with
90% selection and 91% selectivity in place of the prior used phosphine ligands [16]. Another
catalyst, [Rh(DBU)(COD)CI], which was patented for its ability to hydrogenate double bonds,
notably a C=N or C=C double bond, illustrated different reaction examples with their TON values

—the largest TON of 329 was recorded for the hydrogenation of oleic acid to stearic acid [17,18].
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1.3 Aim of the study

Based on the above information, guanidines and amidines have shown to play an active role in
CO: fixation, though not exclusively, as evident by some of the mentioned examples. The use of
compounds which mitigate the energy requirement for CO> activation and fixation, be it through
organic or organometallic catalysts, require more insight to better understand and develop
improved systems to reduce CO> levels. Thus, a study of the mechanistic and kinetic pathways by
which CO is activated by biological, organic or organometallic systems may assist in identifying
further research approaches towards CO> as a Ci-feedstock as performed through nature.

In this study, the amidines (DBU and DBN) and guanidines (TBD and TMG) were evaluated to
further understand their ability to activate CO». Furthermore, the complexes; trans-[Pd(DBU)2Cl]
and [Rh(DBU)(COD)CI] were chosen as model complexes with the general formulae trans-
[Pd(L)2Cl2] and [Rh(L)(COD)CI] (L = (DBU, DBN, TMG, TBD)) , due their ability to carbonylate

(former complex) and hydrogenate double bonds (latter complex).
Considering the above, a set of stepwise aims were set for the study.

1. Research the environmental contribution of numerous pollutants and understand the
contribution of CO> and its influences.

2. Develop an improved understanding of the different ways in which CO; fixation and
storage occurs in nature, namely Cs, C4 and CAM plants for biomimetic application.
Identify organic systems/ nucleophiles which perform or show promise for CO> fixation.

4. ldentify organometallic systems that can be enhanced through application of the organic
systems identified in the previous step.

5. Synthesize and evaluate organic and metal systems through IR, *H and *C NMR
spectroscopy and use single-crystal XRD (X-ray diffraction) to elucidate examples of
structures and evaluate coordination modes within these systems.

6. Preliminary kinetic and mechanistic comparison study of neutral ligand substitution
reactions by means of UV/Vis spectroscopy associated with these bases’ solution and
coordination behaviour.

7. Analysis of results with respect to CO- fixation and literature.
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The first four aims are addressed in the following chapter, as a brief literature review, to motivate
the study of CO>-fixation through the identified organic and organometallic systems. Following
that, three experimental chapters are presented which covers the last three aims. Finally, the
dissertation concludes with an evaluation of the study based on the results from the final aim.
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2 Literature review related to this study

What to expect

This chapter elucidates on pollution, specifically carbon dioxide (CO2), and current control and
reduction methodologies. The naturogenic CO> fixation pathway is additionally discussed, which
relates research on past and present biomimetic systems that uses natures blueprint to recycle
COa.

2.1 Introduction

With the world shifting to a more environmentally friendly approach to all aspects of life, stricter
laws, such as the Paris Agreement, are continually being integrated to achieve this [1]. To better
facilitate the transition, researchers are focusing more on using less environmentally hazardous
chemicals, as well as attempting to reduce those chemicals that are already present in the
environment; namely CO>. A few valuable aspects that relate to CO> fixation and storage will be
presented in this chapter.

2.2 Environmental Pollution

The world is plagued with various forms of pollution that damage and change our ecosystems.
The major forms of pollution that contribute to this are mentioned below:

e Air pollution e Plastic pollution

e Light pollution e Soil contamination

e Littering e Radioactive pollution
e Noise pollution e Water pollution
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These forms of pollution can be attributed to two groups; naturogenic (natural-made) and
anthropogenic (human generated), with the largest being air pollution because of its ‘butterfly
effect” which has consequential effects on all ecosystems. The butterfly effect can be defined as
the sensitive dependence on the primary state in which a minimal change can result in large
differences at a later point [2]. To better understand this concept, air pollution can again be divided

into two groups; particulate matter (PM) and greenhouse gases (GHGS).

Particulate matter are microscopic solids/liquids that are suspended in the atmosphere, with those
having the greatest effect, consisting of a size between 2.5 um (PM2s5) and 10 um (PMuo).
Examples of these particulates are; pollen, dust, allergens, black carbon (BC), organic carbon
compounds, chemical salts and heavy metals [3]. Though they contribute to climate change, their
biggest influence is on human health because they are able to penetrate the lungs and bloodstream
unfiltered, resulting in lung cancer, heart attacks and DNA mutations, to mention a few. As a result,
they are designated as group 1 carcinogens by the International Agency for Research on Cancer
(IARC) and the World Health Organization (WHO) and can clearly be seen as the deadliest direct
form of pollution [4,5].

Though it is a cause for concern, GHGs reek more havoc indirectly and contributes the majority
to the ‘butterfly effect” known as global warming, which is the measured average increase in global
temperatures, due to GHGs, and its related effects. Radiative forcing (RF) is used to measure the
influence that a given climatic factor has on the amount of radiant energy, which is downward-
directed, that strikes the Earth’s surface [6]. Climatic factors that cool the Earth’s surface exert

‘negative forcing’ and those that increase the temperature exert ‘positive forcing’.

Though chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) contribute to
radiative forcing, those that contribute the most, in increasing order, are three of the long-lived
greenhouse gases (LLGHGS); nitrous oxide (N20O), methane (CHs) and carbon dioxide (CO). The
Annual Greenhouse Gas Index (AGGI), by the National Oceanic and Atmospheric Administration
(NOAA), represents the annual collective RF of the LLGHGs with respect to the Kyoto Protocol
baseline year (1990) which had a value of 2.16 Wm™. The aim of this agreement is to reduce

greenhouse gas emissions with regards to the baseline year. The total RF attributed to the
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LLGHGs, in 2017, was 3.06 Wm; nitrous oxide, which is also an ozone-depleting substance,
contributed 6.5% (0.2 Wm?), methanol made up 16% (0.5 Wm) and CO consisted of 66%
(2.01Wm2) [7].

The resulting increase in temperatures has several consequences. The most well-known effect is
probably the melting of the polar caps which leads to increased sea levels. However, permafrost,
which is ground that is at or below the freezing point of water, is also present at the polar caps and
will release dormant methane gas that will contribute further to the greenhouse effect. Another
cause of increased temperatures is coral bleaching, which is when corals release algae that live
within them that turn the corals white and can also result in their death [7]. The increase also
influences weather patterns due to a higher humidity and dryer air, which in turn causes more
natural disasters. This is exacerbated by the El Nifio phenomenon which disrupts normal weather
patterns, resulting in heavier rains and droughts, as well as a possible increase in CO: levels due
to several factors such an increased CO> emission by plants in Africa and reduced absorption by
growing plants in South America [7]. The EIl Nifio phenomena are due to the warmer than normal
waters in the Pacific Ocean and occurs every two to seven years, while approximately every 20
years a ‘super’ El Nifio occurs which causes more extreme weather patterns, yet this number may
reduce to every 10 years if temperatures continue to increase.

There are two other alleged effects of increased temperature to humanity, a higher crime and
suicide rate [8,9]. In the case of the former, when temperatures rose above 1 °C of the seasonal
average, in the United Kingdom, there was a 2 % increase in crime compared to the normal and
the opposite held true when the temperature decreased by more than 1 °C. In terms of suicide, a
study found that, in the United States and Mexico, the suicide rate increased by 0.7 % and 2.1 %
respectively when the temperatures increased by 1 °C compared to the monthly average. While the
alleged influence of temperature on these factors are interesting a global study may confirm its
influences to know if crime and suicide are additional factors to be concerned about due to global

warming.

Considering the large impact that higher temperatures have, further understanding is required on

the largest contributor to the greenhouse effect i.e. COa.
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2.3 Carbon dioxide (COy)

Most of the CO; released into the atmosphere is the result of the combustion of carbon containing
compounds for energy utilization. These carbon containing compounds come in the form of three
fossil fuels; natural gas, coal and petroleum. Since the start of the industrial revolution, in 1750,
approximately 400 billion tons CO: has been released due to fossil fuel consumption and cement
production. However, half of these CO2 emissions has been released only since the 1980s [10]. In
2014, anthropogenic emissions already accounted for about 9855 million metric tons of CO, solid
and liquid fuels accounted for 75.1%, gas fuels made up for 18.5% and cement production released
about 5.8 % of CO3, with gas flaring contributing less than 1% (Fig. 2.1) [10]. Recent estimates
have calculated that approximately half of the CO> emission remains in the atmosphere and that

about a quarter goes to plants, with the rest being absorbed by the oceans.
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Figure 2.1: The total aggregate anthropogenic CO contributors until 2014, with the contributors
being added on top of one another from left (solid; blue) to right (gas flaring; grey) [10].

Carbon dioxide emissions in the atmosphere have been continuously measured, since 1958, at the
Mauna Loa observatory (MLO) in Hawaii by Charles Keeling, with the resulting data producing
what is often referred to as the Keeling Curve (Fig. 2.2). The abundance of atmospheric CO, was
approximately 315 ppm (parts per million in dry air) in that year and reached a high of 410 ppm
in April 2018 [11]. Prior atmospheric CO. concentrations were measured by extracting air from
ice in Antarctica and Greenland and it was determined that CO> levels were ~278 ppm in 1750 [7].
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When considering the change in 200 years, the rate of increase was nominal when compared to
that in the past 60 years. Then again, 535-460 million years ago, concentrations were about 20
times that of current levels. However, it then dropped to levels similar to current concentrations
310-270 million years ago and again increasing to about 6 times current levels about 230 million
years ago [12]. These observations indicate nature’s ability to regulate CO2 emissions, even when

levels are excessive, through photosynthesis.
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Figure 2.2: The monthly average atmospheric CO> concentrations from March 1958 to July 2018,
where the distance between the red arrows represents one year. Measurements were taken at the
Mauna Loa Observatory, in Hawaii, which sits 19.5362° (2171 km) North of the equator [11].

A majority of the CO2 emissions occur in the northern hemisphere, due to anthropogenic and
naturogenic reasons, and can be seen in Fig. 2.3 and 2.4. The reason nature contributes also is due
to a larger percentage of the ‘green’ vegetation from agriculture and natural sources such as forests
are present in the northern hemisphere, which consequently results also in high photosynthesis
rates as opposed to the southern hemisphere. These images (Fig. 2.3 and 2.4) were extracted from
a video compiled by an ultra-high-resolution computer model (GEOS-5), which assimilated real
data to show how and where carbon dioxide traverses the globe. This work was created by
scientists at NASA’s Goddard Space Flight Centre [13].
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Figure 2.3: The computer-generated image of atmospheric CO, concentrations, at a maximum on
29 April 2006, a month after the beginning of spring in the Northern Hemisphere. The colour
indicates CO2 emissions and the white represents carbon monoxide (CO) emissions [13].

Figure 2.4: The computer-generated image of atmospheric CO2 concentrations, at a minimum on
29 September 2006, a month before the start of autumn. The colour indicates CO2 emissions and
the white represents carbon monoxide (CO) emissions [13].
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The high and low CO: concentrations in the NASA images can be seen in the annual trend of CO>
concentrations taken at MLO (Fig. 2.5), which show a high and low at the same time as Fig. 2.3
and 2.4. These changes are due to the seasons, which effectively regulate photosynthesis. As spring
rolls in during March, leaves begin to increase, and the rate of photosynthesis increases until
autumn in September. At this point the leaves begin to wither to save energy and results in
photorespiration causing a naturogenic increase in CO>. These fluctuations are notably smaller in

the southern hemisphere due to less anthropogenic CO- and less vegetation.
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Figure 2.5: The annual CO- emission trend between 20 August 2017-2018, noting the minimum
at the end of September and the increase during autumn and winter, in the Northern Hemisphere,
until the maximum during May [11].

Although one notices where CO2 emissions end up (air, oceans and plants), there are ramifications
other than global warming. A study, done on a crew from the International Space Station, showed
that when exposed to a CO. concentration of 5000ppm, they experienced sleep disruption,
lethargy, emotional irritation, mental slowness and headaches [14]. These concentrations may be
excessive but an understanding of the other effects of CO», such as the acidification of the ocean,
are vital. The decreasing pH of the ocean is caused by the formation of carbonic acid when CO;
dissolves in the ocean, and causes a challenge for organisms that produce calcium carbonate
(CaCO:s) shells [7]. However, plants may show a general positive attribute which will be discussed
later with elaboration on photosynthesis through biomimetic systems, as seen in the introductory
chapter.
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Although one may identify three important CO, sinks, all of them are natural and not
anthropogenic. This does not mean there are not any but rather their contribution is stifled, by the

chemistry of CO, to be used as a C:-feedstock to effectively reduce CO2 emissions (Table 2.1).

Table 2.1: Examples of CO utilization and the consequence of their use [15].

Application Consequence
Electronic cleaning CFC substitute
Air-conditioning CFC and HCFC substitute
Dry cleaning Halogenated solvent (NHs) substitute
Carbon Capture and Storage (CCS) Mitigate contribution to greenhouse effect
Enhanced Oil Recovery (EOR) Water vapour substitute; CCS (50% remains in well)
Caffeine and fragrances extraction Organic solvent substitute
Metal cleaning Metal scrubbing after soldering, cuts and moulding
Dry-ice (solid CO) Cooling agent
Additive to beverages Effervescence agent (beer, water, wine, etc)
Antibacterial and Fumigant Antibacterial and Fumigant agent
Food packaging and preservatives Effective N2 or other inert gas substitute
Water treatment pH regulator, alternative to H2SO4 (paper industry)
Supercritical CO; as reagent/solvent Manufacturing and modification of polymers
Anti-flame Oxygen deprivation

Other methods that involve CO> conversion into other chemicals include [16]:
e Biological conversion using microalgae in photobioreactor or bio-catalysis.
e Transformation by carbonatation/ mineralization or organic reactions.
e Conversion by electrocatalytic reduction or photocatalysis.
e Chemical transformation using techniques like hydrogenation, dry reforming, etc.

None of the above-mentioned applications are used in a quantifiable manner to effectively reduce
CO2 emissions, such as using it as a reagent or Ci-feestock. This is due to the inert nature of the
CO2 molecule (Fig. 2.6), which is a linear triatomic molecule that is a colourless and odourless
gas, with two equivalent yet short carbon-oxygen bonds (1.1602(8) A) [17]. The molecular
geometry, arrangement and electron distribution of CO», leads to a nonpolar molecule that
produces a molecular quadrupole, which account for most of its chemical and physical properties
(Table 2.2) in its different phases (Solid, liquid and gas).
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Figure 2.6: The CO2 Lewis structure with expected charge distribution with respect to Pauling
electronegativity differences [17].

It is also clear that nucleophilic attack will occur typically at the carbon atom and electrophilic
attack will primarily occur at the oxygen atoms. Also, evidence from ab initio calculations, radio-
frequency spectroscopy, microwave and infrared spectroscopy showed that CO; acts as a Lewis
acid when in the presence of Lewis and Brgnsted bases such as amides, amines and water [18].
This is due to a change in the linear structure of CO. which results in a change in polarity making
it more reactive due to its ability to accept an electron pair from a donor compound.

Although the data in Table 2.2 provides some insight into carbon dioxide’s stability as a lone
molecule, applications and induced reactivity, natures adept ability to harness CO; as a C1-building
block for energy storage is unparalleled. Thus, a biomimetic approach, which is the imitation of
systems and models from nature to solve complex human issues, is needed to better facilitate the
inclusion of concepts which can contribute to improved methods of reducing the levels of CO2 in

the atmosphere [19].
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Table 2.2: Chemical and physical properties of CO2 (* at 25 °C) [20].

Property Value and unit

Molecular weight 44.01 g/mol

Solid density 1560 g/L

Heat of formation (AH® gas) * -393.5 kJ/mol

Entropy of formation (S° gas) * 213.6 J/K.mol

Gibbs free energy of formation (AG® gas) * -394.3 kJ/mol

Heat capacity (constant pressure) * 37.1J/mol.°C

Heat capacity (constant volume) * 28.1 K.mol.°C

Thermal conductivity 14.65 mW
Liquid density at

0 °Cand 1 atm (101.3 kPa) 0.928 g/cm?®

25 °C and 1 atm (101.3 kPa) 0.712 vol/vol

Gas density at

0 °Cand 1 atm (101.3 kPa) 1.976 g/L
Specific volume at

21 °C and 1 atm (101.3 kPa) 0.546 m®/kg

Water solubility at
0°Cand 1 atm (101.3 kPa)

25 °C and 1 atm (101.3 kPa)

Viscosity at
0°Cand 1 atm (101.3 kPa)
25 °C and 1 atm (101.3 kPa)
Sublimation point at
1 atm (101.3 kPa)
Triple point at
5.1 atm (518 kPa)
Triple point pressure
Critical values of

0.3346 g CO2/100 g H-O
1.713 ml CO2/ml H20
0.1449 g CO2/100 g H-O
0.759 ml CO2/ml H20

0.0001372 Poise
0.00015 Poise

-78.5°C

-56.5 °C
5.1 atm (518 kPa)

Critical temperature (T¢) 31.04 °C
Critical pressure (Pc) 72.85 atm (7383 kPa)
Critical density (pc) 0.468 g/cm?®
Latent heat of vaporization at
Triple point (-78.5 °C) 353.4J/g
0°C 231.3J/g

17



Literature review

2.4 Biomimetics

The ability to imitate a system or model from nature requires an extensive elucidation to better
facilitate its synthetic imitation for a specific human issue. In this scenario, it is to imitate nature’s
ability to fix CO> from the atmosphere and transform it in follow-up steps. Therefore, to achieve
this, the following discussion will be separated into three parts: phytochemistry (plant chemistry),
organic systems and organometallic systems, respectively. The latter two discuss current and past

methods of synthetic models of CO; fixation.

2.4.1 Phytochemistry

The majority of CO> fixation occurs in plants by means of photosynthesis. These are separated
into three groups based on the methodology used to assimilate CO>, namely the Cs3, C4 and CAM
(crassulacean acid metabolism) mechanisms. The latter two mechanisms evolved, from Cs, based
primarily on environmental factors such as temperature, water, and atmospheric CO:
concentration. Before this can be discussed, an understanding of photosynthesis and the Cs

mechanism will however first be elaborated on.

Photosynthesis is essentially the conversion of sunlight into chemically stored energy. This occurs
by the absorption of photons (400-700 nm) by photosystem 11 (PSII) in the chloroplasts and causes
a charge separation (electron-hole pairs) which provides the power required to perform redox
reactions. The oxygen evolving centre (OEC) is thus activated by the oxidative holes which leads
to the oxidation of H.O to molecular oxygen, which is released into the atmosphere. These
electrons progress to PSI (a second photosystem) and eventually produces adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH), which are energy
enriched bio-reducing agents that are used in the Calvin cycle (Fig. 2.7) [21].

18



CHAPTER 2

|C|)
ADP © ©
o ll) O\JW/K/O Il) 0 O0=—C=—0
Carbon dioxide (CO,)
@O O@ 2

Ribulose-1,5-bisphosphate (RuBP)

ATP . .
Phosphoribulokinase Ribulose-1,5-bisphosphate

O OH O OH O
HO 0 |P| o® HO 0 |p| &
~ N~
G | C |
’ % | Og
OH O
Ribulose-5-phosphate 3-Phosphoglycerate (PG)
ATP
Series of enzymatic reactions Phosphoglyerate kinase
ADP
OH (¢}
g . I ]
H O—P—OH €]
\C ‘ Phosphoglyceraldehyde HO_T_()\C )\/O_T_O
OH dehydrogenase |
| | ydrog OH | 0o
N O

3-Phosphoglyceraldehyde (G3P) o

,3-Bisphosphoglyerate
@O_‘pl_oe NADPH

Inorganic phosphate (P;) 0 NADP*
©

Figure 2.7: The Calvin cycle in plants, where COz is assimilated from the atmosphere into the

precursor (3-phosphoglycerate) for glucose production [22,23].

The Calvin cycle is where CO> fixation occurs to produce glucose (CsH1206) by repeating the
cycle six times, and occurs in three stages; CO- fixation, reduction and ribulose regeneration. The
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) enzyme catalyses the reaction
between ribulose-1,5-bisphosphate (RuBP) which produces 3-phosphoglycerate (PG). In the next
stage, 1,3-bisphosphoglyerate is made by introducing an inorganic phosphate (Pi) to PG from ATP
(Pi liberation forms adenosine diphosphate (ADP)) with assistance from phosphoglycerate kinase.
This product is then further reduced by phosphoglyceraldehyde dehydrogenase with the assistance
of NADPH. During this process, the carbonyl is transferred to the enzyme from the phosphate
group with the NADPH eventually donating a hydride, resulting in the release of 3-
phosphoglyceraldehyde (G3P), Pi and NADP™. Finally, through a series of enzymatic reactions,
G3P (C3H7O¢P) is converted to ribulose-5-phosphate, which in turn regenerates RuBP, through
the donation of a Pi group (PO3™) from ATP in the presence of phosphoribulokinase [22].
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Since two G3P molecules are required to form a glucose molecule, and RuBP contains 5 carbons,
the net sugar formation is 1/6" of a glucose molecule per turn in the cycle, due to the introduction
of one CO. per RuBP. This is illustrated in the equation (Eq. 2.1) below which shows the sum of
the Calvin cycle to produce one G3P molecule

3C0, + 6NADPH + 5H,0 + 9ATP — G3P + 2H* + 6NADP* + 9ADP + 8P, (Eq. 2.1)

The cycle is not without flaws, because the fixation of CO2 is in competition with the concentration
of oxygen (O2) present (which causes photorespiration) due to the relatively high ratio of O, to
COz inthe cell, even though RuBisCO has greater affinity for the latter. This results in oxygenation
occurring at the enzyme and reduces the net photosynthetic efficiency by 20-50%, depending on
temperature, which ultimately results in the release of CO,. However, this fact has led to the
understanding that CO- fixation is not saturated at current levels in C3z plants and an increase in
global emissions may well be moderately controlled by these plants without influencing the
nitrogen uptake in the plants, while also stimulating increased photosynthesis and plant growth
(based on a survey of 60 experiments) [24]. The only concern is that photosynthesis is highly
effective during the summer months, but as noted above, during the winter months
photorespiration contributes largely to the CO2 concentrations in the atmosphere due to a reduced
rate of photosynthesis.

As mentioned previously, when CO2 concentrations were high during the prehistoric era, Cs plants
strived due to the high concentrations. However, when the levels were considerably lower, Cs
plants performed better than Cz plants, and CAM plants could also but in xeric environments [25].

This is due to the addition of an extra step to the Cs pathway and some biological evolution.

With respect to Cs, fixation occurs through two types of cells (mesophyll and bundle-sheath) and
Cz only occurs in one (mesophyll). The reason for this extra cell is to first fix CO> to pyruvate, by
the phosphoenolpyruvate carboxylase (PEPc) enzyme, to form malic acid (CsHsOs) or oxalic acid
(C2H204). These acids are then shuttled to the bundle-sheath cell where the CO> is removed and is
then subsequently fixed by RuBisCO and the Cs pathway. This additional step results in a higher
CO2 concentration in the cell, which suppresses oxygenation from occurring, and improves the
plants ability to photosynthesis at lower CO, concentrations. The only requirement is warmer
climates due to the need for extra energy for the first fixation process. Consequently, an increase
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in CO2 emissions will not greatly improve Cs4 plants ability to fix CO> due to the plants ability to

already increase the CO> concentrations around RuBisCO [12,23,26].

Lastly, the CAM pathway bears a strong resemblance to the previous pathway in that it also
increases the CO- concentrations around RuBisCO, however, there are two differences. Firstly,
the initial fixation occurs at night to minimize water loss due to transpiration. The second is that
both fixation processes occur in a single cell (mesophyll), with the fixed CO. stored overnight in
the large vacuole and released into the cell during the day, with a concentration ranging from 2 to
60-fold of that the atmosphere, for photosynthesis. This also accounts for why many CAM plants
have thick succulent leaves, due to the large volume of water required [12]. Paradoxically, CAM
plants can also be found in aquatic habitats where atmospheric CO> concentrations are low during
the day, due other plants and algae being present. The result is that during the night when the plants
and algae increase the CO2 concentrations in the water (due to respiratory processes) the CAM
plants fix and store the CO., and during the day the COx is released into the cell and fixed during
photosynthesis. There also some C3/CAM intermediate species which can express either pathway,

depending on the environmental conditions [27].

Baring all the pathways in mind, evidence has shown that at elevated atmospheric CO2
concentrations, Cs plants show the largest biomass increase (+45; 300 species) and C4 plants the
lowest (+12%; 40 species), with CAM plants between them (23%; 6 species). These results are
indicative of the CO> concentration surrounding the RuBisCO enzyme in the various pathways
and the levels of saturation. What is also noteworthy is the ability of some CAM species to fix
CO2 during the day via the C3 pathway and to increase CO> fixation during the night due to PEPc
being stimulated at higher concentrations, which results in an improved biomass increase with

respect to C4 plants [28].

Based on the above knowledge, the research towards CO: fixation has been through an organic
and inorganic approach. Both constitute the same goals of temporarily storing or catalysing the

fixation of CO», while showing improving results as their respective research continues.
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2.4.2 Organic systems

To reduce the amount and cost that some catalysts contribute towards environmental pollution,
metal-free, or organic systems have been investigated for CO> fixation. One such example is the
use of enzymes, though not categorically “metal-free”. This involved the extraction of known
carboxylating enzymes and introducing them to reactants in the presence of CO> (Fig. 2.8).
Moreover, it is demonstrated by the phenylphosphate enzymes of Thauera aromatica that were
partially purified and applied to phenol, under ambient conditions and in the presence of CO3, to

synthesise p-hydroxybenzoic acid with high selectivity (ca. 100%) and a TON of ~16 000 [22].

R

R
3,4-Dihydroxy-benzoate
decarboxylase
CO, + OH > HOOC g

R = H (Phenol), OH (Catechol), CH; (0-Cresol), OCH; (Guaiacol)

E Pyrrole-2-carboxylate I%
decarboxylase COOH
R U ) \ /
(0] (0]
CO, +
Pyruvate decarboxylase OH
H >
(0)

Figure 2.8: Examples of synthetic enzymatic reactions where CO: is used as a reagent to introduce
a carboxylic functional group in the respective products [22].

Although the enzymatic or bio-catalytic approach to CO; fixation is a good example of
biomimetics at play, the focus of finding pure organic systems that utilize the electrophilic carbon
of CO; for fixation was assessed. This ultimately led to two classes of organic bases, namely;
amidines and guanidines, that were introduced in Chapter 1 due to their recurring presence in

organic and organometallic systems, resulting from their ability to coordinate to CO..
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The aforementioned bases are termed as “superbases”, but the definition of this term varies. One
definition that describes the term “superbase”, without bias, was proposed by Caubére, which
stated: The term ‘superbases should only be applied to bases resulting from a mixing of two (or
more) bases leading to new basic species possessing inherent new properties. The term
‘superbase’ does not mean a base is thermodynamically and/or kinetically stronger than another,
instead it means that a basic reagent is created by combining the characteristics of several
different bases [29]. The relevance of the definition is seen with the general structures (Fig. 2.9)
of the aforementioned superbases and their constituents. Amidines (Fig. 2.9(c)) contain one amine
and one imine functional group whereas guanidines (Fig. 2.9(d)) consist of three functional groups

(one imine and two amine).
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Figure 2.9: The general structure of (a) amines, (b) imines, (c) amidines and (d) guanidines [29].

The result of the additional nitrogen functional groups on the same carbon atom as in Fig. 2.9 (c)
and (d) is a proportional increase in basicity. However, the basicity is brought upon by the well-
constructed conjugation (resonance) system, of the amine derivatives, following protonation under
reversible conditions (Fig. 2.10), which also indicates the reason for the improved basicity of

guanidines over the amidines.
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Figure 2.10: The resonance structures of (a) amidinium and (b) guanidinium ions in the presence
of an electrophile [29].

These superbases, as a result, contribute to medicinal chemistry because of their high coordination
ability, basicity control and nitric oxide source — with examples of them present in medicinal drugs
are shown in Fig. 2.11. The amidine based drug, pentamidine (Fig. 2.11(a)), is used for the
treatment of protozoan infections while souamidine and pafuramidine (Fig. 2.11(b, c)) are in
clinical trials for malaria and African Sleeping sickness. Guanfacine (Fig. 2.11(e)), on the other
hand, is used to treat people that suffer from attention deficit hyperactivity disorder (ADHD) and
zanamivir (Fig. 2.11(d)) is used as an anti-influenza drug. Lastly, the drugs, cimetidine and
famotidine (Fig. 2.11(f, g)) which contain both the amidine and guanidine functional groups are

used to treat peptic ulcers and heartburn [30,31].

Although the amidines and guanidines derivatives show medicinal properties, they also have
applicability towards CO- fixation and catalysis. In particular, the derivatives in question are those
mentioned in Chapter 1 (Fig. 1.1), namely 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 1,1,3,3-
tetramethylguanidine (TMG). The former two amidines (DBU and DBN) are widely accepted to
be “non-nucleophilic” bases due to their sterically hindered structures, however, they do show the
ability to be nucleophilic. Bertrand et al. were the first to explicitly state, in 1993, that DBU and
DBN could function as strong nucleophiles [30]. Yet, the case most frequently referred to is the
Baylis-Hillman reaction (Fig. 2.12) where a C-C bond forms between a carbon electrophile and an
o-f unsaturated carbonyl compound. The original catalyst for this reaction was 1,4-
diazabicyclo[2.2.2]octane triethylenediamine (DABCO), but in 1999, Aggarwal et al. found that
DBU performed better than DABCO, with a faster reaction rate (6 hours and 96 hours respectively)
and improved yield (89% and 87% respectively) [30].
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Amidine containing drugs
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Figure 2.11: The structures of amidine and guanidine containing drugs [30,31].

This led Mayr et al., in 2008, to establish the nucleophilicity and Lewis basicity of DBU, DBN,
DADCO and 4-dimethylaminopyridine (DMAP) to explain the improved reaction rates seen in the
Baylis-Hillman reaction. The results (including those of TBD and TMG), in descending order, for
the nucleophilicity was; DABCO > DBN > TBD > DBN > DBU > TMG > DMAP and for the
Lewis basicity; TBD > TMG >DBN ~DBU >DMAP > DABCO [32-35]. While Table 2.3 shows
the nucleophilicity and pKa values for the bases, DBN has a larger Lewis basicity than DBU, even
though their pKa values are similar. This led them to conclude that the reason that DBU is a superior
catalyst is because of its higher Lewis basicity, with respect to a Lewis acidic carbon, and a

nucleophilicity comparable to DMAP.

25



Literature review
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Figure 2.12: The Morita-Baylis-Hillman reaction with DBU to form a C-C bond between a carbon
electrophile and an a-f unsaturated carbonyl compound [30].

Table 2.3: The comparison of the pKa values in aqueous solution and nucleophile specific
reactivity parameters (N) in acetonitrile [32,34-36].

Base pKa Nucleophilicity (N)

DBU 13.5 15.3

DBN 13.5 16.3
DMAP 9.2 15.0

T™MG 13 13.6°

TBD 15.2 16.22
DABCO 8.6 18.8

2 Nucleophilicity parameter in dichloromethane from ref. [36].

This also accounts for the varied catalytic applications of the amidines and guanidines on
electrophilic carbons, most notably, CO> [30]. These include the formation of oxazolidinones and
quinazolines in the presence of CO2 and their respective starting materials, where the bases were
the catalyst [37].

In 2004 Pérez et al. sought to confirm the existence of an intermediate adduct formed between the
bases (specifically amidines) and CO, which other authors had claimed promoted its catalytic
ability. Though they claimed that the presence of a zwitterionic complex had formed, through *C
NMR, attempts to crystallise the adduct only resulted in the formation of the bisamidinium
bicarbonate salts [38]. They further claimed that elemental and thermogravimetric analysis
suggested that the zwitterionic adduct is probably associated with a molecule of water (Fig. 2.13).
However, less than a year later, Jessop et al. refuted the claim of a zwitterionic adduct forming
[39]. They conducted a similar experiment which contained adventitious water (as was the case
with the former experiment) and another where all reagents and solvents were thoroughly dried.
The results (Fig. 2.13) denied the formation of the zwitterion in adventitious water, only the

bicarbonate, where as in the strictly anhydrous conditions, no product formed.
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CH;CN
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I/j( rictly anhydrous) /j (Water ~ 0.03%) ! !
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Proposed carbamic zwitterion
(H,0 associated)

Carbamic zwitterion Bicarbonate salt

Figure 2.13: The dry and wet reaction of DBU with CO2, where no product forms in the dry
reaction and the bicarbonate salt forms in the wet reaction. Indicating that no zwitterionic product
forms.

Thus Jessop et al. concluded that, although theoretically possible, no unambiguous evidence
supports the zwitterion existence yet and proposed that fixation was likely promoted, in organic
solvents, by the stabilizing and solubilizing ability of DBU on the bicarbonate anion. A similar
process, once again, followed in 2008 by Pereira et al., with respect to the guanidines. They noted
that these bases also captured CO2 and formed bicarbonates, likely through a water-solvated
carbamic intermediate, and that the resulting compound could react with nucleophilic amines by
transcarboxylation. This suggested biomimetic activity similar to the non-metal carbonic

anhydrase and transcarboxylase enzymes.

Based on the prior three articles, Villiers et al. successfully isolated the zwitterionic adduct of
TBD-CO> under strict anhydrous conditions (Fig. 2.14), which showed to have an almost planar
structure [40]. The zwitterionic nature, of the adduct, was demonstrated through the delocalised
cationic system of the guanidine functional group, with an average C-N distance of 1.346(16) A,
and the anionic carboxylate-type CO2, with a mean C-O distance of 1.243(14) A. The bond length
of the hydrogen with the nitrogen (N-H 0.95 A) is shorter than it is with the oxygen (O---H 1.70
A), which also supports the formation of a zwitterion. Both the charge delocalization and the
hydrogen bonding to the carboxylate oxygen assist in stabilising the adduct. The distance (1.480(3)
A) between the N-CO bond was also recorded to be longer than the typical value for other
carbamates (1.35 A). Unsurprisingly, the adduct is sensitive to hydrolysis, leading to the formation

of the bisguanidinium bicarbonate salts.
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Figure 2.14: The dry and wet reactions of TBD with CO,, where the zwitterionic product was
isolated in the dry conditions and the bicarbonate in the wet conditions [40].

These properties of the amidines and guanidines led to their subsequent use in carbon dioxide-
binding organic liquids (CO2BOLs) or switchable ionic liquids (SWILs) for CO> capturing (Fig.
2.15) [41]. These systems consist of a liquid mixture of a base and an alcohol (both neutral), which
goes through reversible complexation with CO2 and results in a highly ionic liquid. The process
results in the formation of an amidinium or guanidinium alkyl carbonate salt which forms when
the COz inserts into the O-H bond, with the hydrogen protonating the base. The SWILs can contain
1:1 mol % ratio (15 wt %) of chemically fixed CO> at STP (Standard temperature and pressure)
and even more so under pressure. The process occurs at low or moderate pressures and is reversible
under mild conditions (e.g. purge using nitrogen or argon gas, under vacuum or mild heating) with

minimal substrate loss [42,43].

Co,

-

+ ROH ~

N N,, heating or vacuum
H

Figure 2.15: The SWIL system, constituting of a base (DBU) and an alcohol, stores CO with
minimal energy input required to release CO; from the system [42].

Although SWILs highlight the ability to temporarily capture CO> with minimal energy input, a
recent article described the capture of CO, from ambient air using a guanidine sorbent [44]. The
ligand, 2,6-pyridine-bis(iminoguanidine) (PyBIG), was left in an aqueous solution for a few days
in ambient air which resulted in the formation of crystals (PyBIGH2(CO3)(H20)4) which indicated
the presence of carbonate in the crystal structure (Fig. 2.16). To preliminary quantify the yield
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through crystallization of the product, the reaction was performed for two days in ambient air and
resulted in an average yield of 50.3(4) %, without optimisation. Through heating (Between 80-120
°C), the release of CO2 and H20 were noted with quantitative regeneration of PyBIG ligand. The
efficacy to capture atmospheric CO2 was thus attributed to the presence of the electron-
withdrawing pyridine enhancing the Lewis basicity of the guanidines groups to become protonated
in alkaline carbonate/bicarbonate solutions (pH 8.5-10.5), along with the very low aqueous
solubility of the CO> containing crystal complex, which enhanced the bis-guanidinium carbonate
salt to crystallize. This approach provides another way for CO> capture and is energy sustainable.

NH \ NH COZ (air), H20
J\ )k < =~  PyBIGH,(CO5)(H,0),
N = N (80-120 °C)
HN NN N A NH, o
H H 2
“H,0

Figure 2.16: The reaction of PyBIG in aqueous solution, while exposed to ambient air, absorbs

CO- from the atmosphere and is released through heating [44].

The organic systems discussed, with specific focus on the superbases, have shown inherent
properties that has propagated its use in catalysis and carbon capture and sequestration (CCS)
technology. However, they additionally have application in inorganic systems by being

incorporated as ligands, cocatalysts or in conjunction with SWILSs.

2.4.3 Organometallic systems

The contribution that metal containing complexes have on catalysis far exceeds organic catalysts,
primarily due to their superior stability, recoverability and catalytic abilities as well as their
economic viability and absent/ lack of by-product formation. Considering that none of the
amidines or guanidines showed CO; fixation into high yielding products as yet, the catalysts that
contain and lack the presence of the superbases will be evaluated with respect to CO- assimilation.
Additionally, the superbases containing catalytical reactions will incorporate CO»-absent reactions

to discern the role or effect that the superbases contribute.
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Systems that incorporate the superbases are used as an additive to promote the reactions, ligands
on the catalyst or in conjunction with other systems. For example, the formation of acrylic acid
derivatives from-1,3-butadiene, allene and acetylene are catalysed by Ni(COD)., where DBU is
used to promote the reaction, presumably through carbamate/bicarbonate formation, is an

illustration of its promoting ability [45].

This is further exemplified by hydrogenation of scCO2 by [RuCI(OAc)(PMes)s] as the catalyst
(Fig. 2.18(a)) with the addition of a base and a protic solvent as a cocatalyst, by Munshi et al. [46].
Through evaluating the different effects i.e. of the bases and alcohols, a TOF of 95 000 h'* was
achieved using triethylamine (NEts) and pentafluorophenol (CeéFsOH) as cocatalysts. However,
this was the highest recordable result because of equipment limitations. Using the catalyst and
methanol for hydrogenation, the organic bases with intermediate basicity (pKa between 8-12) gave
the best results, with the stronger bases’ poor solubility suggested as the reason for their lacklustre
performance. Of the intermediate bases, DBU gave the best reaction rate, while being 8 times
faster than the second-best base TMEDA (N,N,N’,N -tetramethylethylenediamine) and 10 times
more than NEtz. The effect of the alcohol showed that the pKa must be lower than that of the
protonated amine, with pentafluorophenol (CeFsOH) giving the best results. With C¢FsOH as the
protic solvent, the formic acid yields (formic acid mol/ base mol) after an hour for NEts and DBU
were 0.66 and 1.36, respectively, and 1.54 and 1.60 after 10 hours. Due to the maximum theoretical
yield being 1, the yield after one hour should give an indication of the base promotion ability and
not the eventual yield. Therefore, the TOF value using CeFsOH and DBU may well exceed that of

NEts, however, the comparison of other amidines and guanidines were not assessed in this study.

Zhang et al. also made use of a superbase (TMG) as a cocatalyst for Heck reactions using aryl
halides and terminal olefins (Fig. 2.17) [47]. Their results indicated that TONs of up to a million
could be achieved in the reaction of butyl acrylate and iodobenzene, claiming that TMG may act

as a ligand, stabilizing the Pd(0) species in the reaction.

0
I 0 PACL/TMG N 0/\/\
+ \)J\ PN DMA, NaOAc, 140°C
0

Figure 2.17: The Heck reaction between butyl acrylate and iodobenzene, where TMG acts as a co-
catalyst [47].
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The superbases, in SWILs, have also been incorporated with catalysts to determine their use as
CO- capture and reduction systems. This is assumed to be due to solvent stabilization promoting
CO: hydrogenation by stabilising the formic salts and acids, based on the polarity of the solvent.
The stabilizing ability followed the decreasing trend of; ethers, alcohols > water > ionic liquids
(SWIL) [48]. One system was able to achieve a TON of 5100 at a substrate-to-catalyst loading of
8650, using RuCl2(PPhs)s as the catalyst. However, DBU was hydrolysed into a cyclic lactam, by
water that was released during esterification — similar to the hydrolysed DBN lactam. This was
found to be from water produced by the catalyst during the reaction, with drying agents failing to
prevent the DBU hydrolysis [48].

Another example was noted wherein cis-[Ru(PNP)2(H)2] (PNP = CHsN[CH2P(CH2CHa)2]) was
used as the catalyst, and the SWIL consisted of DBU and 1-hexanol. The results suggested that the
rate of reduction of CO2 by the catalyst appeared slower than the carbonate reduction, probably
due to a different mechanism or low CO: solubility, relative to the SWIL. This was eventually
corroborated by basic thermodynamic calculations. The authors also hypothesized that an inner-
sphere mechanism took place where direct insertion of an anionic alkylcarbonate into the

complex’s metal hydride bond [49].

The use of a biphasic medium (H.O/Me-THF) with a base and Ru-MACHO™-BH as the catalyst
(Fig. 2.18(b)) was evaluated by Prakash et al. [50]. The results showed that DBU, DABCO and
TMG gave the best results, however, DBU was not further evaluated due to hydrolysis. Through
optimization (17 mmol base in 6ml water, 2umol catalyst, 10 ml dioxane with 2ml additional
water), TMG and DABCO gave TON values of 7375 and 6500, respectively.

H 0
% M
HN////' \‘\\P\Ph o
Ru (Me);p, | (P(Me);
(a) 7N (b) |
/P CO Ru
P | 7>
BH,
Ru-MACHO™-BH RuCIl(OAc)(PMe;),

Figure 2.18: The catalysts used in conjunction with a superbase which produced high TON values
[46,50].
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Although the examples reported above illustrate the promoting ability of the superbases, their use
as ligands on metal centres also show promise in CO.-free reactions. One such case is the selective
double carbonylation of aryl iodides (Fig. 2.19), where the catalyst trans-[Pd(DBU)2Cl>] gave 91%
conversion and 90% selectivity (Fig. 2.19(a)) [51]. The authors stated that DBU is vital in that it

performed as a base, nucleophile (acyl transfer agent) and ligand.

Finally, the catalyst [Rh(L)(COD)CI], (L = (DBU, DBN)), was patented in 2012 for the
hydrogenation of double bonds, notably between C=N or C=C double bonds, although the C=0
double bonds are also mentioned to a lesser extent. The peak TON mentioned was for the reaction
between stearic acid and oleic acid, with a value of 329 TON and 89 % conversion [52]. The crystal
structures (Fig 2.20) for the catalysts showed that the substitution of DBU (Fig. 2.20(a)) vs. DBN
(Fig. 2.20(b)) left the Rhodium-ligand bond length nearly unchanged, with DBU having a slightly
shorter bond length than DBN. Additionally, the deviation from planarity was larger in the DBU
substituted complex than that of the DBN complex [53]. Further comparisons can be made on the
structures of the complexes by comparing the cyclooctadiene (COD) ligand and evaluating its
conformity with respect to the amidine ligands, as was done by Hill et al. on COD-containing
complexes [54]. Although examples exist of the uses of superbases in CO; fixation, especially

with DBU, there are also examples of fixation occurring in their absence.

N
1 ~ . _ Bu
+ CO + n-BuH, Pd(DBU),Cl, N
DBU (5 equiv) o)
MeO Toluene MeO MeO

(a) (b)

TZ

Figure 2.19: The selective double carbonylation where DBU is used as a ligand/ cocatalyst [51].

(@ (b)

Figure 2.20: The crystal complexes of (a) [Rh(COD)(DBU)CI] and (b) [Rh(COD)(DBN)CI] [53].
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Studies have been done on electrochemical reduction of CO2, but more biomimetically appropriate
reactions involve photocatalytic conversion of CO.. Three such catalysts are illustrated in Fig. 2.21
and are briefly discussed below. The catalyst shown in Fig. 2.21(a), [Re(Mebpy)(CO)sClI]-
BODIPY, reduced CO; to CO, achieving a TON of ~ 20 when irradiated with light (Aex> 400 nm)
of approximately 5 hr! [55]. Similarly, benzaldehyde was produced between benzene and CO,
using Fig. 2.21(b), as the catalyst, upon UV irradiation [56]. This was achieved by metal-ligand
cooperation (MLC)-based CO splitting, which may provide an alternative to using carbon
monoxide. The reaction is not fully catalytic because each step requires different conditions, but
the authors aim to transform the reaction into a catalytic cycle. Finally, CO> reduction to formate
in a biphasic liquid-condensed gas system, using a catalyst [Ru(bpy)2(CO)H]" and photosensitizer
[Tris(2,2"-bipyridyl)dicarbonylruthenium(0)] (Fig. 2.21(c)), yielded a TON in excess of a 1000
[57].

P'Bu,

/ / \N—Rh—H

\ 7/ \ (®)
N N -
OC—Re—Cl P'Bu,
ocC CcO (PNP)RhH
PNP = (2,6-bis(di-tert-butyl
[Re(Mebpy)(CO);C1]-BODIPY phosphinomethyl)pyridine)

(©)

Photosensitizer Catalyst

Figure 2.21: Three photocatalysts that can reduce carbon dioxide. (a) [Re(Mebpy)(CO)sClI]-
BODIPY, (b) [(PNP)RhH] and (c) [Ru(bpy)(CO)H]" and photosensitizer [Tris(2,2"-
bipyridyl)dicarbonylruthenium(0)] [55-57].
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2.5 Conclusion

Different approaches and a variation of applicable systems have been briefly described in this
chapter, which also highlighted relevant background on carbon dioxide fixation/ utilisation

processes.

Through comparison of the systems that contain and lack the presence of a superbase, current
evidence suggests that the former holds promise for CO; fixation. While these bases seem to play
a pivotal role, their mechanistic involvement has not been fully elucidated, especially in the
scenarios where they are used as ligands on metal complexes. By means of synthesis of known
complexes, containing the superbases, and attempting to replicate their synthesis with the
superbases that have not been characterized, new model catalysts may be found. Based also on the
known complexes, kinetic studies using neutral ligands may illustrate the mechanistic and kinetic

pathways that CO. may proceed to be activated by.

This will be further addressed in the proceeding chapters, commencing with the basic theory of
the characterization methods, synthesis methods and their characterization, followed by reactivity

studies on selected systems.
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3 Synthesis and characterization of amidine

and guanidine containing complexes

What to expect
The basic theory of the characterization methods used, followed by the synthesis and
characterization of the complexes.

3.1 Introduction

The synthesis and characterization of Rh(l) and Pd(Il) complexes containing amidines or
guanidines (Fig. 3.1) as potential ligands are primarily discussed in this chapter, along with
preliminary solution studies of the bases with CO». Characterization was performed by various
techniques which included IR, *H and *C NMR and UV/Vis spectroscopy. Three of the complexes
that were synthesized were fully characterized by single crystal X-ray diffraction (SC-XRD) and
will be discussed in Chapter 4. The techniques used play a major role in identifying reactants,
possible intermediates and products within a reaction mixture. The reaction mechanisms can also
be evaluated by chemical kinetics, using UV/Vis spectroscopy, and was performed on two of the
Rh(I) complexes that were synthesized (Chapter 5).

Amidines Guanidines
NH
Y Y 1 )J\
(@) (b) ©) )\ @ -
N X N N N
N N H ‘ |
DBU DBN TBD T™™G

Figure 3.1: Structures of the four bases/ligand models being assessed. The amidines; (a) 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) and (b) 1,5-diazabicyclo[4.3.0]non-5-ene (DBN). The
guanidines; (c) 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and (d) 1,1,3,3-tetramethylguanidine
(TMG) .
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To motivate the use of these techniques, the basic theory concepts relating to the characterization
methods will be discussed first, along with the applicable theory of chemical kinetics, before

continuing with the characterization of the synthesized complexes.

3.2 Spectroscopic techniques

3.2.1 Infrared spectroscopy

Infrared (IR) radiation has low energy due to its long wavelength (lower frequency) and is found
in the electromagnetic spectrum between the visible and microwave regions. The energy from IR
radiation is absorbed and converted by organic molecules into molecular vibrations, with IR
spectroscopy utilizing the region between 251 cm™ and 4000 cm™ to collect the absorption data of
these molecular vibrations. The wavelength or frequency of absorption can be influenced by the
geometry of atoms, the force constants of the bonds and even the relative masses of the atoms [1].
The absorption band intensity is usually reported in semiquantitative terms (w = weak, m =
medium and s = strong), while the positions in the IR spectra are presented as wavenumbers ©
(often referred to as “frequencies”) whose units are cm™ and is reciprocally related to wavelength.
The energy of the wavenumber can be calculated from the following equation

E =hv=hcv Eqg. 3.1
In Eq. 3.1 h is Planck’s constant, v is the frequency and c is the speed of light.
Molecular vibrations consist of different types, of which stretching and bending are two important
ones. The former is a rhythmic movement that occurs along the bond axis where the interatomic
distance is decreasing or increasing. The latter involves a change in the bond angles with a
common atom or the movement of a group of atoms with respect to the rest of the molecule, with
the group of atoms not moving with respect to each other, such as twisting, rocking and torsional
vibrations. Not all vibrations in a molecule are observed in the IR spectra; only those that result in
a rhythmic change in the dipole moment. This occurs when the vibration causes a fluctuation in
the charge distribution, and consequently the molecule’s electric field, which interacts with the
electric field of the radiation. If the frequency of the natural vibration of the molecule and the

radiation match, the amplitude increases.
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The general trend of the IR spectra shows that the stretching frequencies are higher than the
corresponding bending frequencies, and hydrogen bonds have a higher stretching frequency than
bonds to heavier atoms, while stretching frequencies increase with increasing bond strengths. In
the case of organometallic complexes, the specific frequency regions that are generally assigned
to organic compounds are between 5000-500 cm, whereas metal bonds are below 500 cm™ and
are often cumbersome to assign. However, the abundance of tables containing organic bond
identification (fingerprint) regions assist in allocating the known organic compounds to their
peaks.

Thus, for inorganic synthesis, IR spectroscopy is used as a method to broadly identify the
coordination of ligands to a metal centre by comparing the fingerprint regions of the free ligand,
and by noting a shift in the peaks, the product formation may be confirmed. This is because of the
donating or withdrawing of the electron density about the coordinating atom of the ligand which
should result in a theoretical shift (higher or lower, respectively) of the affected peaks [2]. The
equation below (Eg. 3.2) explains the shift by relating the wavenumber to the force constant
between the bonds i.e. bond strength.

p=— [X Eq. 3.2

2mecAl U
Here c is the speed of light, u is the reduced mass and K is the force constant between the bonds of
two atoms. Since ¢ and p are both constants, the wavenumber is directly proportional to the force
constant. Thus, an increased force constant translates to a stiffer “spring” (stronger bond) which

causes a higher wavenumber, and vice versa.

3.2.2 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy makes use of the absorption of electromagnetic
radiation (Radio-frequency region between 4 — 900 MHz) when in a strong magnetic field. Unlike
IR and UV/Vis absorption, the nuclei of the atoms are involved in the absorption process, and not
the electrons. This inherently means that the assessment is element specific, with *H and *3C being
the most common. The theory relating to this technique is more complex than IR and UV/Vis

spectroscopy but affords more clarity on the structure determination of the compound, as well as
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impurities, than the aforementioned techniques. Thus, an overview of the important aspects

relating to NMR spectroscopy will be discussed.

All nuclei carry a charge but only some can generate a magnetic dipole by spinning about the
nuclear axis, when the number of protons and neutrons are not equal [1]. The quantum spin number
(1) helps to describe the angular momentum of the magnetic dipole. The spin number (1) can be
determined by using the atomic number (A) and the atomic mass (M) of an element which may
lead to one of three sets of values:
e When A and M are both even, the nucleus will have no net spin (1 = 0); e.g. 12C(0), 1§0(0).
e When Aand M are both odd, or A is even and M is odd, the nucleus will have a half-integer
spin (1 = 1/2, 3/2, 5/2, etc); e.9. 1H(), "2C(G3).
e When A is odd and M is even, the nucleus will have an integer spin (I = 1, 2, 3, etc); e.g.
2H(1), 1IN(1).
From the examples above it can be seen that elemental isotopes are vital for there to be a magnetic
dipole. That is why *H NMR is the most prevalent (99.98 % abundance), followed by *C NMR
(1.1 % abundance).

A nucleus that has a | = % will have two possible orientations (21 + 1) of equal energy. When a
magnetic field is applied, the energy levels split; one is anti-parallel (+%, high energy level) to the
magnetic field and the other parallel (-%2, low energy level) to it. The nuclei are differentiated from
one another, due to shielding and deshielding effects caused by the magnetic field created by the
electrons around the nucleus [3]. This field opposes the applied field. When the electron density
around the nucleus increases the effective magnetic field that it experiences decreases (shielding),
resulting in a smaller energy difference between the two spin states and a lower resonance
frequency. The opposite holds true for deshielding. The chemical shifts that, in this case, the
protons experience is small and are rather converted to a more convenient value by making use of
a proton reference frequency. For *H and 3C nuclei, tetramethylsilane (TMS) is adopted as the
reference frequency because all twelve protons are equivalent and have a single peak. The shifts
(0) are converted using Eq. 3.3 and expressed in ppm (parts per million).

6 = —vy)/vy Eqg. 3.3
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With v being the specific nuclei resonance frequency and v, the reference frequency. These shifts
vary depending on the nuclei in question and the general ranges for hydrogen and carbon atoms
are 1-10 ppm (*H) and 0-220 ppm (*3C).

Proton NMR is affected by two types of environmental effects; chemical shifts (discussed above)
and spin-spin coupling. The latter effect is caused by changes in the magnetic fields by adjacent
nuclei that result in multiple transitions because the energy levels split, resulting in more than one
peak. The difference between the peaks are independent of the applied magnetic field and are
called the coupling constant (J) and is measured in hertz.

Carbon NMR, on the other hand, has two main advantages over *H NMR, even though it is about
6000 times less sensitive. Firstly, it provides information on the molecular backbone of the
structure, where the protons describe the periphery. The chemical shifts, noted early, are a lot larger
and result in less spectral overlap, as would be seen in the proton spectra. Various forms of spin-
spin coupling between carbons is not observed because of the low natural abundance of *3C, which
means the probability of two identical isotopes being adjacent to one another is unlikely. While
the theory relating to NMR for both carbons and protons are more extensive than has been

discussed above, the basic theory and application has been addressed to validate its uses.

3.2.3 UV/Vis spectroscopy

Ultraviolet (UV) and visible radiation lies in the region from 200-800 nm. Their absorption by
atoms and molecules leads to the excitation of electrons within them, from lower to higher energy
levels. The light that is absorbed have precise energy values (because the energy levels of the
matter are quantized) causing specific energy level transitions based on the absorbed energy. These
precise energies are related to a certain wavelength, as shown with Eq. 3.1, which can cause the
possible electronic transitions shown in Fig. 3.2. The diagram shows that the energy required

increases in the order of; o-bonding orbitals > n-bonding orbitals > non-bonding (n) orbitals.
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Figure 3.2: The electronic transitions that are possible within a typical metal complex in the
UV/Vis energy range. The horizontal lines indicate the energy level and the arrows show the
transition from one level to another.

Each arrow indicates the excitation of an electron from the ground state (HOMO - highest
occupied molecular orbital) to the excited state (LUMO — lowest unoccupied molecular orbital).
The gap between the two energy levels relates to the energy required (i.e. the larger the gap, the
larger the energy must be), which correlates to a shorter wavelength being absorbed. The
absorption intensity can then be related to the concentration of the complex, using the Beer-
Lambert law (Eq. 3.4) [4].

A= elc Eq. 3.4

Here | is the optical path length and & the molar extinction coefficient (which is constant for a
specific compound at a certain wavelength) provided that the absorbance A is < 1. This is useful
in reaction kinetic studies, where the absorbance change versus time will aid in evaluating the rate
of change in the concentration of the reactants or products. From the data, the rate order and rate
equation can be determined, and a reaction mechanism proposed. Reaction kinetics is explained in
more detail, below, in Par. 3.2.4.

44



CHAPTER 3

3.2.4 Chemical kinetics

A main purpose of Kinetic studies is the elucidation of the reaction mechanism and possible
transition states. This is achieved by studying the reaction rate of the chemical process at different
experimental conditions such as temperature, pressure, solvent and concentration. Due to each
molecule having a unique absorption spectrum, spectroscopy is often used to measure Kinetic
reactions. The use of UV/Vis spectrometry is one method that measures reaction rates based on
the change in absorption, which can then be related to a change in concentration using Eg. 3.4.
Therefore, the reaction rate is defined as the measured change in the concentration of the products
or reactants per unit time [5]. For a simple reaction (Eq. 3.5) such as:

aA+bB = cC Eg. 3.5
Where a, b and c are the coefficients of the reactants (A and B) and the product (C). The values ki
and k-1 are the forward and reverse rate constants respectively, which relates the rate of change to

the reagent concentrations, with [ ] denoting concentration (Eg. 3.6).

-1d[A] _ -1d[B] _ 1d[c] _
wa — b a =~ ca = falABI" - ka[C] Eq.36

The values m and n represent the order of the reaction with respect to the concentrations of A and

Rate =

B, with the sum of the values for m and n describing the order of the overall reaction (rate law).
The order describes the dependence in a change in concentration of one or both reacting species.
The order can be experimentally determined, often with difficulty, but is circumvented by applying
pseudo first-order conditions were one reactant is in excess (at least 10 equivalence in excess) with
respect to the other reactant, for example {[A] >> [B]; [C]} [6]. Using Eq. 3.6, pseudo first-order
conditions and integration, the observed pseudo first-order rate constant (Eg. 3.7) can be expressed
as

kops = k1[AI™ + k_4 Eq. 3.7
If the order of B is n = 1, then the reaction in A is first-order and the rate constants can thus be
determined by plotting the observed rate constants (kobs) at various concentrations of [A], where
ky is the gradient of the graph and k.1 is the intercept. If the intercept, k-1, is not through the origin,
it may indicate the presence of parallel reaction or an equilibrium (reverse reaction) or even higher

order in some of the reactants.
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In the case of a reverse reaction, the equilibrium constant, K, (Eq. 3.8) is defined by

= f
K = P Eq. 3.8

The kobs values can be obtained from the kinetic runs at various concentration of entering ligand
from the absorbance vs. time graphs, Eqg. 3.6 was integrated, in terms of [C], between time t =0
and t = t, yielding the logarithmic form of the rate equation (Eg. 3.9).

€l

In{a,

= kypst Eq. 3.9

Incorporating the Beer-Lambert law into Eqg. 3.9 (where % = %
0 oo™ 40

) and manipulating the
result, leads to exponential form of Eq. 3.9 as

Ap = A — (A — Ag)efonst Eqg. 3.10
Here At and A, are the absorbances after time t and infinite time, respectively. The time at which
the reaction is complete, for all practical purposes, is Aw. Thus, the koss (if the reaction is first
order) can be determined from a plot of the least-squares fit of the absorbance (Eg. 3.10) vs. time
data. The time it takes for half of the reaction to be complete, for a first order reaction, can then be

determined from the kobs value from Eq. 3.11
tyjp = oo = 2822 Eq. 3.11

kobs kobs

The equations above describe the reaction rate, but by performing the kinetic study at different

temperatures and using the Eyring equation, insight into the mechanism can also be established.

Finally, by plotting the pseudo first-order constants as determined from Eq. 3.10 vs. [A] in Eq. 3.8,

the second order forward ki, and parallel or reverse rate constant k-1, may be obtained.

3.3 Single-crystal X-ray diffraction (SC-XRD)

Electromagnetic radiation in the X-ray region ranges from 102 to 10 nm and has a longer
wavelength than gamma rays but shorter than UV rays. Two common types of X-ray diffraction
(XRD) techniques are powder and single-crystal XRD [7]. The former technique is a fast and
accurate approach to identifying a known substance (such as e.g. in mineralogy) or to verify that
unknown samples are of the same material. However, the structural data is difficult to obtain

because the molecules in the powder do not have periodicity. That is the benefit of SC-XRD, even
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though obtaining appropriate solid samples (specifically single crystals) may be difficult to grow.
It is often time and data intensive, and has a high cost associated with the equipment. Simply put,
single-crystal XRD is a method in which a crystal is bombarded from various angles with an X-
ray beam, with the resulting diffraction patterns being measured and recorded. The diffraction
patterns are then aggregated and converted (Fourier transform) to an electron density map, from
which a unit-cell can be created. Through refinement of the data the average bond lengths, atomic

positions and the relative orientations of the molecules in the crystal can be obtained.

The periodicity of crystal structures is the result of the arrangements of the atoms or molecules in
the lattice. This can be considered a repetition of a unit-cell, which has the same symmetry as the
entire crystal. The unit-cell is the smallest volume, which best describes the crystal, and can be
repeated in all directions, and can be primitive (contain one lattice point) or non-primitive (more
than one lattice point). It can further be defined by three edge lengths (a, b, c), angles (a, B, y) and
crystal planes called Miller indices (h k I). The unit-cell can also be categorized under a Bravais
lattice, crystallographic point group and space group, of which there are 14, 32 and 230

possibilities respectively [8].

Since the unit-cell represents the crystal, the diffraction pattern that results from one unit-cell is
small but is amplified because of the periodicity. The way in which primary diffraction occurs is
best described by Bragg’s law, which also helps detail how the geometric data of the molecule,

mentioned above, is determined.

3.3.1 Bragg’s Law

Bragg’s law (EQ.3.12) helps to define the conditions necessary for diffraction to occur in a

crystalline solid, more importantly, for constructive interference [9].
nA = 2dsinf Eq. 3.12

Here n is a positive integer, A is the wavelength of the incident X-rays, d is the distance between
the planes and 9 is the scattering angle. The diagram (Fig. 3.3) below helps illustrate Bragg’s law.
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Figure 3.3: X-ray diffraction according to Bragg’s law. Where A is the wavelength of the X-rays,
0 is the scattering angle and d is the distance between the planes.

The X-rays are not limited to diffraction from atoms on the surface of the crystal and can penetrate
deeper into the lattice and diffract constructively if it abides to Bragg’s law. The crystal is also
rotated slowly to have a more comprehensive collection of diffraction patterns to provide sufficient

data to determine the structure.

The resulting diffraction spots of the crystal lattice is represented through the reciprocal lattice,
which has planes (Miller indices) that can be indexed and be assigned to a Laue class. However,
none of the above information accounts for the relative intensities of the reflections. By applying
a Fourier transformation method to the relative intensities, they can be discerned from each other.

3.3.2 Structure factor

The reflections that are possible in a crystal are described by the reciprocal lattice through Miller
indices (hkl), with the intensities effected by various factors of the cell contents. The intensities
and the phase of the diffracted X-rays are described by a Fourier series and are quantified through
the structure factor (Fna) and is formulated from the displacement vector (r;) towards the j™ atom

in a unit-cell, which is expressed in terms of fractional coordinates (Eq.3.13).

ri = xja; + yja; + zjas Eqg. 3.13
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Here x;, y; and z; are the coordinates of each atom in the unit-cell and a,, a, and a; are the basis

vectors. The reciprocal lattice position vector (G;j) is expressed as
G; = hby + kb, + lbs Eq. 3.14

Here h, k and | are the Miller indices and b,, b, and b5 are the reciprocal basis vectors. The above
two equations help to determine the phase difference (¢;) when the incident X-ray beam is
diffracted by one set of atoms in a plane and also by another set of atoms in a parallel plane that is
offset by a displacement vector (rj). The pathlength of the phase difference can be determined from
the dot product (Eq. 3.15) of Eg. 3.13 and Eq.3.14, from which it can be seen that the mathematical

relationship of the dual basis vectors are integral multiples of 2.

The structure factor equation (Eq. 3.16) takes the scattering power of each atom (f; — scattering
factor of j"" atom) and atom positions (Eq. 3.15) into account.
Fopy = Fpuei@md = Z?I=1fj82n'i(hxj+ kxj+1zj) Eq. 3.16
The above equation illustrates the dependence of the structure factor on the relative atom positions.
The equation (Eg. 3.16) can also be expanded to the cosine waves (Eq. 3.17)
Fpi = 29’:1]3’ [cos Zn(hxj + kx; + 1z ) + isin Zn(hx]- + kx; + lzj) ] Eqg. 3.17
The result of the above equation allows the experimental intensity (energy) of the scattered wave
(logkiy) to be related to the structure factor (Fonk)) because the energy in cosine waves are
proportional to the square of wave amplitudes (Eqg. 3.18).
Iohrry |Fo(hkl)|2 Eqg. 3.18
The above equations allow for the resultant diffraction wave intensities of the atoms to be
quantified through lonk). However, the measured Fonwy can further be used to determine the
electron density of the atoms. Since the X-ray waves are diffracted by the electrons of an atom,
when the atomic number increases (more electrons) the number of reflected waves increase due
more electrons being able to diffract the X-rays which results in a larger diffraction intensity, and
vice versa. Therefore, to determine the relative electron densities the calculations must be

performed in three dimensions, which means that the unit-cell volume (V) must be considered.
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Thus, the relative electron density at the location, p(x;, ¥, z;), of the j™" atom is shown below [9].
1 —27ri . . .

p(x,y,2) = - 2k Friae amihxjt kxj+ L2)) Eq.3.19

This allows for the known atoms of the proposed compound to be assigned based on the relative

electron densities from Eq. 3.19. If the atoms in the crystal are not known, the ability to solve the

crystal becomes extremely difficult, which is why preliminary evaluation of the compound must

be done and can include NMR, IR spectroscopy, synthesis method and solvents used for
recrystallization.

3.3.3 Phase problem

As mentioned before, the amplitude and the phase difference are needed to determine the structure
factor and the relative electron densities, but only the amplitude can be measured and not the
corresponding phase. Therefore, to determine the structure, the phase angles must be solved
indirectly. There are two approaches that are commonly used; direct method and Patterson
function. The former method is used when the crystal structure contains no heavy atoms and the

latter approach is used when there are one or a few heavy atoms present.

3.3.3.1 Direct methods

The direct method takes advantage of the fact that the electron density cannot be negative within
the crystal, which restricts the possible phase angles between reflections. Using a trial and error
process, whereby the reflections that contribute the most to F are chosen as approximations that

appear promising, an initial estimate of the real structure can be determined and further refined

[8].

3.3.3.2 Patterson function

The Patterson function (Eq. 3.20) or Patterson map is essentially Eq. 3.19 with the difference being

that the amplitude is squared, and the waves are in phase.

p(w,v,w) = %thz(Fhkz)ze_zm(u’v'w) Eq. 3.20
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In principle, this means that if there are an amount of N atoms in the unit-cell there will be a
corresponding N? number of vectors between these atoms. Therefore, this process, maps the atoms
relative to each other and not where they are positioned relative to the unit-cell. Therefore, the
peaks are not assigned to electron density but rather the vectors between pairs of atoms. Each peak
location (u, v, w) is assigned to two atoms whose coordinates (x, y, z) differ by values u, v, w
respectively. The initial estimated structure will predominately contain the position(s) of the heavy

atom(s) in the unit-cell, after which the remaining structure can be determined by other techniques

[8].

3.3.4 Least squares refinement

When the structure is refined from the approximated structure, the agreement between the
amplitudes of the structure factors of the observed (Fo) and calculated (F¢) structures are improved.
This is measured by the conventional residual factor (R factor) and is defined by Eq. 3.21 [8].

— ZIFO_FC|
R = ST Eq. 3.21

The above equation illustrates that the agreement improves as the R factor decreases. Refinement
uses the least squares analysis which adjust the parameters (such as atomic displacement and atom
positions) in order to improve the agreement between the two data sets (Fo and F¢). When the least
squares analysis is performed, several cycles may be done to improve the convergence of the R
factor to assess the progress. A well solved crystal will generally have an R < 0.07, but this only
indicates the precision and not the accuracy. The residual factor can be improved by incorporating

a weighting factor for all the reflections (w) measured in the experiment [8].

z|w|Fo—Fc|2|>1/2 Eq. 3.21

wR = ( SIwFZ|

The weighted residual factor (wR) is generally double that of the R factor.
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3.4 Synthesis and spectroscopic characterization of

complexes

3.4.1 Chemicals and instrumentation

The reagents used for all the synthesis methods were purchased from Sigma-Aldrich and were of
analytical grade and used without further purification, unless stated otherwise. Carbon dioxide
(CO2) was supplied by Air Liquide, with the cylinder containing a dip tube and coupled to a nozzle
to obtain solid CO. The organic solvents were dried and distilled before being used. The infrared
spectra from neat samples were recorded on a Bruker Tensor Standard System spectrophotometer
with a laser range of 4000-370 cm™ and reported in cm™. The solution infrared spectra were
collected in a NaCl cell using dry organic solvents and in the same range as the neat samples. The
UV/Vis time-resolved spectra were collected either on a Hi-Tech Scientific Stopped SF-61 DX2
unit, which was connected to a Hi-Tech Scientific SU-40-UV/Vis spectrophotometer unit or a
Varian Cary 50 Conc or Varian 100 spectrophotometers, with 1.000 £ 0.001 cm path length tandem
quartz cells. The SF-61 DX2 unit is equipped with a constant temperature cell (accuracy of + 0.1
°C) that is also connected to a Julabu MPV thermostated water bath (accuracy of = 0.1 °C) which
was fitted with a circulator. All the metal complexes were characterized by ATR sampling
technique. The *H and **C NMR spectra for the Rh(I) and the bases were obtained in CsDs and the
Pd(I1) complexes in CDCls solutions on a 600 MHz Bruker spectrometer. All the chemical shifts
(8), reported in ppm, are relative to tetramethylsilane (TMS), using the CsDs (7.14 ppm, 127.7)
and CDCls (7.28 ppm, 77.0 ppm) peaks for *H and *3C respectively.

3.4.2 Preliminary solution study of CO>

The ability of the four bases/ ligands as shown in Fig. 3.1, to coordinate to CO was preliminary
assessed using solution infrared spectroscopy. The method entailed obtaining the spectra of the
ligand (0.35 mmol) in 15 ml of dichloromethane (DCM) followed by the semi-quantitative
addition of CO, (~0.35 mmol) to the ligand in DCM. The mass of the CO> that was added was

approximately 20 mg to account for sublimation thereof before being added to the ligand solution.
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Three solvents (DCM, toluene and acetonitrile) were assessed for compatibility in their IR range

(3000 — 1300 cmY) of the ligands and DCM was found to overlap the least.

The frequency of the C=N bond in DBU, DBN, TMG and TBD were 1614 cm™, 1652 cm, 1594
cm™ and 1627 cm™ respectively and 7 = 2338 cm™ for the carbonyl peak of carbon dioxide. No
shifts were observed in the C=N bond of DBU, DBN and TMG after the addition of CO> but a
small peak was observed at a slightly high frequency (~50 cm™) which corresponds to the
“coordinated” CO2 bond (Fig. 3.4). Additionally, the peak size decreased in order of DBU, DBN

and TMG while no visible change in the absorbance of CO2 being observed.

(a) DBU

(b) DBN

Absorbance

(c) TMG

Hi .
3000 2800

T
2600

CO, peak

T T T T T T
2400 2200 2000 1800 1600 1400

Wavenumber (cm-!)

Figure 3.4: The solution IR spectra of; (a) DBU, (b) DBN and (c) TMG. The blue indicates the
spectra of only the ligands in DCM and the red shows the spectra after the addition of CO> to the

ligand solution.
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However, TBD behaved differently. Firstly, it was sparingly soluble in DCM even with mild
heating but was assessed nonetheless for uniformity due to possible solvent effects of DCM on
CO.. After the addition of COy, the IR spectra revealed a significant absorbance reduction in the
7 = 2338 cm! peak of carbon dioxide and four new peaks (7 = 1712 cm?, 1668 cm™, 1617 cm™
and 1593 cm™) in the vicinity of the C=N bond of the pure TBD (Fig. 3.5(a)). An excess of CO;
was then added, and the spectra showed absorption changes in the aforementioned new peaks
(Fig. 3.5(b)).

(a) Approx. 20 mg CO,

Absorbance

(b) Excess CO,

T T T T T T
3000 2800 2600 2400 2200 2000 1800 1600 1400
Wavenumber (cm?)

Figure 3.5: The solution IR spectra of TBD with (a) approximately 20 mg of COz and (b) an excess
of COz>. The red indicates the same spectra which is TBD with the addition of the initial amount
of CO; and the blue indicates the (a) pure TBD in solution and (b) excess addition of COa.

The four peaks can be assigned to the TBD-CO- and [TBDH][HCOs3] products and correlate with
those observed by Villiers et al. [10]. The asymmetric stretching frequencies of the C=0 and C=N
bonds for the former product are 7 = 1712 cm™ and 1605 cm™ respectively. In the case of the
bicarbonate product, the C=N bond was found at # = 1660 cm™ and ¥ = 1600 cm* for the CO3 of

the bicarbonate ion. The peaks are also of comparative absorbance which may indicate an
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equilibrium between the zwitterionic and bicarbonate products, which is illustrated in Fig. 2.14.
Furthermore, in Fig. 3.5(b), the excess CO resulted in an absorbance increase in the C=N bond of
the bicarbonate product and peak reduction in the other peaks. This may be caused by the
additional adventitious water introduced by the excess solid COz, resulting in an equilibrium shift

towards the bicarbonate formation.

Finally, all the ligands formed an off-white precipitate when an excess of CO2 was added, which
corresponds to the formation of the ligand-bicarbonate product as noted in literature [10-12].
Based on the results that all the ligands could coordinate to CO, with various extents, attempts
were made to try coordinate them to metal complexes to enable “metal-assisted” carbon dioxide

fixation.

3.4.3 'H and 3C NMR spectra of the amidine and guanidine ligands

For comparison purposes, the values of the H and *C NMR spectra of the four bases (Fig. 3.1)
are provided below. The values assisted in assigning the peaks and to note whether they were in
fact coordinated and how shielding may have affected the spectra when the bases were
coordinated. Direct comparison of the NMR values below with the Rh(l) complexes (Par. 3.4.4)
support that the bases are coordinated. However, because the Pd(Il) complexes were not soluble

in benzene, the values below could not be used for direct comparison with the Pd(I1) complexes.

DBU:
IH NMR (CsDs, 600 MHz): & 3.40 (t, 2H), 2.73 (t, 2H), 2.65 (t, 2H), 2.40 (t, 2H), 1.55-1.47 (m,
4H), 1.32-1.23 (m, 2H), 1.19-1.12 (m, 2H)

13C NMR (CeDs, 151 MHz): § 159.3, 52.2, 48.1, 44.5, 37.2, 29.6, 28.6, 26.2, 23.0

DBN:
IH NMR (CsDs, 600 MHz): & 3.43 (t, 2H), 2.70-2.63 (m, 2H), 2.63-2.58 (m, 2H), 2.28 (t, 2H),
1.49-1.43 (m, 2H), 1.37-1.28 (m, 2H)

13C NMR (CeDs, 151 MHz): § 158.6, 50.7, 44.3, 42.9, 31.0, 21.2, 19.5
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TMG:
IH NMR (CsDs, 600 MHz): 5 2.65-2.25 (br, 12H)

13C NMR (CeéDs, 151 MHz): § 166.8, 38.9

TBD:
IH NMR (CsDs, 600 MHz): § 3.12-3.00 (br, 4H), 2.58-2.50 (m, 4H), 1.53-1.44 (m, 4H)

13C NMR (CeDs, 151 MHz): § 150.5, 47.8, 41.6, 23.2

3.4.4 Synthesis of [Rh(COD)(L)CI] complexes

The different amidine/ guanidine (for structures and names, see Fig. 3.1) rhodium(l) complexes
were all prepared using the same procedure, as indicated in Fig. 3.6 [13]. The starting material
[Rh(COD)Cl>] (approx. 0.200 mmol) was dissolved in dioxane (10 ml) and the appropriate base
(2 eq.) was added to the reaction mixture and left to stir overnight at room temperature. Pentane
(5 ml) was subsequently added to the yellow solutions from which crystals suitable for SC-XRD

analysis were formed.

A O N /- P
.S /Rh\ /Rh\\g + 2L —mm» 2 .\/Rh\
/ cl A\ 7 L

Figure 3.6: The general reaction scheme for the preparation of different [Rh(COD)(L)CI]
complexes (L = DBU, DBN and TMG).
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3.4.4.1 [Rh(COD)(DBU)CI]

The amidine, DBU (62 ul, 0.415 mmol), was added to the specified [Rh(COD).Cl;] solution (101
mg, 0.205 mmol) to yield the product [Rh(COD)(DBU)CI].

Yield: 148.1 mg, 90.4 %
IR (cm™): (c=n) = 1606

IH NMR (CsDs, 600 MHz): 5 4.98 (s, 1H), 4.89 (s, 1H), 3.64 (s, 1H), 3.57 (s, 1H), 3.51 (s, 1H),
3.43 (s, 1H), 3.11 (s, 1H), 2.96 (s, 1H), 2.48 — 2.22 (m, 8H), 1.94 (s, 1H), 1.67 (s, 2H), 1.59 (s,
2H), 1.53 (s, 1H), 1.46 (s, 1H), 1.27 (s, 1H), 1.27 (s, 1H), 1.15 (s, 2H), 0.95 (s, 1H), 0.92 (s, 1H)

13C NMR (CeDs, 151 MHz): § 163.0, 82.6 (d), 81.6 (d), 73.1 (d), 72.9 (d), 52.5, 46.9, 46.8, 39.0,
31.9, 31.3, 30.7, 30.4, 29.0, 27.3, 25.0, 22.0

3.4.4.2 [Rh(COD)(DBN)CI]

The amidine, DBN (50 ul, 0.405 mmol), was added to the specified [Rh(COD)2Cl>] solution (99
mg, 0.200 mmol) to yield the product [Rh(COD)(DBN)CI].

Yield: 115.2 mg, 77.6 %
IR (cm™): D(c=n) = 1650

IH NMR (CsDs, 600 MHz): & 4.95 (s, 2H), 3.54 (s, 2H), 3.24 — 3.14 (br, 2H), 3.04 — 2.88 (br, 2H),
2.37 (t, 2H), 2.36 — 2.28 (br, 4H), 2.23 (t, 2H), 1.64 (d, 4H), 1.27 — 1.21 (m, 2H), 1.21 — 1.16 (m,
2H)

13C NMR (CsDs, 151 MHz): § 162.3, 82.7 (d), 72.8 (d), 51.4, 45.7, 41.8, 33.2, 31.7, 30.5, 20.6,
18.9
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3.4.4.3 [Rh(COD)(TMG)CI]

The guanidine, TMG (51 ul, 0.406 mmol), was added to the specified [Rh(COD)2Cl;] solution
(101 mg, 0.204 mmol) to yield the product [Rh(COD)(TMG)CI].

Yield: 126.9 mg, 86.0 %
IR (cm™): Hc=n) = 1567, 1527

IH NMR (CsDe, 600 MHz): & 4.87 (s, 2H), 3.60 (s, 2H), 3.14 — 2.66 (br, 6H), 2.38 — 2.29 (br, 4H),
2.25 — 1.80 (br, 6H), 1.63 (d, 4H)

13C NMR (CsDs, 151 MHz): & 170.6, 80.8 (d), 73.4 (d), 40.8 — 39.3, 38.5 — 37.3, 31.5, 30.7

3.4.5 Synthesis of trans-[Pd(L)2Cl>] complexes

The Pd(11) complexes containing the amidines/ guanidines (for structures and names, see Fig. 3.1),
as ligands, were synthesized via a two-step process which first involved the synthesis of trans-
bis(benzonitrile)dichloropalladium(ll) (trans-[Pd(PhCN).Cl;]) from PdCl, (Fig. 3.7(a)) and is
described in Par. 3.4.4.1. In the second step, the different amidine/ guanidine palladium(ll)
complexes were all synthesized in the same manner as illustrated in Fig. 3.7(b) [14]. The ligand
(2 eg.) was added to a solution of trans-[Pd(PhCN).Cl2] in toluene (5 ml) and left to stir overnight
at room temperature. An orange precipitate formed which was then filtered and washed with
toluene and dried. Crystals that were appropriate for SC-XRD analysis were obtained by

recrystallization in DMF.

Cl
(a) PdCl, + QCEN E— QCEN—I’L—NEC@
!
Cl

Cl
(b) QCEN—P}d—NEC@ + 2L —m> L—P:d—L
Cl

Cl

Figure 3.7: The general reaction schemes for the two-step preparation of different trans-
[Pd(L)2Cl>] complexes (L = DBU, DBN, TMG, TBD). (a) Synthesis of the precursor complex,
trans-[Pd(PhCN).Cl.], from PdCl>. (b) General reaction for the synthesis of the trans-[Pd(L)2Cl]
complexes.
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3.45.1 trans-[Pd(PhCN)2Cl:]

PdCl> (200.2 mg, 1.129 mmol) was refluxed at 100 °C in benzonitrile (6 ml) for 30 minutes, which
resulted in a red-brown solution. The hot solution was subsequently filtered, followed by the
immediate precipitation of the product after the addition of petroleum ether (35 ml). The yellow

product was then filtered and washed with petroleum ether ( 3 x 15 ml) and dried [15].
Yield: 318.6 mg, 73.6 %
IR (cm™): Dc=n) = 2286

IH NMR (CsDs, 600 MHz): § 7.82 — 7.72 (m, 2H), 7.68 (d, 2H), 7.63 (t, 2H), 7.57 (t, 2H), 7.50 (t,
2H)

13C NMR (CeDs, 151 MHz): § 135.3, 133.4, 129.5, 122.2, 109.2

3.4.5.2 trans-[Pd(DBU)2CI:]

The amidine, DBU (39 ul, 0.261 mmol), was added to the specified [Pd(PhCN).Cl] solution (50.0
mg, 0.130 mmol) to yield the product [Pd(DBU).Cl.].

Yield: 44.1 mg, 70.2 %
IR (cm™): D(c=n) = 1605

IH NMR (CDCls, 600 MHz): & 3.67 — 3.60 (br, 4H), 3.51 (t, 4H), 3.27 — 3.23 (br, 4H), 3.19 (t,
4H), 2.00 — 1.93 (br, 4H), 1.88 — 1.81 (m, 4H), 1.74 — 1.67 (br, 4H), 1.60 — 1.53 (br, 4H)

13C NMR (CDCls, 151 MHz): § 163.5 (d), 53.7 (d), 47.7, 38.8, 38.1, 29.3 (d), 27.8, 24.4 (d), 22.3
(d)
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3.4.5.3 trans-[Pd(DBN)2Cl]

The amidine, DBN (33 ul, 0.267 mmol), was added to the specified [Pd(PhCN).Cl] solution (50.4
mg, 0.131 mmol) to yield the product [Pd(DBN).Cl>].

Yield: 40.3 mg, 72.0 %
IR (cm™): (c=n) = 1651

IH NMR (CDCls, 600 MHz): 3 3.42 — 3.28 (m, 12H), 3.14 (t, 4H), 2.07 — 1.99 (m, 4H), 1.87 —
1.78 (m, 4H)

13C NMR (CDCls, 151 MHz): § 162.8, 52.7, 46.5, 42.2, 31.2, 21.1, 19.1

3.4.5.4 trans-[Pd(TMG)2Cl2]

The guanidine, TMG (33 pnl, 0.263 mmol), was added to the specified [Pd(PhCN).Cl.] solution
(49.5 mg, 0.129 mmol) to yield the product [Pd(TMG).Cl;]

Yield: 35.6 mg, 66.9 %
IR (cm™): (c=n) = 1566, 1536
'H NMR (CDCls, 600 MHz): § 3.41 —3.13 (br, 12H), 2.86 — 2.65 (br, 12H)

13C NMR (CDCls, 151 MHz): § 168.8, 41.7 — 39.9, 39.4 — 38.3

3.4.5.5 trans-[Pd(TBD)2Cl:]

The guanidine, TBD (36.9 mg, 0.265 mmol), was added to the specified [Pd(PhCN).Cl] solution
(50.1 mg, 0.131 mmol) to yield the product [Pd(TBD)2Cl2]

Yield: 31.8 mg, 53.4 %

IR (cm™): D(c=n) = 1614

IH NMR (CDCls, 600 MHz): 5 3.41 — 3.37 (br, 8H), 3.35 (t, 8H), 2.07 — 2.02 (m, 8H)
13C NMR (CDCls, 151 MHz): § 151.5, 46.9, 38.0, 20.7
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3.4.6 Discussion

The preliminary solution study on the ability of the four bases/ ligands to coordinate to CO, aided
in illustrating their relative coordinating strengths (TBD > DBU > DBN > TMG). Their strengths
cannot be explained by only their pKa and nucleophilicity (N) values (Table 2.3) because DBN has
a larger nucleophilicity than DBU yet has a weaker binding ability to CO», even though the trend
indicates that the larger the pKa and/or N becomes, so does the coordinating ability improve. This
may indicate that the steric influence from DBN is more restricting than DBU because of the
smaller size of the cyclic ring in the former leading to a relatively linear structure when compared
to the possible chair conformation in the larger cyclic ring of DBU. Also, the unambiguously large
binding ability of TBD is further explained by the proton present on the -nitrogen being able to
stabilize the zwitterionic complex TBD-CO. as well as lead to the bicarbonate product
[TBDH][HCOg]. This is evident in the various peak formations and shifts noted in Fig. 3.5.

Three of the ligands (L = DBU, DBN and TMG) were successfully coordinated to the
[Rh(COD)(L)CI] complex with the novel synthesis of [Rh(COD)(TMG)CI]. While the crystals of
all three were collected, only the Rh(l) complexes containing DBU and TMG were analysed (SC-
XRD) for comparative reasons between the amidines and guanidines and will be presented in
Chapter 4. Attempts to synthesis the TBD-containing complex were unsuccessful, with the
methods leading to an oil containing a decomposed product. The solvents were varied (dioxane,
toluene, benzene) and attempts to precipitate or recrystallize the product (hexane, pentane, DCM,
acetone) were unsuccessful. The *H NMR spectra consisted of multiple peaks that could not be
identified where the 13C NMR and IR confirmed the presence of coordinated TBD amongst other
peaks. The possible reasons for the unsuccessful synthesis can be attributed to the properties of
TBD mentioned in Par. 3.4.2. The high pKa value of TBD may have resulted in it deprotonating
the cyclooctadiene or that the hydrogen on the -nitrogen may have some steric influence. Another
possibility is that TBD coordinates via the two nitrogens (bidentate) but steric influence from the

chlorido and COD may restrict the bond formation.

All four of the trans-[Pd(L).Cl2] complexes (L = DBU, DBN, TMG, TBD) were successfully
synthesized, with the latter three being novel compounds. The complexes were recrystallized in
DMF which led to the former three complexes forming crystals and the trans-[Pd(TBD).Cl;]

complex decomposing to an oil. The recrystallized products contained both precipitate and small
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crystals but only the DBN and TMG-containing complexes had crystals of sufficient size to
perform SC-XRD analysis. The small yellow cuboidal crystals of the trans-[Pd(DBN).Cl.]
complex was successfully collected and will be discussed in Chapter 5. The SC-XRD analysis of
the small orange needle-like crystals of the trans-[Pd(TMG)2Cl>] complex yielded a strong
diffraction pattern but was highly disordered and could not be solved effectively. The NMR and
IR spectra confirmed the presence of the complex which meant that it was possibly due to severe
disorders in the crystals. The trans-[Pd(TBD).Cl,] complex showed low yields and contained
small impurities. When the product was washed excessively with toluene the yields were reduced
even further because the product was sparingly soluble therein and attempts to remove the

impurities by recrystallization led to decomposition of the product.

Further comparisons are made on the crystal structures synthesized in Par. 3.4.4.1, 3.4.4.3 and
3.45.3 in Chapter 4, followed by a kinetic study between [Rh(COD)(DBU)CI] and
[Rh(COD)(TMG)CI] with DMAP in Chapter 5.
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4 Single crystal X-ray diffraction study of
amidine and guanidine containing metal

complexes

What to expect
A detailed crystallographic evaluation of three complexes containing the ligands DBN, DBU and

TMG, respectively, will be presented in this chapter.

4.1 Introduction

A thorough search of metal complexes containing the amidines and guanidines as a monodentate
ligand, discussed in Chapter 2, was conducted on the Cambridge Structural Database (CSD) [1,2].
The number of crystals that were collected on the Database that contained the four bases (DBU,
DBN, TMG and TBD) as ligands were a fraction of the complexes that contained similar bases
such as DMAP and DABCO. Of the crystal structures found on the Database, no complexes were
reported where the effects of the amidines and guanidines, as coordinating ligands, were

structurally compared to each other, with respect to the same metal complex.

For this study two applicable crystal systems were identified; trans-[Pd(DBU).l2] and
[Rh(COD)(DBU)CI], based on their potential application as catalysts for CO»-fixation and for their
varying ligand systems and geometrical orientation about the metal centre. The former complex
was the structure collected after the reaction of the starting catalyst model trans-[Pd(DBU)2Cl;]
with 1-iodo-p-methoxybenzene, which resulted in the substitution of the chlorido ligands. The
initial chlorido containing model catalyst could not be crystallized and was subsequently only
characterised by *H and *3C NMR spectroscopy [3].
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The latter complex, [Rh(COD)(DBU)CI], was further chosen due to the presence of the COD
ligand, which structurally “mimics” the behaviour of the Venus fly-trap (Dionaea muscipula) [4];
specifically relating to the so-called “jaw” movement of the ligand structure. Through the
observation of the cyclooctadiene in a 3D diagram (Fig. 4.1(a)), it becomes easier to visualize how
the COD configuration mimics the leaf structure of the plant. Ironically, in some petrochemical

processes, diolefins act as a catalyst trapping agent/ inhibitor [5].

(b) y - Jaw angle (c) ¥, - Bite angle (d) T - Twist angle

Figure 4.1: (a) The structural overlay of COD, coordinated to a metal centre, onto a Venus fly-trap
leaf. The definitions of the three angles that describe the geometry of the cyclooctadiene ligand in
relation to the Venus fly-trap conformation: (b) w — Jaw: dihedral angle between the two planes
through the four alkane carbon fragments, (c) y — dihedral angle between the two planes through
the two alkene moiety-metal atoms, and (d) 7 — dihedral angle between the plane through the metal
and mid-points (green dummy atoms) of the alkene carbons and the plane through the metal and
the two trans ligands.

There are three parameters that can be used to describe the behaviour the cyclooctadiene as a model
to the leaf of the Venus fly-trap: the so-called jaw angle (v) (Fig. 4.1(b)), the bite angle (y) (Fig.
4.1 (c)) and the twist angle (z) (Fig. 4.1(d)) — with the definitions noted in the Fig. 4.1 caption.
These parameters help to evaluate the influence of the electronic and steric effects that the trans
ligands have on the structural behaviour of the COD ligand when it is coordinated to a square

planar transition metal complex [5,6]. Hill et al. (2018), found that when investigating these three
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parameters of similar compounds; v and z varied the most (ca. 10°), with y staying relatively
constant (ca. 1° variation) when the metal complexes of the type [M(COD)(N,0-Bid)]A (M = Pt",

Pd'") with various bidentate and counterions were structurally analysed [5].

With the above in mind, one of the initial major aims of this project was to crystallographically
compare the effect of four superbases (L = DBU, DBN, TMG and TBD) using metal complexes
of the type trans-[Pd(L).Cl.] and [Rh(COD)(L)CI], which were synthesised as described in Par
3.4.5 and 3.4.4 respectively [3,7]. Moreover, since these superbases in principle can capture/ trap
carbon dioxide, the PGM complexes and structures thereof were identified wherein eventually the
synergistic effect of the superbases, in combination with an available metal centre, whereupon the
carbon dioxide can be activated. Thus, the synthetic protocol mentioned in Chapter 3 was

developed to obtain appropriate metal complexes.

However, synthetic endeavour only led to the crystallisation and collection of trans-
[PA(DBN)2Cl>] (Fig. 4.2 (a)), [Rh(COD)(DBU)CI] (Fig. 4.2 (b)) and [Rh(COD)(TMG)CI] (Fig.
4.2 (c)), where the first and last complexes are novel crystal structures that have been obtained for
the first time, and have been studied structurally. The aforementioned complexes are described in
this chapter with a primary focus on crystal packing modes, molecular interactions and Venus Fly-
trap parameters (for the latter two complexes), followed by a discussion on the significant aspects

of each of the structures.

(a) (b) ()
Figure 4.2: Schematic illustration of the three complexes isolated for single-crystal XRD study;

(a) trans-[Pd(DBN)Cl,], (b) [Rh(COD)(DBU)CI] and (c) [Rh(COD)(TMG)CI].

The complete lists of the crystallographic parameters of the structures presented in this chapter are

given in the appendix as supplementary data.
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4.2 Experimental

The diffraction data for the three complexes; trans-[Pd(DBN).Cl;], [Rh(COD)(DBU)CI] and
[Rh(COD)(TMG)CI] were collected at 100 K on a Bruker X8 Apex Il 4K diffractometer, using
monochromatic Mo Ka radiation with a wavelength of A = 0.71073 A. The cell parameters were
all refined using the XREP4 and SAINT-Plus [8] programs, while SADABS [9] and multi-scan
techniques were used for the absorption corrections. The structures were solved using direct
methods in SIR97 [10] or SHELX, and refined (F?), within SHELX-97 [11,12] and WinGX [13],
respectively, using anisotropic displacement parameters for all non-hydrogen atoms. The
DIAMOND [14] program was used to illustrate the molecular graphics, while Mercury [15] was
used for structural overlays. Methyl, methylene and methine hydrogen atoms were placed in
geometrically idealized positions (C-H = 0.95 —0.98 A) and constrained to their parent atoms with
Uiso(H) = 1.2Ueq(C) and Uiso(H) = 1.5Ueq(C) respectively.

A summary of the general crystal data and refinement parameters for all three crystal structures,
are shown in Table 4.1. The complete list of the bond distances, bond angles, atomic coordinates,
hydrogen coordinates, torsion angles and anisotropic displacement parameters of the complexes
are found in the appendix as supplementary data. The most important bond parameters are shown
under each subsequent crystal structure. The hydrogen atoms and numbering for certain carbon

atoms were omitted for clarity on some molecular structures.
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Table 4.1: The general X-ray crystal data and refinement parameters of trans-[Pd(DBN).Cl],
[Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI].

Crystallographic data trans-[Pd(DBN).Cl.] [Rh(COD)(DBU)CI] [Rh(COD)(TMG)CI]
Empirical formula C14H24CIoN4Pd C17H26CIN2Rh C13H24CIN3zRh
Formula weight (gmol*) 425.67 398.77 360.71
Temperature (K) 100(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P2i/c P2i/c Pbca
Unit cell dimensions
a(A) 7.2350(3) 13.144(4) 13.3640(9)
b (A) 9.2490(4) 11.056(4) 10.8000(11)
c (A 13.1880(5) 20.496(4) 21.6730(19)
a(®) 90 90 90
B(°) 99.9200(10) 35.712(10) 90
v (©) 90 90 90
Volume (A3) 869.30(6) 1738.6(9) 3128.1(5)
z 2 4 8
Density (g cm™®) 1.626 1.523 1.532
Crystal colour Yellow Yellow Yellow
Crystal morphology Cuboid Cuboid Cuboid
Crystal size (mm?) 0.200 x 0.130 x 0.063 0.370x0.176 x 0.104  0.280 x 0.189 x 0.087
p (mm'?) 1.374 1.132 1.251
F(000) 432 824 1480
0 range (°) 3.61-28.00 3.72-28.00 4.05-28.00
-9<h<9 -17<h<15 -16<h<17
Index ranges -7<k<12 -14<k<14 -11<k<14
-17<1<17 -27<1<27 -28<1<28
Reflections collected 13532 30961 48900
Unique reflections 2098 4186 3766
Rint 0.0277 0.0266 0.0571
Completeness to theta (°, %) 25.24,99.5 25.24,99.7 25.24,99.6
Data / restraints / parameters 2098/185/115 4186 /0/190 3766 /48 /167
Goodness-of-fit on F2 1.074 1.088 1.038
R [I>20(D)] Ry =0.0512 Ry =0.0235 R; =0.0471
wR2 = 0.1390 wR2 = 0.0585 wR, = 0.1062
R (all data) R; =0.0681 R; =0.0282 Ry =0.0747
wR2 =0.1613 wR2 = 0.0623 wR2 =0.1251
Pmax, Pmin (€.A7) 1.076, -0.891 0.575, -0.504 0.875, -1.038
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4.3 trans-[Pd(DBN).Cl;]

The title compound, trans-[Pd(DBN).Cl], was synthesized as described in Par. 3.4.5.3, with the
complex crystallizing in the monoclinic crystal system, in the space P21/c group, with two formula
units in the unit-cell (Z = 2), with no significant hydrogen bonding interactions. The molecular
structure of the complex (Fig. 4.3) shows the atomic numbering and hydrogens. Selected bond
lengths and angles are shown in Table 4.2, and Table 4.3 contains the torsion and dihedral angles.
The crystal structure of trans-[Pd(DBN).Cl.] has two trans neutral DBN ligands, with an envelope
conformation, and two trans anionic chlorido ligands coordinated to the palladium (II) centre. The
Pd(I1) centre sits on a special position (0, 0, 0) located on an inversion centre which requires the
molecule to be centrosymmetric. The structure displays a positional disorder on the N1/No; and
C41/Co1 atoms with an occupancy of 85/15% and 75/25% respectively, due to the flipping of the
DBN ligands (indicated by the dashed lines of No1 and Co1). The rest of the DBN ligand was
restricted with the appropriate SHELX compatible restraints (RIGU, SIMU and DELU), leading
to the large number of restraints reported in Table 4.1. The high electron peak density is located

0.03 A from Co: and may be attributed to the flipping of the ligand.

Figure 4.3: Molecular representation of the disordered trans-[Pd(DBN).Cl.] complex, with the
hydrogens (green atoms). The displacement ellipsoids are all drawn at 50% probability level, with
the hydrogen atom sizes being reduced for clarity. The positional disorder on the N1/No1 and C1/Coz
atoms (with an occupancy of 85/15% and 75/25% respectively) are indicated with a zero before
the atom number, their bonds are depicted with dashed lines and the symmetry generated atoms
are indicated by a subscript i in front of the atom symbol. The Pd(Il) is located on an inversion
centre, with the equivalent atoms generated using the symmetry transformation: -x, -y, -z.
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Table 4.2: Selected bond lengths and bond angles for the principal fraction of the title complex,
trans-[Pd(DBN)2Cl].

Atoms Bond length (A) Atoms Bond angle (°)
C1-N1 1.26(1) N1-C1-N2 125.5(8)
C1-N2 1.346(8) N2-C1-Co 113.7(6)
Ci-C 1.55(1) N:-C1-C2 120.7(7)
C7-N1 1.484(9) C1-N:-Pd 124.1(6)
Pd-N 2.021(7) N1-Pd-Cl 93.0(2)
Pd-Cl 2.301(2) N1-Pd-iCl 87.0(2)

Symmetry transformations used to generate equivalent atoms: -x,-y,-z. (see appendix)

Table 4.3: Selected torsion and dihedral angles for the principal fraction of the title complex, trans-
[Pd(DBN)2Cl3].

Atoms Torsion?/Dihedral® angle (°) Atoms Dihedral angle (°)
Pd-N1-C1-N2 176.2(6)? Pc2-Pni 29.2(8)
Cl-Pd-N1-C1 -72.5(7)? Pc2-Pne 31.5(8)

Pci-Pn1 83.5(3)° Pc2-Pns 27.1(8)

Pci-Pnz 84.7(3)° Pn2-Pns 6.1(3)

Pci-Pns 81.5(3)°

Symmetry transformations used to generate equivalent atoms: -x,-y,-z (see appendix)

Planes indicated with the “P” symbol: Pci(CI-Pd-iCl), Pc2(N1-Pd-iN1), Pni(DBN), Pn2(6-membered DBN ring),
Pn3(5-membered DBN ring)

The selected bond lengths and angles, from Table 4.2, of the title complex were compared to that
found in literature for [Pd(DBU)2l2], first synthesized by De La Fuente et al. [3]. It was noted that
both have the same crystal system, space group and inversion centre, which were located on the
position of the metal centre. Additionally, the literature complex [Pd(DBU)2l;], was collected at
293(2) K and not at 100(2) K as the reported structure was. Interestingly, no positional disorder
was noted in the literature complex, that may account for the flipping of the DBU ligands. The
Pd-N; and Pd-I bond lengths in [Pd(DBU)2lz] were 2.004(9) and 2.607(1) A respectively, which
showed that the DBU is more strongly coordinated than the title complex (even though it is less
nucleophilic than DBN), with the larger steric hindrance of the DBU being subdued by the longer
anionic bond length. Yet this observation may be discounted because of the complexes’ data were
collected at different temperatures. The corresponding C:-N12 and N1-C7 bond lengths are all
shorter (0.0052, 0.0028 and 0.0024 A respectively) in the title complex, while the N;-Pd-I bond
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angle = (90.7°(3)) is 2.3° smaller than in the title complex, possibly due to the short Pd-CI bond
length and subsequent steric interference, which leads to trans-[Pd(DBN)2Cl>] being less planar.

The degree of planarity of the complex and of the two rings (5 and 6 membered) of the coordinated
DBN ligand is shown in Fig. 4.4, with the dihedral angles between them noted in Table 4.3. The
values show that the complex is not planar with respect to the DBN ligand but distorted by ca. -
7.5° and 29° for the Pc1 (CI-Pd-iCl) plane and Pc. (N1-Pd-iN1) plane with respect to the Pna:
(average DBN) plane, respectively, with the bent conformation of the DBN about N1 accounting
for the values. Whereas the planes through the two DBN rings (6 membered-ring (Pn2) and 5
membered-ring (Pn3)) have a dihedral angle of 6.1(3)°, which shows the two rings are bent with

respect to each other.

Plane Py, Plane Py

(a)

Plane Py, al Plane P, Plane Py,

Plane P(~2

lNl

S ‘ Cl

(b) (©)

Figure 4.4: lllustration of the planes in trans-[Pd(DBN).Cl.]. (a) Two planes of the DBN molecule;
the 6 membered-ring (Pn2, blue) and 5 membered-rings (Pns, orange). (b) Two perpendicular
planes within the complex; the average DBN (Pnz, blue) and CI-Pd-iCl (Pc1, orange). (c) Two
parallel planes; the average DBN (Pn1, blue) and N-Pd-iN (Pcz, red). Hydrogen atoms and certain
atom names are omitted for clarity.

The packing of the title complex in the unit cell is illustrated in Fig. 4.5. The moieties are located
at the corners and in the centre of two of the six unit-cell faces in an overarching head-to-tail

packing mode.
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(b) Viewed along the b- axis.

Figure 4.5: Crystal packing of the [Pd(DBN)zClz]Jcomplex in the unit cell; (a) viewed along the a-
axis and (b) viewed along the b- axis.
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4.4 [Rh(COD)(DBU)CI]

The [Rh(COD)(DBU)CI] complex was synthesized as described in Par. 3.4.4.1. The complex
crystallizes in the monoclinic crystal system in the P21/c space group, and has four formula units
in the unit cell (Z = 4), with no significant hydrogen bonding interactions. The molecular structure
of the complex is illustrated in Fig. 4.6, with atomic numbering and hydrogen atoms included.
Selected bond lengths and angles are displayed in Table 4.4 and Table 4.5 containing relevant

torsion and dihedral angles.

The crystal structure, [Rh(COD)(DBU)CI], has two neutral ligands (DBU and COD) and one
chlorido ligand coordinated to the rhodium(l) metal centre, with the DBU and chlorido trans to
the cyclooctadiene — which coordinates through its olefinic bonds. The DBU ligand shows two
types of conformations, chair (7-membered ring) and envelope (6-membered ring) on the cyclic
rings, where the COD displays a boat conformation, see Fig. 4.6. The structure showed no

statistical disorders and required no restraints.

Figure 4.6: Molecular representation of the [Rh(COD)(DBU)CI] complex, with hydrogens (green
atoms). The displacement ellipsoids are all drawn at 50% probability level, with the hydrogen atom
sizes reduced for clarity. The dashed lines indicate the olefinic bonding interaction to the Rh(l)
metal centre.
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Table 4.4: Selected bond lengths and bond angles for the title complex, [Rh(COD)(DBU)CI].

Atoms Bond length (A) Atoms Bond angle (°)
Rh-X1 2.015(6) X1-Rh-ClI 91.74(2)
Rh-Cy 2.136(2) X1-Rh-N1 176.47(5)
Rh-C> 2.126(2) X1-Rh-X; 88.31(2)
Rh-X> 1.978(5) X2-Rh-Cl 179.66(3)
Rh-Cs 2.099(2) X2-Rh-N1 91.52(6)
Rh-Cs 2.096(2) N1-Co-N2 123.8(2)
Co-N1 1.296(2) N1-Co-Ci0 119.1(2)
Co-N2 1.354(2) N2-Co-C1o 117.2(2)
Co-Cio 1.501(3) Co-N1-Rh 128.3(1)
Ci7-N1 1.464(3) N1-Rh-Cl 88.40(5)
Rh-CI 2.3776(7)

Rh-N 2.107(2)

X1 (C1-C2 midpoint), X, (Cs-Cs midpoint)

Table 4.5: Selected torsion and dihedral angles for the title complex, [Rh(COD)(DBU)CI].

Atoms Torsion angle (°) Atoms Dihedral angle (°)
Cs-C1-C2-Cs 3.3(3) Px1-Pp1 21.8(2)
Cs-Cs-Ce-C7 4.1(4) Px1-Pp2 17.7(2)
Co-C3-Cs-Cs 27.3(4) Px1-Pp3 37.9(2)
Ce-C7-Cs-C1 28.0(4) Px2-Pp1 74.6(1)
Rh-N1-Cg-N> 167.2(2) Px2-Pp2 70.8(1)
CIl-Rh-N1-Co 80.5(2) Px2-Ppbs 79.0(2)

Pp2-Pps 40.3(1)
Bite angle (y)? 87.9(2)
Jaw angle (w)? 75.3(3)
Twist angle ()2 3.5(5)

Planes: Px1(C1-C2-Rh-Cl), Px2(Cs-Cs-Rh-N31), Ppi(DBU), Pp2(6-membered DBU ring), Pps(7-membered DBU ring).
a) See Fig. 4.1 for definitions and depictions.
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The title complex was originally reported by Florke et al. (1992) but was collected at room
temperature (296(1) K) and crystallized in the monoclinic P23 space group [7]. This is in contrast
to the reported structure, which was collected at 100(2) K in the monoclinic P21/c space group.
The comparison of the reported and literature structures is provided in Table 4.6. The distance
between the midpoints of the olefinic atoms (X1 = C1-Cz and Xz = Cs-Cs) and the Rh(l) centre of
the title complex were seen to be shorter than those reported in 1992, while the bond length of the
DBU to the metal centre equally longer (all the bond lengths varied by ca. 0.01 A) but only by ca.
0.005 A for the Rh-Cl bond. Consequently, the angles about the Rh(1) varied as well, with most of
them fluctuating by less than approximately 0.7° with the noticeable exception being the angle
between the trans ligands, which increased by ca. 1.2° and 1.8°, affording a near planar
conformation. The recollected crystal structure as reported herein, 26 years later, afforded insight
into the temperature influence on the molecular geometry, unreported bonds, angles, Venus fly-
trap parameters, standard space group conformation and equipment capabilities.

The literature article [7] did not evaluate the Venus fly-trap parameters of the COD (this definition
was only introduced within the last decade) [16], after which the file was obtained and the
parameter values were determined (Table 4.6). Of these values, the jaw angle most notably
increased by 6.9(3) ° with respect to the reported complex. The reason for this increase could not
be given with certainty but the possibilities may be that the different space group symmetries may
have an influence on the restriction of the cyclooctadiene or that the complex is affected by
temperature.

Hill (2011) also characterized similar rhodium complexes with the structure [Rh(COD)(L)], L =
bidentate ligands such as acetylacetone and tropolone [16]. Of the complexes synthesized by Hill,
the tropolone containing complex [Rh(COD)(Trop)] had the smallest y angle of 73.7(1)° and y
angle of 88.02(7)°. Comparing these values to the title complex, they correlate well with the bite
angle, but a larger jaw angle 75.3(3)° being noted. The torsion angles about the olefinic carbons
are small with values of 3.3(3)° and 4.1(4)° but increase across the four carbon alkane fragments
to values of 27.3(4)° and 28.0(4)°. The breach of planarity of the DBU ligand with respect to the
Px1 (Fig. 4.7(b)) and Px2 (Fig. 4.7(c)) planes are 21.8(2)° and 74.6(1)° respectively, which shows
that the DBU is orientated at an angle towards the chlorido ligand. The dihedral angle between the
planes of the 6 (Pp2) and 7 (Pps)-membered rings of the DBU ligand (Fig. 4.7(a)) is 40.3(1)°, with

the 7-membered ring in a chair conformation towards the chlorido ligand.
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Table 4.6: Comparison of the selected X-ray crystal data, refinement parameters, bond lengths and
bond angles of [Rh(COD)(DBU)CI] reported and from literature.[7]

Reported Literature
Temperature (K) 100(2) 296(1)
Crystal system Monoclinic Monoclinic
Space group P2i/c P2,
Volume (A3) 1738.6(9) 870.7
Unit cell dimensions
a(A) 13.144(4) 7.398(1)
b (A) 11.056(4) 11.439(2)
c(A) 20.496(4) 10.727(2)
a(°) 90 90
B(°) 35.71(1) 106.42(1)
v (°) 90 90
WR2 = 0.0585 wR2 =0.029
Pmax, pmin (€.A%) 0.575, -0.504 0.38, -0.43
Atoms Bond length (A) Difference
Rh-X1 2.015(6) 2.026(5) -0.011(8)
Rh-X2 1.978(5) 1.989(5) -0.011(7)
Rh-ClI 2.3776(7) 2.371(12) 0.0066(14)
Rh-N1 2.107(2) 2.097(3) 0.010(4)
Atoms Bond angle (°) Difference
X1-Rh-CI 91.74(2) 91.9(2) -0.16(20)
X1-Rh-Ng 176.47(5) 175.3(2) 1.17(20)
X1-Rh-X> 88.31(2) 88.2(2) 0.11(20)
X2-Rh-CI 179.66(3) 177.9(2) 1.76(20)
X2-Rh-N3 91.52(6) 92.2(2) -0.68(20)
N:-Rh-Cl 88.40(5) 87.9(1) 0.50(11)
Dihedral angle (°)
Bite angle (y)° 87.9(2) 87.8(3) 0.1(4)
Jaw angle (y)° 75.3(3) 82.2(3) -6.9(3)
Twist angle (z)° 3.5(5) 5.3(8) -1.8(9)

a) [1> 4o(1)] for literature values
b) See Fig. 4.1 for definitions and depictions.
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A fraction of the packing of the title complex in the unit cell is illustrated in Fig. 4.8, from which

it can be seen that the [Rh(COD)(DBU)CI] complex packs head-to-tail about the faces along the

c-axis.
C, & N P/lane Py,
Cy
Cip 27;‘*— Plane Pp;
Ciz
Ch
(a)
Plane Py,

Plane P,

o

Figure 4.7: lllustration of the planes in [Rh(COD)(DBU)CI]; (a) Two planes of the DBU molecule;
the 6 membered-ring (Pp2, blue) and 7 membered-ring (Pps, orange). (b) Two parallel planes
within the complex; the average DBU (Pp1, blue) and Ci-C>-Rh-N: (Px1, orange). (c) Two
perpendicular planes; the average DBU (Ppz, blue) Cs-Ce-Rh-Cl (Px2, red). Hydrogen atoms and

certain atom names are omitted for clarity.
% C (7
a

Figure 4.8: A fraction of the crystal packing of the [Rh(COD)(DBU)CI] complex in the unit cell,
viewed along the b-axis.
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4.5 [Rh(COD)(TMG)CI]

The [Rh(COD)(TMG)CI] complex was synthesized as described in Par. 3.4.4.3. The complex
crystallizes in the orthorhombic crystal system in the Pbca spacegroup, and has eight formula units
in the unit cell (Z = 8) with two formal intramolecular hydrogen bond interactions. The molecular
structure of the complex is illustrated in Fig. 4.9, with atomic numbering and hydrogen atoms
included. Selected interatomic bond lengths and angles are listed in Table 4.7, while Table 4.8

gives selected torsion and dihedral angles.

The molecular structure of [Rh(COD)(TMG)CI] has two neutral ligands (TMG and COD) and one
chlorido ligand coordinated to the Rh(I), with the TMG and chlorido trans to the cyclooctadiene.
The latter coordinates to the metal centre through the olefinic bonds (where the COD ligand was
found to be in the usual boat conformation). The crystal structure displayed a statistical disorder
on the COD ligand which was resolved with the relevant SHELX compatible restraints (RIGU),
resulting in the number of restraints reported in Table 4.1. A low electron peak density (-1.038
e.A®) was located 0.26 A from the Cg atom.

Figure 4.9: Molecular representation of the [Rh(COD)(TMG)CI] complex, with hydrogens (green
atoms). The displacement ellipsoids are all drawn at 50% probability level, with the hydrogen atom
sizes being reduced for clarity. The black dashed lines indicate the olefinic bonding to the Rh(l)
centre and the yellow dashed lines indicate the intramolecular bonding.

Table 4.7: Selected bond lengths and bond angles for the title complex, [Rh(COD)(TMG)CI].
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Atoms Bond length (A) Atoms Bond angle (°)
Rh-Y1 1.992(5) Y1-Rh-Cl 91.6(4)
Rh-C, 2.104(6) Y1-Rh-N1 176.2(1)
Rh-C> 2.110(6) Y1-Rh-Y> 87.8(1)
Rh-Y> 1.986(4) Y2-Rh-CI 178.7(4)
Rh-Cs 2.100(6) Y2-Rh-N1 92.5(1)
Rh-Cs 2.104(6) N1-Co-N2 122.4(5)
Co-N1 1.298(6) N1-Co-N3 122.3(4)
Co-N3 1.362(6) N3-Co-N2 115.3(4)
Co-N2 1.370(6) Ce-N1-Rh 128.4(3)
Rh-ClI 2.377(1) N:-Rh-ClI 88.2(1)
Rh-N1 2.097(4)

Y1 (C1-C2 midpoint), Y2 (Cs-Cs midpoint)

Table 4.8: Selected torsion and dihedral angles for the title complex, [Rh(COD)(TMG)CI].

Atoms Torsion angle (°) Atoms Dihedral angle (°)
Ce-C1-C2-C3 3(1) Py1-P11 44.0(3)
C4-Cs-C6-Cy 3(1) Pv1-Pt2 17.2(2)
Co-C3-Cs-Cs 12(2) Py1-Pr3 70.0(3)
Ce-C7-Cs-C1 14(1) Py2-Pm1 50.6(2)
Rh-N1-Co-N> 134.8(4) Py2-Pr2 72.0(2)
Rh-N1-Co-N3 -45.8(7) Py2-Pr3 26.5(3)
Cl-Rh-N1-Co 34.8(4) Pr2-Pr3 57.0(2)

Bite angle (x)? 87.7(2)
Jaw angle (y)? 64.7(4)
Twist angle (2)? 4.009)

Planes: Pvy1 (C1-C2-Rh-Cl), Py2 (Cs-Cs-Rh-N1), P11 (TMG), P12 (Co-N2-C10-C11), Pr3 (Co-N3-C12-Ci13)
a) See Fig. 4.1 for definitions

To stabilize the solid-state structure of [Rh(COD)(TMG)CI], two intramolecular hydrogen bonds
were observed on the TMG ligand (Table 4.9), one from each of the methyl groups by the hydrogen

atom nearest to the nitrogen on the opposite imine appendage.

Table 4.9: Intramolecular hydrogen bonds observed on the [Rh(COD)(TMG)CI] complex.

D-H--A D-H (A) H-A (A) DA (A) D-H--A (°)
C(11)-H(11A)-~N(3) 0.96 2.47 2.855(8) 103.9
C(12)-H(12C) -~N(2) 0.96 2.45 2.855(7) 104.9

Symmetry transformation used to generate equivalent atoms: X, y, z.
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The distance between both the midpoints of the olefinic bonds (Y1 = C1-C2 and Y2 = Cs-Cs) and
the Rh(l) centre of the title complex were found to be similar (1.992(5) A and 1.986(4) A
respectively), while the bond lengths of the Rh-Cl and Rh-N; to the metal centre were 2.3776(7)
and 2.107(2) A, respectively. The Venus fly-trap parameters of the COD were determined, with
the v angle 64.7(4)° and the y angle 87.7(2)°. The bite angle was comparable to the rhodium
complexes (y = 88.8(2)° —88.0(2)°) that were synthesized by Hill (2011), which indicated minimal
change with respect to the trans ligands. However, the jaw angle for [Rh(COD)(TMG)CI] was
significantly smaller than any of the jaw values (y = 76.4(3)° — 73.7(1)°) reported by Hill (2011)
[16].

The torsion angles about the olefinic carbons were small with values of 3(1)° and 3(1)° but increase
across the four carbon alkane fragments to values of 14(1)° and 12(1)° respectively. The large
errors on these values were attributed to the restraints applied to the cyclooctadiene. The breach of
structural planarity of the TMG ligand (Pr1) with respect to the Py:1 (Fig. 4.10(b)) and Pv2 (Fig.
4.10(c)) planes was noted to be 44.0(3)° and 50.6(2)°, which showed that the TMG is orientated
at an angle towards the chlorido ligand. The dihedral angle between the planes of the two
appendages about Cy of the TMG ligand (Fig. 4.10(a)) was 57.0(2)° with the one appendage

orientated away (Pr2) from the chlorido and the other towards (Pr3).

Cio

Plane Py,

Cl, Plane Py,

cl

Plane P
X T1
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011]1,
’
,

(b) (c)
Figure 4.10: Illustration of the planes in [Rh(COD)(TMG)CI]; (a) Two planes of the TMG
molecule; the planes through Cg-N2-C10-C11 (P2, blue) and Co-N3-C12-C13 (P13, Orange). (b) Two
parallel planes within the complex; the average TMG (P11, blue) and C1-C>-Rh-N1 (Pv1, orange).
(c) Two perpendicular planes; the average DBU (Pt1, blue) Cs-Cs-Rh-Cl (Py2, red). Hydrogen
atoms and certain atom names are omitted for clarity.

Plane P,
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The packing of the title complex in the unit-cell is illustrated in Fig. 4.11, from which it is clear
that the [Rh(COD)(TMG)CI] complex packs head-to-head, tail-to-tail along the a-axis within the

crystal lattice.

Figure 4.11: Crystal packing of [Rh(COD)(TMG)CI] in the unit cell, viewed along the b-axis.

4.6 Discussion

The solid-state structures of two novel complexes (trans-[Pd(DBN).Cl;] and
[Rh(COD)(TMG)CI]) as well as the recollected [Rh(COD)(DBU)CI] complex were analysed, and
the data compared by means of a single crystal X-ray diffraction study. From this investigation it
was found that the latter two structures have the same basic chemical architecture,
[Rh(COD)(X)CI] with X = DBU and TMG, and only differing in the neutral ligand that is
coordinated to the metal centre. Both DBU and TMG have the same core functional groups (amine
and imine) but with TMG having an amine in place of a carbon about the Co atom (Fig. 4.12). The
latter is also not as structurally rigid and sterically bulky as DBU and also has an additional
resonance pathway about Co, with a lone electron pair on N1 — all of which can help elucidate the
effects thereof on the bonding interactions. While trans-[Pd(DBN).Clz] may not be structurally
similar to the two aforementioned complexes, the DBN ligand provides further insight into

bonding interactions and coordination capabilities of these amidines in metal complexes.
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Figure 4.12: The general core structure of the overlay between DBU and TMG. Where Ny is the
coordinating nitrogen atom and X is a carbon atom in DBU and a nitrogen atom in TMG.

Table 4.10 highlights the comparable parameters of each of the complexes, with certain notations
standardized to that of [Rh(COD)(DBU)CI] for simplicity. The changes were; C1 — Cg and C2 —
Cyo for trans-[Pd(DBN)2Cl2] and Y12 — Xu2 for [Rh(COD)(TMG)CI], while the various planes
were done similarly (Pcy — Px and Pnr — Pp for the DBN and TMG containing complexes
respectively). Note: Pxn) (n = 1 is the plane parallel to the base, n = 2 is the plane perpendicular
to the base) and Pp(n) (n = 1 is the average plane through the base, n = 2/ 3 is the plane through the

different rings or appendages; see further explanations in Tables 4.3, 4.5 and 4.8 above).

The trans-[Pd(DBN)2Cl>] complex exhibits a unique centrosymmetry, with the Pd(ll) centre
located on the (0, 0, 0) position and an inversion centre with equivalent atoms generated using the
symmetry transformation: -x, -y, -z. The positional disorder on the N1 and C1 atoms, the space
around each molecule and the centrosymmetry supports the notion that the DBN ligands are
flipping about the Pc2 plane (N1-Pd-iN1). When compared to the trans-[Pd(DBU)2l2] complex from
literature, the difficulty in isolating the crystal structure of the chlorido containing complex may
be ascribed to the steric influence this anionic ligand applies on the amidine ligand by the
observation of a shorter bond relative to that noted for the iodido analogue [3]. This is also
supported by the stronger coordination of the DBU in the literature structure compared to the trans-
[Pd(DBN).Cl,] complex isolated in this study, regardless of the collection at a higher temperature,
increased steric nature and reduced nucleophilicity compared to DBN. This may be further
confirmed by varying only the anion (group 17 halides) relative to the same nucleophilic ligand
may indicate that reducing the electronegativity of the anion results in a reduced bond length for
the amidine. The title complex planarity is distorted with DBN angled away from the chlorido
ligand.
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Table 4.10: Selected bond distances and angles for [Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI],
trans-[Pd(DBN)2Cl>], illustrating the similarities between them.

Atoms [Rh(COD)(DBU)CI] [Rh(COD)(TMG)CI] trans-[Pd(DBN).Cl;]
Bond length (A)
Rh-X1 2.015(6) 1.992(5)
Rh-X; 1.978(5) 1.986(4)
Co-N1 1.296(2) 1.298(6) 1.259(10)
Co-N2 1.354(2) 1.370(6) 1.346(8)
Rh/Pd-CI 2.3776(7) 2.377(1) 2.301(2)
Rh/Pd-N1 2.107(2) 2.097(4) 2.021(7)
Bond, torsion and dihedral angles (°)

N1-Co-N2 123.8(2) 122.4(5) 125.5(8)
N1-Co-C10/N3 119.1(2) 122.3(4) 113.7(6)
N2-Co-Ci10/N3 117.2(2) 115.3(4) 120.7(7)
N1-Rh/Pd-Cl 88.40(5) 88.2(1) 93.0(2)

X1-Rh-Ni 176.47(5) 176.2(1)

X2-Rh-N 91.52(6) 92.5(1)

Cs-C1-C2-Cs 3.3(3) 2.9(10)
C4-C5-Ce-Cr 4.1(4) 2.6(10)
C2-C3-C4-Cs 27.3(4) 12(1)
Ce-C7-Cs-C1 28.0(4) 14(1)
Rh/Pd-N1-Co-N2 167.2(2) 134.8(4) 176.2(6)
CI-Rh/Pd-N1-Co 80.5(2) 34.8(4) -72.5(7)
Bite angle (y)? 87.9(2) 87.7(2)
Jaw angle (y)? 75.3(3) 64.7(4)
Twist angle (z)? 3.5(5) 4.0(9)

Px1-Pp1 21.8(2) 44.0(3) 29.2(8)

Px2-Pp1 74.6(1) 50.6(2) 83.5(3)

Pp2-Pp3 40.3(1) 57.0(2) 6.1(3)

Planes: Pxi(Vertical through chlorido), Pxz(Horizontal plane through N1), Pp1(Plane through nucleophilic ligand)
Dihedral angle: Pp; - Pps (Angle between rings/appendages of the nucleophiles).
a) See Fig. 4.1 for definitions and depictions.
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The structure of the [Rh(COD)(DBU)CI] complex reported here was in agreement with the
structure in literature, varying slightly due to the data collection being done at a higher temperature
[7]. This may be illustrated by the overlaying of the two structures (Fig. 4.13), from which it can
be seen that the olefinic bond lengths are slightly longer in the literature complex, and that the
chair conformation is also angled towards the COD. The [Rh(COD)(TMG)CI] complex, in
contrast, is stabilized by intramolecular hydrogen bonding between the hydrogen atom, on the

methyl group, to the nitrogen on the opposing appendage, which aided in stabilizing the complex.

Figure 4.13: Graphical illustration of the overlay of the reported structure (red) and literature
structure of [Rh(COD)(DBU)CI], RMS = 0.0761

When comparing the rhodium complexes to the palladium complex, no significant hydrogen
interactions were found, with the exception of the intramolecular hydrogen bonding noted for
[Rh(COD)(TMG)CI]. Moreover, the angles (Table 4.10) around the carbon atom, between the
nitrogen atoms, all adopted a distorted trigonal hybridized (sp?) geometry with the largest observed
for the DBN ligand. The bond angle between the base and the chlorido (N1-Rh/Pd-Cl) was smaller
for the Rh(I) complexes than for the Pd(I1), assumed to be partly because of less steric hindrance
afforded to the absence of the cyclooctadiene in the DBN complex. The torsion angles about the
metal-N1 bond were the largest in both the cyclic bases, with the larger DBU having the greatest
torsion, while the least restricted TMG being the smallest. None of the ligands were planar, with
respect to the complexes, due to the conformations adopted by the cyclic bases and the angled

geometry of the TMG.
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By comparing the two rhodium structures collected, the TMG seemingly coordinates stronger than
DBU to the metal centre (supported by the shortened bond length to Rh(l)) even though TMG is
less nucleophilic than DBU (pKa 13.0 vs 13.5; Chapter 2, Table 2.3). The net COD-bonds trans to
the nitrogen-nucleophile is stronger (shorter) for TMG than for DBU but weaker (longer) for the
bond trans to the chlorido. This observation can be attributed to the antibonding lone-pair on the
coordinating nitrogen of the TMG which enhances electron donation to the electrophilic metal
centre through n-donation and in turn increases n back-donation to the COD, resulting in a shorter
bond length for Rh-N1, and the trans olefinic bond (Rh-Y31) but a marginally larger cis olefinic
bond (Rh-Y3) length because of the trans-effect of the chlorido. Yet, the stronger Rh-Y1bond can
also be associated with the weaker c-bond formed by Rh-N1 which lowers its trans influence on
the COD [17]. Furthermore, the bite angle (y) varied slightly between the two, with
[Rh(COD)(DBU)CI] = 87.9 (2)° being the larger value, the jaw angle (y) showed a significant
difference between the two complexes (v = 75.3(3)° and 64.7(4)° for the DBU and TMG
complexes respectively). The smaller value for [Rh(COD)(TMG)CI] could be the result of the
excess electron density in the m antibonding orbitals causing steric hindrance towards the back-
bones of the COD. The reduced torsion on the back-bone also supports this notion, in relation to
[Rh(COD)(DBU)CI]. The twist angle (z) illustrated the rotation of the COD with respect to the
trans ligands which indicated that the angle sizes were comparable and contributed to the distorted
square planar geometry.

It has to be noted that the structural characteristics obtained from this study introduce definite
(new) geometric information on these bases and metal complexes which will be valuable in
planning future experiments and pursuing entities and systems which may enable improved

“metal-assisted-carbon dioxide fixation” as envisaged in Chapter 1.

Along these lines, Chapter 5 aims to gather more reactivity data to support the strengths of the
bonds found by the reported structural work, and further compare [Rh(COD)(DBU)CI] and
[Rh(COD)(TMG)CI] through a kinetic study involving substitution by another strong base, DMAP
as entering ligand. Based on the results of this chapter, the Rh(I) complex containing TMG should
show increased reactivity because of the two electron donating pathways (¢ and © donation) to the
metal centre aiding m back-donation to the diolefin. As stated before, this results in the

cyclooctadiene becoming less steric, which reduces its hindrance over the coordination sites.
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5 Kinetics of the DBU and TMG (=L)
substitution from [Rh(COD)(L)CI]
complexes by DMAP

What to expect
A kinetic and mechanistic investigation of the substitution reactions of DBU and TMG (=L) in
[Rh(COD)(L)CI] by DMAP, followed by a discussion relating the results to the crystal structures.

5.1 Introduction

The use of kinetic investigations provides an indication of the rate of the chemical reactions taking
place. This allows for the changes in the reaction rate to be observed by varying certain variables
such as; temperature, concentration and pressure. These observations can lead to the possibility of
specifying the intimate mechanism of the reaction being evaluated. Chemical kinetics can thus
assist in the elucidation of the mechanistic pathways of catalysts and ligands, which may lead to
the optimization of the variables (catalyst, ligands, solvents, products, etc.) [1,2].

The literature of the complexes introduced in Section 2.4.3 had no discussions pertaining to the
reaction Kinetics, especially those containing the amidines or guanidines. As a result, the
mechanistic pathway of the reactions based on the kinetic results could not be assessed. This
illustrated the need to determine the kinetics and mechanisms of the bases (see Fig. 1.1) and for
improved evaluation of the bases, a comparison between the amidines and guanidines on a model
complex were investigated. Thus, the aim of this kinetic study involves proposing the mechanism
for the substitution of the DBU and TMG coordinated ligands, from the metal complexes (Fig.
5.1); (a) [Rh(COD)(DBU)CI] and (b) [Rh(COD)(TMG)CI], with the neutral DMAP ligand. The

investigation was performed under pseudo first-order conditions at various temperatures.
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(a) (b)
Figure 5.1: A schematic illustration of the two complexes; (a) [Rh(COD)(DBU)CI] and (b)
[Rh(COD)(TMG)CI], used in the substitution of the DBU and TMG coordinated ligands.

5.2 Chemicals and instrumentation

The substitution reactions of DBU and TMG from [Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI]
complexes by DMAP, as the entering ligand, were studied in this kinetic study. Due to the fast
nature of the processes observed from preliminary kinetic reactions, stopped-flow experiments
were required — the solvent used for these systems was changed to benzene, in place of DCM, due

to equipment limitations on the instrument.

The experiments were all carried out under aerobic conditions with the chemicals, purchased from
the Sigma-Aldrich Chemical Company or Merck, being of analytical grade or better and used
without further purification. The complexes were synthesized as described in Chapter 3 and all

kinetic runs were done under pseudo first-order conditions, with [DMAP]>> [Metal complex].

The UV/Vis spectral and absorbance changes for the preliminary Kkinetic reactions were measured
on a Varian Cary 50 Conc and Varian 100 spectrophotometers, with 1.000 = 0.001 cm path length
tandem quartz cells. The spectrophotometers were all equipped with constant temperature cell
holders (accuracy of = 0.1 °C) and Julabu MPV thermostated water baths (accuracy of £ 0.1 °C)
that were fitted with circulators. The fast reactions were studied on a Hi-Tech Scientific Stopped
SF-61 DX2 unit, which was connected to a Hi-Tech Scientific SU-40-UV/Vis spectrophotometer

unit. The Stopped-Flow could be operated in either the diode-array or the monochromator mode.
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The protocol to collect the spectra in both modes are the same with difference being that the time
intervals between scans are on the two-millisecond scale for the monochromator mode and as low
as ten milliseconds on the diode-array mode. The SF-61 DX2 unit is equipped with a constant
temperature cell (accuracy of £ 0.1 °C) that is also connected to a Julabu MPV thermostated water
bath (accuracy of + 0.1 °C) which was fitted with a circulator. The data was processed using
Scientist [3] to yield the least-squares analyses of the absorption vs. time data from the kinetic runs

and the spectral changes, respectively.

5.3 General rate and equilibrium equations

The reaction rate, for a given chemical reaction, is the speed at which the products are formed from
the reactants. The more formal definition is the measured change in the concentration of the
products or reactants per unit time [4]. For a simple reaction (Eq. 5.1) with two reactants (A as
ligand and B as metal complex) and one product (C), such as:

aA+bB = cC Eqg. 5.1
Here a, b and c are the coefficients of the reactants and product. The observed pseudo first-order
rate constant in square-planar substitution reactions {following integration with [A]>>[B]} under
non-equilibrium conditions can be expressed as given in Eq. 5.2.

kops = ki[A] + k_4 Eq.5.2
The values ki1 and k-1 are the forward and reverse rate constants respectively, which relates the rate
of change to the reagent concentrations. The rate constants can thus be determined by plotting the
observed rate constants (Kobs) at various concentrations of [A], where ki is the gradient of the graph
and k. is the intercept. If the intercept, k-1, is positive and thus not through the origin, it may
indicate the presence of parallel reaction or an equilibrium (reverse reaction). In the case of the

latter, the equilibrium constant, K1, (Eq. 5.3) is defined by

kq

K, =
1 P

Eq. 5.3

To obtain the kobs values from the kinetic runs at various concentration of entering ligand from the
absorbance vs. time graphs, a modified Beer-Lambert law leads to the exponential form for the
pseudo first-order rate constant in term of time-resolved absorbance data as

Ar = Ap — (A — Ap)eorst Eq. 5.4
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Here A: and A.. are the absorbances after time t and infinite time, respectively. The latter term
defines the time at which the reaction is complete, for all practical purposes. Thus, using Eq. 5.4,
a plot of the least-squares fit of the absorbance vs. time data, from the kinetic reactions, yields the

pseudo first-order rate constant, Kops.

To further analyse the reaction mechanism (interchange, associative or dissociative), the Eyring
equation (Eq. 5.5) and its linear form (Eq. 5.6), along with the Gibbs free energy equation (Eqg.
5.7) were used to determine the activation parameters [5].

_AH®E #
knT AH AS

k= BT' e RT e R Eqg. 5.5
0(5)=- ()t n)+ ()
AG* = AH* — TAS* Eq. 5.7

Here kg is the Boltzmann constant, R is the universal gas constant, h is Planck’s constant, T is
temperature in Kelvin, AH” is the standard enthalpy change of activation, AS? is the standard
entropy of activation and AG” is the Gibbs free energy of activation. Therefore, a graph of
In(k, /T) versus 1/T will have a gradient of (AH?/R) and an intercept of [(AS?/R) + In(ks/h)], from
which the activation parameters can be determined. In addition, providing the system allows
constantly reproducible kinetic data to be obtained and accurate temperature measurement, a
global fit to determine the activation parameters using all the kons Values and the exponential form
of the Eyring equation (Eg. 5.5) in a single fit, may be done. The data obtained from the stopped-
flow measurements as reported herein, indeed allowed global fitting.
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5.4 Kinetic study of the DBU substitution from the
[Rh(COD)(DBU)CI] complex by DMAP

The preliminary kinetics on the Varian spectrophotometer indicated that the reaction had
completed by the time the first reading was taken, after mixing, thus within some 5 s. This required
the use of stopped-flow techniques. Due to DCM degrading the plastic tubing of the equipment,
the solvent had to be changed to benzene, which also has a small polarity [6] and coordinating
ability, thus potentially eliminating a solvent pathway. The measurements (100 scans in 1s) were
repeated with approximately 10 (3.52 mM) equivalents of DMAP with respect to the
[Rh(COD)(DBU)CI] complex (0.359 mM) at 25.1 °C. Fig 5.2 illustrates the reaction (9 scans in
260 ms), along with the corresponding absorbance vs. time graph, at A = 320 nm, using the
monochromator mode (solid line is least-squares fit to Eq. 5.4). This was done to minimize errors
in the very fast absorbance changes of the reaction.

1.0 - 0.7 -

0.8

0.6
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310 350 390 430 470
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Figure 5.2: Stopped-Flow UV/Vis spectral change for the substitution reaction of
[Rh(COD)(DBU)CI] with DMAP; [Rh] = 0.359 mM, [DMAP] = 3.52 mM, tiota = 0.260 ms, At =
30 ms, 9 scans, at 25.1 °C in benzene, with spectral change measured at A = 320 nm. Inset graph
illustrated the same reaction conditions, in monochromator mode (A = 320 nm), with the reaction
complete in 283 ms, At = 24 ms.
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The data and fits in Fig. 5.2 above illustrate the fast nature of the reaction (being complete in t =
300 ms), with a peak maximum at Amax = 380 nm. However, the absorbance change at this
wavelength was not used to obtain the kobs vValues, rather a wavelength of A = 320 nm was selected
because the change in absorbance at the former wavelength was too small to observe a smooth
change in absorbance. The kobs data at three different temperatures (15.1 °C, 25.1 °C and 34.9 °C)
with DMAP concentrations between 3.52 mM and 35.2 mM was then obtained by fitting the
absorbance vs. time data to Eq. 5.4, with the results shown in Table 5.1.

Table 5.1: The kobs values for the DMAP substitution reaction with [Rh(COD)(DBU)CI] at
different temperatures. [Rh] = 0.359 mM, [DMAP] = 3.52 — 35.20 mM, A =320 nm.

DMAP (mM) 15.1°C 25.1°C 34.9°C
3.52 13.8+0.1 153+0.1 30.3+0.9
7.04 205+0.1 26.2+0.1 335+0.2
14.08 32.7+x0.1 43.9+0.3 58.4+0.7
21.28 448 £0.2 55.9+0.3 75.5+0.7
28.24 55.4+0.2 71.8+0.2 9+1
35.20 64.4+0.3 84.9+0.2 111 +1

The values from Table 5.1 were then used to plot koss vS. [DMAP] at the different temperatures
(Fig. 5.3). The rate constants ki, k-1 and K1 were then obtained from Fig. 5.3 using Eq.5.2 and
tabulated (Table 5.2). Similarly, the data in Table 5.1 was globally fitted using the three parameters
(kobs, temperature and concentration) to interrelate the temperature effects on the observed rate
constants at different concentrations to give Fig. 5.4. The results from the graph provided the global

fit values for AH? and AS?, which are given in Table 5.2.
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[DMAP] (mM)

Figure 5.3: Pseudo first-order rate constant (kobs) vs. [DMAP] for the substitution reaction in the
[Rh(COD)(DBU)CI] complex at 15.1°C, 25.1°C and 34.9°C, [Rh] = 0.359 mM, [DMAP] = 3.52
—35.20 mM, A =320 nm.
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Figure 5.4: Global fit graph of the pseudo first-order rate constant (kons) vs. [DMAP] for the
substitution reaction in the [Rh(COD)(DBU)CI] complex at 15.1°C, 25.1°C and 34.9°C, [Rh] =
0.359 mM, [DMAP] = 3.52 — 35.20 mM, A = 320 nm.
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The values in Table 5.2 was further used to plot the classic Eyring graph (Fig. 5.5) using Eq. 5.6,
from which the activation parameters of the overall reaction between the [Rh(COD)(DBU)CI]
complex and DMAP as entering ligand were determined, resulting in a AH? = 17 + 1 kJ mol* and
AS* =-125+ 3 J K™ moltand were also added to Table 5.2.

Table 5.2: The kinetic data of the rate constants and activation parameters (at 25.1 °C) between
[Rh(COD)(DBU)CI] and DMAP in benzene.

Constant 15.1°C 25.1°C 34.9 °C
ki(10° M1s?) 1.61+0.1 2.16 +0.08 27+0.1
ka(s? 9+1 10+2 19+3
K1 (M) 174 +19 208 + 36 144 + 22
Activation Parameters Experimental Global fit
AH%q (kJ mol?) 17+1 16 + 22
AS#a (J K1 mol?) -125+3 -130 + 8°
AG% (kJ mol ™) 54+1
AH 1 (kJ mol™) 24 +11 30 + 92
AS71 (J KT mol?) -145 + 37 -125 + 312

2 Obtained from the global fit of the data reported in Fig. 5.4

2.2
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In (k, /T)

1.7 T T 1
3.2 3.3 3.4 3.5

1T (103 K1)

Figure 5.5: Plot of In (k«/T) vs. 1/T for the reaction between [Rh(COD)(DBU)CI] and DMAP, for
a temperature range of 15.1 — 34.9 °C.
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The activation parameters from the global fit of the kinetic data were in excellent agreement with
the values for the forward rate constant k; but similar for k.1, as seen in Table 5.2. The Gibbs free
energy of activation at 25.1 °C was then determined using Eq. 5.7 and found to be AG* =54 + 1
kJ mol™l. Thus, the percentage of AH” and AS?, in relation to AG?, was 31 % and 69 %,

respectively, indicating a primary entropy driven, associative reaction mechanism.

5.5 Kinetic study of the TMG substitution from the
[Rh(COD)(TMG)CI] complex by DMAP

A similar process was followed with the [Rh(COD)(TMG)CI] complex on the stopped-flow
instrument as in the previous section for the [Rh(COD)(DBU)CI] complex, with the only change
being a reduction in the total reaction time being halved to tita = 0.5 s. The reaction of the metal
complex (0.370 mM) with DMAP (3.93mM), at 25.2 °C, was followed - with the absorbance vs.
wavelength graph shown in Fig. 5.6. The wavelengths were the same as for the
[Rh(COD)(DBU)CI] complex (Amax = 380 nm, with A = 320 nm being used for the Kinetic

measurements).

The plot of the absorbance vs. time, as seen in Fig. 5.6, reveals that the substitution reaction for
the [Rh(COD)(TMG)CI] complex appears to be ten times faster than the [Rh(COD)(DBU)CI]
complex, being completed in tiotar = 32 ms and 3 scans. Since the shortest time between scans for
the broad-spectrum scan is 10 ms, the monochromator mode was used to give the inset graph with
a time between scans of At =3 ms. The Kops data at three different temperatures (15.1°C, 25.2°C
and 35°C) was then obtained by fitting the absorbance vs. time data to Eq. 5.4, with the results
seen in Table 5.3. The values from Table 5.3 were then used to plot koss vS. [DMAP] at the different
temperatures (Fig. 5.7). The data in Table 5.3 was used to plot the global fit and determined the
global fit values for AH” and AS (Table 5.4).
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Figure 5.6: UV/Vis spectral change for the substitution reaction of [Rh(COD)(TMG)CI] with
DMAP; [Rh] = 0.370 mM, [DMAP] = 3.93 mM, tiota = 50 ms, At = 10 ms, 5 scans, at 25.2°C in
benzene, with spectral change at A = 320 nm. Inset graph illustrated the same reaction conditions,
in monochromator mode (A = 320 nm), with the reaction complete in 32 ms, At =3 ms.

Table 5.3: The kops values for the DMAP substitution reaction with [Rh(COD)(TMG)CI] at
different temperatures. The value in brackets shows the error on the last digit. [Rh] = 0.370 mM,
[DMAP] =3.93 - 38.72 mM, A = 320 nm.

DMAP (mM) 15.1°C 252 °C 35.0°C
3.93 95.3+0.3 1314+ 0.6 160.2 £ 0.8
7.78 163.5+ 0.6 228 + 1 308 + 2
15.55 307+1 438 + 4 528 + 6
23.25 446 + 4 585+ 7 775 + 17
31.02 566 + 5 762 13 918 + 23
38.72 733+ 13 908 + 15 1149 + 33
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Figure 5.7: Pseudo first-order rate constant (kobs) vs. [DMAP] for the substitution reaction in the

[Rh(COD)(TMG)CI] complex at 15.1°C, 25.2°C and 35°C, [Rh] = 0.370mM, [DMAP] = 3.93 —
38.72 mM, L =320 nm.
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Figure 5.8: Global fit graph of the pseudo first-order rate constant (Kops) vs. [DMAP] for the
substitution reaction in the [Rh(COD)(TMG)CI] complex at 15.1°C, 25.2°C and 35°C, [Rh] =
0.370mM, [DMAP] = 3.93 — 38.72 mM, A = 320 nm.
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The line equation from Eq. 5.2 was used to obtain ki, k-1 and Kz from Fig. 5.6 and tabulated (Table
5.4). The values in Table 5.4 were further used to plot the Eyring graph (Fig. 5.7) using Eq. 5.6,
from which the activation parameters of the overall reaction between the [Rh(COD)(TMG)CI]
complex and DMAP as entering ligand were determined, resulting in a AH? = 13.6 + 0.6 kJ mol™

and AS*=-116 + 2 J K mol*and are also shown in Table 5.4.

Table 5.4: The kinetic data of the rate constants and activation parameters (25.2 °C) between
[Rh(COD)(TMG)CI] and DMAP in benzene.

Constant 15.1°C 25.2°C 35.0°C
ki(10° M1st) 18.0+0.3 22.3+0.7 2811
ki (s?) 24 +8 61+ 16 82+ 25
Ki (M1 766 + 264 366 + 95 338 + 105
Activation Parameters Experimental Global fit
AH% a1 (kJ mol™) 13.6+0.6 15+ 22
AS%i1 (3 Kt mol?) -116 + 2 -113 + 62
AG% (kJ mol ™) 48.2 + 0.6
AH% 1 (kJ mol™?) 44 + 13 25+ 172
AS*a (J K mol?) -64 + 43 -128 £ 572

2 Obtained from the global fit of the data reported in Fig. 5.6

4.6 1

4.1 T T 1
3.2 3.3 3.4 3.5

1T (103 K1)

Figure 5.7: Plot of In (ks/T) vs. 1/T for the reaction [Rh(COD)(TMG)CI] between and DMAP, for
a temperature range of 15.1 — 35.0 °C.
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The activation parameters from the global fit of the kinetic data were in excellent agreement with
the values for the forward rate constant k; but similar for k.1, as seen in Table 5.4. The Gibbs free
energy of activation at 25.2 °C was then determined using Eq. 5.7 and found to be AG* = 48.2 +
0.6 kJ mol?. Thus, the percentage of AH” and AS?, in relation to AG*, was 28 % and 72 %,
respectively, indicating as in the case of the DBU complex above, a primary entropy driven,

associative reaction mechanism.

5.6 Discussion

The two neutral Rh(l) complexes that were chosen in this study contained either DBU or TMG
coordinated trans to the 1,5-cyclooctadiene (COD) ligand. The kinetic study focused primarily on
the influence of the leaving group (DBU and TMG) on the rate of the DMAP substitution. The
leaving groups determine the electron density on the metal centre, and thus the rate of attack by
the DMAP as entering nucleophile in a typical and classic associative mechanism. The

experimental results support this notion due to the negative AS* value in both complexes.

The electron-withdrawing capability of the COD ligand in the two metal complexes,
[Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI], reduced the electron density on the rhodium
centre, rendering them both electrophilic. Since the TMG has a smaller pKa value than DBU (pKa
13.0vs 13.5; Chapter 2, Table 2.3), it is a weaker electron donor than DBU which results in a more
electron-poor metal centre. Accordingly, an entering nucleophile such as DMAP will via an
associative activation enter the coordination sphere of the [Rh(COD)(TMG)CI] much faster than

the DBU containing complex.

The forward rate constant ki is ten times faster for the TMG-complex than for the DBU-complex,
with neither experiencing a strong solvation/reverse pathway. The substitution in both complexes
are entropy controlled, with [Rh(COD)(TMG)CI] being ca. 3 % more entropy driven than the
DBU-complex. This further supports the influence of the pKa value on enhancing the

electrophilicity of the metal centre.
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Thus, the substitution reaction of DBU and TMG from [Rh(COD)(DBU)CI] and
[Rh(COD)(TMG)CI] by DMAP s clearly indicative of an associative activated mechanism,
wherein the transition state, being more stabilized in the case of the TMG, resulting in a lowering

of the activation energy and yielding a corresponding faster reaction.

As further noted in Chapter 2, the CO2 molecule contains two nucleophilic oxygen atoms and one
electrophilic carbon but due to the linear geometry of the complex, the molecule is relatively inert
and nonpolar, like the relatively nonpolar benzene solvent. However, both DBU and TMG have
shown to activate CO- through coordination to the electrophilic carbon, distorting the geometry
and allowing for the oxygens to act as nucleophiles. Thus, the substitution kinetics of CO2 with
the two rhodium complexes may follow similar rates but will have a rate limiting step of being
first ‘activated’ by the DBU or TMG before proceeding with the substitution. Additionally, if

performed under supercritical CO>, the large solvent pathway may add to the reaction rate.

Table 5.5: The comparison of the rate constants and activation parameters of the DMAP
substitution reaction for the [Rh(COD)(DBU)CI] and [Rh(COD)(TMG)CI] complexes under
similar conditions.

k1 K1 K1 AH% ASTa AG7x
Complex (103 M1st)  (sD MY (kImol) (@ Kimolt) (kImol?)
[RN(COD)(DBU)CI] 2.16£0.08 10+2 208+36 17%1 125+ 3 54+1
16 + 22 -130 + 82
[Rh(COD)(TMG)CI] 22.3+0.7 61+16 366+95 13.6+0.6  -116+2 482+ 6
15+ 2° -113+6°

2 Obtained from the global fit of the data reported in Fig. 5.3, ® Obtained from the global fit of the data reported in Fig. 5.6

Finally, it may be noted that these reactions investigated within this MSc study are extremely fast,
the combination of the nucleophiles with metal centres may surely be explored further to provide
potentially even a “one-pot” reaction wherein the carbon dioxide is captured, but then further
functionalised intramolecularly via appropriate substituents available on the metal. This will be

pursued further in future.
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6 Study evaluation

What to expect
A summary of the results obtained in this M.Sc study and its scientific relevance, as well as a

discussion on future research possibilities.

6.1 Results and scientific relevance of the study

The main motivation for this M.Sc study was to investigate aspects relevant to the fixation and
activation pathways of COz. The research into the utilization of carbon dioxide as a C;-feedstock
has gained significant impetus over the past two decades as a method to potentially reduce its
influence on global warming. Since nature performs the task of CO.-utilization effectively,
different systems were analysed to approach it biomimetically to attempt resolving the high energy
barrier needed for anthropogenic fixation. This resulted in the identification of two classes of
“superbases”, namely the amidines and guanidines. Moreover, it led to the focus of the study to be
on the activation abilities that they have on CO: by assessing the bases in organic and
organometallic systems with respect to fixation, to eventually also investigate and evaluate “metal

assisted” affects thereof.

A solution study of carbon dioxide with the amidines (1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)) and guanidines (1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD), 1,1,3,3-tetramethylguanidine (TMG)) illustrated that TBD showed the strongest
coordinating ability towards CO., while the others exhibited a fractional ability to fix CO,. The
results indicated that various factors could influence the fixation ability of nucleophiles, such as a
higher pKa increasing coordination, steric influence obstructing the bent conformation of the
activated CO; and the presence of a B-hydrogen to stabilize the coordinated CO». This knowledge
was then applied to known organometallic systems which contained the bases as ligands. This

further led to the selection of two model complexes which were used to synthesis complexes of
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the general formulae trans-[Pd(L).Cl>] and [Rh(COD)(L)CI] (L = (DBU, DBN, TMG, TBD)). All
of the complexes were successfully synthesized, with the exception of [Rh(COD)(TBD)CI], and
characterized by infrared and nuclear magnetic resonance spectroscopy. The IR spectra indicated
a general increase in electron density on the metal centres but DBN showed a slight decrease due
to the minimal increase in the C=N frequency. Also, TMG was noted to have two C=N frequencies
which were likely due to resonance within the ligand and was also confirmed by *H and 3C NMR
due to the broad peaks observed in both. Of the complexes synthesized, three (of which two were
novel) were crystallographically characterized to verify the formation of the complexes and
determine the coordination modes of the ligands. The bond distances and angles were compared

to those in literature and related well based on the different temperature collections.

Kinetic investigations into the substitution of DBU and TMG (=L) from the [Rh(COD)(L)CI]
complexes by DMAP vyielded extremely fast results. The substitution reactions were indicative of
an associative activated mechanism where the latter complex was significantly faster than the
DBU-complex. This was accounted for by the transition state being stabilized by TMG which
resulted in a lower activation energy and further supported by its crystallographic data because of
the two electron donating pathways (o and 7 donation) to the metal centre aiding © back-donation
to the diolefin. This in turn resulted in the cyclooctadiene seemingly becoming less steric, which

reduced its hindrance over the coordination sites and increased the reaction rate.

The results in this M.Sc study illustrated some fundamentals and the potential of these complexes
to be used in “one-pot” reactions wherein CO2 can be used as a Ci-feedstock by capturing and
functionalized intramolecularly via “metal assisted” pathways based on the use of appropriate

substituents on the metal centre.
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6.2 Future research

Based on the results obtained from this study, the current knowledge on carbon dioxide fixation in

these systems and activation therein can be expanded through further investigation of the

coordination modes and kinetic behaviour of the systems wherein the amidines and guanidines are

present. This includes:

Isolation of single crystals of the complexes that were not crystallographically analysed in
this study and incorporating other olefinic and n-backbonding ligands.

Kinetic investigation of both the Rh(l) and Pd(11) complexes with various neutral ligands.
Synthesise Rh(l) and Pd(Il) complexes where the chlorido ligands are replaced with less
electronegative atoms.

Expand the metals analysed to include platinum complexes and compare them relative to
the rhodium and palladium complexes.

Re-synthesise Rh-TBD complex to better compare the effect of the complexes with respect
to the coordinated bases.

Evaluate the reaction mechanism of CO> fixation in more depth.

Evaluate the catalytic ability of the metal complexes in CO»-fixation and consecutive
conversion possibilities.

Theoretical computational calculations to assist in understanding the kinetic and

coordination behaviour of the bases to the metal centres and towards CO».
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i. trans-[Pd(DBN).Cl;]

Table A.1: Atomic coordinates (x 10 and equivalent isotropic displacement parameters (A% x
10%) for trans-[Pd(DBN)2Cl,]. U(eq) is defined as one third of the trace of the orthogonalized Uj;
tensor.

X y z U(eq)

C(@1) -1518(11) -556(10) -2162(6) 64(1)
C(2) 245(11) 237(8) -2399(6) 74(1)
C(3) 121(12) -172(8) -3508(7) 82(1)
C(4) -1799(10) -675(9) -3891(5) 78(1)
C(5) -4456(10) -1754(9) -3069(6) 83(1)
C(6) -4667(11) -2227(10) -2031(6) 91(1)
C(7) -3636(9) -1360(9) -1182(6) 80(1)
N(1) -1822(9) -653(9) -1253(5) 64(1)
N(2) -2656(7) -1051(6) -3006(4) 67(1)
Cl(2) 2009(3) -1901(2) -107(2) 79(2)
Pd(1) 0 0 0 49(1)
N(CAA) -760(30) -180(20) -1546(18) 60(2)
C(0AA) -2330(60) -890(50) -1970(30) 61(2)

Table A.2: Bond distances (A) and angles (°) for trans-[Pd(DBN)2Cl2].

Atoms Bond distances (A) Atoms Angles (°)
C(1)-C(0AA) 0.75(4) C(0AA)-C(1)-N(0AA) 103(4)
C(1)-N(0AA) 0.96(2) C(0AA)-C(1)-N(1) 51(3)

C(1)-N(2) 1.259(10) N(0AA)-C(1)-N(1) 52.6(14)
C(1)-N(2) 1.346(8) C(0AA)-C(1)-N(2) 75(3)
C(1)-C(2) 1.549(11) N(0AA)-C(1)-N(2) 177.0(17)
C(2)-N(0AA) 1.49(2) N(1)-C(1)-N(2) 125.5(8)
C(2)-C(3) 1.497(11) C(0AA)-C(1)-C(2) 171(3)
C(2)-H(2A) 0.97 N(0AA)-C(1)-C(2) 68.2(15)
C(2)-H(2B) 0.97 N(1)-C(1)-C(2) 120.7(7)
C(3)-C(4) 1.469(10) N(2)-C(1)-C(2) 113.7(6)
C(3)-H(3A) 0.97 N(0AA)-C(2)-C(3) 135.8(10)
C(3)-H(3B) 0.97 N(0AA)-C(2)-C(1) 37.0(9)
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C(4)-N(2)
C(4)-H(4A)
C(4)-H(4B)

C(5)-N(2)

C(5)-C(6)
C(5)-H(GA)
C(5)-H(5B)

C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)

C(7)-N(L)

C(7)-C(0AA)
C(7)-H(7A)
C(7)-H(7B)

N(1)-C(0AA)

N(1)-N(0AA)
N(L)-Pd(1)

N(2)-C(0AA)
CI(1)-Pd(1)

Pd(1)-N(1)#1

Pd(1)-N(0AA)

Pd(1)-N(OAA)#L
Pd(1)-CI(1)#1
N(OAA)-C(0AA)

1.455(8)
0.97
0.97

1.446(8)

1.470(10)
0.97
0.97

1.471(10)
0.97
0.97

1.484(9)

1.58(4)
0.97
0.97
0.97(4)
1.02(2)
2.021(7)
1.36(4)
2.3011(17)
2.021(7)
2.03(2)
2.03(2)
2.3011(17)
1.35(5)

C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2B)
C(1)-C(2)-H(2B)

H(2A)-C(2)-H(2B)

C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)

H(3A)-C(3)-H(3B)

N(2)-C(4)-C(3)
N(2)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(2)-C(4)-H(4B)
C(3)-C(4)-H(4B)

H(4A)-C(4)-H(4B)

N(2)-C(5)-C(6)
N(2)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(2)-C(5)-H(5B)
C(6)-C(5)-H(5B)

H(5A)-C(5)-H(5B)

C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)

H(6A)-C(6)-H(6B)
C(6)-C(7)-N(1)
C(6)-C(7)-C(0AA)
N(1)-C(7)-C(0AA)
C(6)-C(7)-H(7A)
N(1)-C(7)-H(7A)
C(6)-C(7)-H(7B)
N(L)-C(7)-H(7B)
H(7A)-C(7)-H(7B)

C(0AA)-N(1)-N(0AA)

C(0AA)-N(1)-C(1)
N(OAA)-N(1)-C(1)

99.5(6)
111.9
111.9
111.9
111.9
109.6

108.1(7)
110.1
110.1
110.1
110.1
108.4

107.9(6)
110.1
110.1
110.1
110.1
108.4

108.5(6)

110
110
110
110
108.4

115.2(6)
108.5
108.5
108.5
108.5
107.5

122.0(6)

86.2(16)
36.9(14)
106.8
106.8
106.8
106.8
106.7
85(3)
36(3)
48.7(13)
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C(0AA)-N(1)-C(7)
N(OAA)-N(1)-C(7)
C(1)-N(1)-C(7)
C(0AA)-N(1)-Pd(1)
N(OAA)-N(1)-Pd(1)
C(1)-N(1)-Pd(1)
C(7)-N(1)-Pd(1)
C(1)-N(2)-C(0AA)
C(1)-N(2)-C(5)
C(0AA)-N(2)-C(5)
C(1)-N(2)-C(4)
C(0AA)-N(2)-C(4)
C(5)-N(2)-C(4)
N(L)#1-Pd(1)-N(1)
N(L)#1-Pd(1)-N(0AA)
N(1)-Pd(1)-N(0AA)
N(L)#1-Pd(1)-N(0AA)#1
N(1)-Pd(1)-N(0AA)#1
N(OAA)-Pd(1)-N(0AA)#L
N(L)#1-Pd(1)-CI(1)
N(1)-Pd(1)-CI(1)
N(0AA)-Pd(1)-CI(1)
N(0AA)#1-Pd(1)-CI(1)
N(L)#1-Pd(1)-CI(1)#1
N(L)-Pd(L)-CI(L)#1
N(OAA)-Pd(1)-CI(1)#1
N(OAA)#1-Pd(1)-CI(1)#1
CI(1)-Pd(1)-CI(1)#1
C(1)-N(OAA)-N(L)
C(1)-N(0AA)-C(0AA)
N(1)-N(OAA)-C(0AA)
C(1)-N(0AA)-C(2)
N(1)-N(0AA)-C(2)
C(0AA)-N(0AA)-C(2)
C(1)-N(0AA)-Pd(1)
N(1)-N(OAA)-Pd(1)
C(0AA)-N(0AA)-Pd(1)
C(2)-N(0AA)-Pd(1)
C(1)-C(0AA)-N(1)
C(1)-C(0AA)-N(0AA)
N(1)-C(0AA)-N(0AA)

77(3)
161.6(15)
113.2(7)
160(3)
75.7(13)
124.1(6)
122.7(5)
32.0(17)
128.1(6)
96.1(19)
107.3(6)
139.4(19)
124.5(5)
180
150.8(6)
29.2(6)
29.2(6)
150.8(6)
180
87.1(2)
93.0(2)
86.6(6)
93.4(6)
92.9(2)
87.02)
93.4(6)
86.6(6)
180
78.7(18)
32.7(19)
46(2)
74.9(16)
154(2)
108(2)
153(2)
75.2(14)
121(2)
131.1(14)
93(4)
44(3)
49(2)
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C(1)-C(0AA)-N(2)
N(1)-C(0AA)-N(2)
N(OAA)-C(0AA)-N(2)
C(1)-C(0AA)-C(7)
N(1)-C(0AA)-C(7)
N(OAA)-C(0AA)-C(7)
N(2)-C(0AA)-C(7)

73(3)
166(5)
117(3)
159(5)
66(3)
115(3)
128(3)

Symmetry transformations used to generate equivalent atoms: -x,-y,-Z .

Table A.3: Anisotropic displacement parameters (A? x 10%) for trans-[Pd(DBN):Cl2]. The

Anisotropic displacement factor exponent takes the form: -2n?(h?a*2U1; + ... + 2hka*b*Uyp).

Un U2 Uss Uzs Uis U2
C(1) 61(2) 79(2) 47(2) -2(2) 1(2) -7(2)
C(  702) 9303 582 42 112)  -14(2)
C(3)  80(3) 102(3)  64(2)  -32)  13(2)  -10(2)
C(4) 83(3) 95(3) 55(2) -3(2) 7(2) -8(2)
c()  712) 9(3)  75(2)  -42)  -22)  -15(2)
C(6) 76(3) 111(3) 85(3) -2(2) 12(2) -19(2)
C(7) 62(2) 105(3) 73(2) 10(2) 10(2) -17(2)
N(1)  57(2)  85(3)  50(2)  2(2) 5(2) 9(2)
N(2) 68(2) 82(2) 48(2) -7(2) -2(2) -7(2)
cll)  76(1)  87()  72()  -2(1) A1) 2201)
Pd(1)  43(1)  68(1)  31(1)  -3(1)  -2(1)  -2(1)
N(0AA)  55(3) 78(3) 45(3) 0(3) 3(2) -10(3)
C(0AA) 55(3)  78(3)  46(3)  -1(3) 3(3) -8(3)

Table A.4: Hydrogen coordinates (x 10%)

trans-[Pd(DBN).Cl.].

and isotropic displacement parameters (A2 x 10°) for

X y z U(eq)
H(2A) 159 1275 -2312 89
H(2B) 1386 -121 -1980 89
H(3A) 411 656 -3903 98
H(3B) 1013 -934 -3574 98
H(4A) -2516 82 -4289 94
H@4B)  -1773  -1512 -4331 94
H(5A) -4528 -2581 -3527 100
H(5B) -5455 -1088 -3340 100
H(6A) -4248 -3222 -1940 109
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H®6B)  -5989  -2208  -1983 109
H(7TA)  -3414  -1982  -581 96
H(7B)  -4481  -604  -1036 96

Table A.5: Torsion angles (°) for trans-[Pd(DBN)2Cl;].

Atoms Torsion angles (°)
N(1)-C(1)-C(2)-N(0AA) -0.2(15)
N(2)-C(1)-C(2)-N(0AA) 177.5(18)
N(0AA)-C(1)-C(2)-C(3) 170.8(16)

N(1)-C(1)-C(2)-C(3) 170.6(8)
N(2)-C(1)-C(2)-C(3) -11.7(9)
N(0AA)-C(2)-C(3)-C(4) 25.6(17)
C(1)-C(2)-C(3)-C(4) 17.7(8)
C(2)-C(3)-C(4)-N(2) -18.9(9)
N(2)-C(5)-C(6)-C(7) 27.9(10)
C(5)-C(6)-C(7)-N(2) -32.0(12)
C(5)-C(6)-C(7)-C(0AA) -22.5(18)
N(0AA)-C(1)-N(1)-C(0AA) 178(5)
N(2)-C(1)-N(1)-C(0AA) 1(5)
C(2)-C(1)-N(1)-C(0AA) 178(5)
C(0AA)-C(1)-N(1)-N(0AA) -178(5)
N(2)-C(1)-N(1)-N(0AA) -177(2)
C(2)-C(1)-N(1)-N(0AA) 0.2(18)
C(0AA)-C(1)-N(1)-C(7) -2(5)
N(0AA)-C(1)-N(1)-C(7) 175.9(19)
N(2)-C(1)-N(2)-C(7) -1.3(13)
C(2)-C(1)-N(1)-C(7) 176.1(7)
C(0AA)-C(1)-N(1)-Pd(2) 176(5)
N(0AA)-C(1)-N(1)-Pd(1) -6.7(18)
N(2)-C(1)-N(1)-Pd(1) 176.2(6)
C(2)-C(1)-N(2)-Pd(1) -6.4(12)
C(6)-C(7)-N(2)-C(0AA) 16(3)
C(6)-C(7)-N(1)-N(0AA) 27(5)
C(0AA)-C(7)-N(1)-N(0AA) 11(5)
C(6)-C(7)-N(2)-C(2) 17.0(12)
C(0AA)-C(7)-N(1)-C(2) 1(3)
C(6)-C(7)-N(2)-Pd(2) -160.5(6)
C(0AA)-C(7)-N(1)-Pd(2) -176(3)
N(1)-C(1)-N(2)-C(0AA) -1(4)
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C(2)-C(1)-N(2)-C(0AA)
C(0AA)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
C(0AA)-C(1)-N(2)-C(4)
N(1)-C(1)-N(2)-C(4)
C(2)-C(1)-N(2)-C(4)
C(6)-C(5)-N(2)-C(1)
C(6)-C(5)-N(2)-C(0AA)
C(6)-C(5)-N(2)-C(4)
C(3)-C(4)-N(2)-C(1)
C(3)-C(4)-N(2)-C(0AA)
C(3)-C(4)-N(2)-C(5)
C(0AA)-C(1)-N(0AA)-N(L)
C(2)-C(1)-N(0AA)-N(L)
N(1)-C(1)-N(0AA)-C(0AA)
C(2)-C(1)-N(0AA)-C(0AA)
C(0AA)-C(1)-N(0AA)-C(2)
N(1)-C(1)-N(0AA)-C(2)
C(0AA)-C(1)-N(0AA)-Pd(1)
N(1)-C(1)-N(0AA)-Pd(1)
C(2)-C(1)-N(0AA)-Pd(1)
C(0AA)-N(1)-N(0AA)-C(1)
C(7)-N(1)-N(0AA)-C(1)
Pd(1)-N(1)-N(0AA)-C(1)
C(1)-N(1)-N(0AA)-C(0AA)
C(7)-N(1)-N(0AA)-C(0AA)
Pd(1)-N(1)-N(OAA)-C(0AA)
C(0AA)-N(1)-N(0AA)-C(2)
C(1)-N(1)-N(0AA)-C(2)
C(7)-N(1)-N(0AA)-C(2)
Pd(1)-N(1)-N(0AA)-C(2)
C(0AA)-N(1)-N(0AA)-Pd(1)
C(1)-N(1)-N(0AA)-Pd(1)
C(7)-N(1)-N(0AA)-Pd(1)
C(3)-C(2)-N(0AA)-C(1)
C(3)-C(2)-N(0AA)-N(L)
C(1)-C(2)-N(0AA)-N(L)
C(3)-C(2)-N(0AA)-C(0AA)
C(1)-C(2)-N(0AA)-C(0AA)
C(3)-C(2)-N(0AA)-Pd(1)

-178(4)
2(4)
1.6(14)
-175.9(7)
179(4)
178.3(9)
0.8(9)
-15.6(11)
-14(2)
168.2(7)
11.1(9)
12(3)
-172.1(7)
2(4)
-179.8(16)
-2(4)
179(4)
-179(4)
179.8(16)
14(6)
12(3)
-167(5)
-1(3)
-12(5)
174.3(15)
1(3)
-11(5)
176(3)
-2(5)
0(4)
-13(9)
174(5)
-176(3)
-174.3(15)
174(4)
-13(2)
-13(6)
1(4)
-14(3)
-1(2)
159.6(10)
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C(1)-C(2)-N(0AA)-Pd(1)
N(OAA)-C(1)-C(0AA)-N(1)
N(2)-C(1)-C(0AA)-N(1)
N(1)-C(1)-C(0AA)-N(0AA)
N(2)-C(1)-C(0AA)-N(0AA)
N(OAA)-C(1)-C(0AA)-N(2)
N(1)-C(1)-C(0AA)-N(2)
N(OAA)-C(1)-C(0AA)-C(7)
N(1)-C(1)-C(0AA)-C(7)
N(2)-C(1)-C(0AA)-C(7)
N(0AA)-N(1)-C(0AA)-C(1)
C(7)-N(1)-C(0AA)-C(1)
Pd(1)-N(1)-C(0AA)-C(1)
C(1)-N(1)-C(0AA)-N(0AA)
C(7)-N(1)-C(0AA)-N(0AA)
Pd(1)-N(1)-C(0AA)-N(0AA)
N(OAA)-N(1)-C(0AA)-N(2)
C(1)-N(1)-C(0AA)-N(2)
C(7)-N(1)-C(0AA)-N(2)
Pd(1)-N(1)-C(0AA)-N(2)
N(0OAA)-N(1)-C(0AA)-C(7)
C(1)-N(1)-C(0AA)-C(7)
Pd(1)-N(1)-C(0AA)-C(7)
N(1)-N(0AA)-C(0AA)-C(1)
C(2)-N(0AA)-C(0AA)-C(1)
Pd(1)-N(0AA)-C(0AA)-C(1)
C(1)-N(0AA)-C(0AA)-N(1)
C(2)-N(0AA)-C(0AA)-N(1)
Pd(1)-N(OAA)-C(0AA)-N(1)
C(1)-N(OAA)-C(0AA)-N(2)
N(1)-N(0AA)-C(0AA)-N(2)
C(2)-N(0AA)-C(0AA)-N(2)
Pd(1)-N(0AA)-C(0AA)-N(2)
C(1)-N(0AA)-C(0AA)-C(7)
N(1)-N(OAA)-C(0AA)-C(7)
C(2)-N(0AA)-C(0AA)-C(7)
Pd(1)-N(0AA)-C(0AA)-C(7)
C(5)-N(2)-C(0AA)-C(1)
C(4)-N(2)-C(0AA)-C(1)
C(1)-N(2)-C(0AA)-N(L)
C(5)-N(2)-C(0AA)-N(1)

173(3)
-2(4)
-179(4)
2(4)

-177.7(16)

177.7(16)
179(4)
3(16)
5(12)

-175(15)

2(4)
178(4)
-11(12)

-2(4)

176.5(17)
-13(8)
-1(19)
-2(15)

176(20)
-13(27)

-176.5(17)

-178(4)
171(7)
-178(6)
2(4)
-173(3)
178(6)
179(2)
5(3)
-2.5(18)
180(5)
-1(4)
-175(2)
-179(6)
3.5(17)
-177(2)
8(4)
-178(3)
-2(6)
2(16)
-176(19)
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C(4)-N(2)-C(0AA)-N(1) 1(22)
C(1)-N(2)-C(0AA)-N(0AA) 1.8(13)
C(5)-N(2)-C(0AA)-N(0AA) -176(3)
C(4)-N(2)-C(0AA)-N(0AA) 0(6)

C(1)-N(2)-C(0AA)-C(7) 178(7)

C(5)-N(2)-C(0AA)-C(7) -1(4)

C(4)-N(2)-C(0AA)-C(7) 175.9(16)

C(6)-C(7)-C(0AA)-C(1) -172(15)

N(1)-C(7)-C(0AA)-C(1) -5(13)

C(6)-C(7)-C(0AA)-N(1) -167(2)
C(6)-C(7)-C(0AA)-N(0AA) -169(3)
N(1)-C(7)-C(0OAA)-N(0AA) -2.9(14)

C(6)-C(7)-C(0AA)-N(2) 15(4)

N(1)-C(7)-C(0AA)-N(2) -179(6)

Symmetry transformations used to generate equivalent atoms: -x,-y,-z .

ii. [Rh(COD)(DBU)CI]

Table A.6: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x
10%) for [Rh(COD)(DBU)CI]. U(eq) is defined as one third of the trace of the orthogonalized Uj
tensor.

X y Z U(eq)
C(l)  7765(3) 922(2) 1469(2)  45(1)
C(2) 6143(3) 1376(2) 2142(2)  45(1)
C(3)  5086(4) 2258(3) 3093(2) 67(1)
C(4)  6106(4) 3352(3) 2784(2)  73(1)
C(5)  7602(4) 3662(2) 1550(2)  60(1)
C(6)  9282(4) 3201(3) 760(2)  59(1)
C(7)  9837(5) 2289(3) 986(3)  85(1)
C(8)  8661(4) 1207(2) 1643(2)  60(1)
C(9) 10672(2) 3644(2) -1655(2)  35(1)
C(10) 12061(3) 2836(2) -2103(2)  48(1)
C(11) 12670(3) 1850(2) -2893(2)  63(1)
C(12) 13990(4) 2261(3) -4087(2)  76(1)
C(13) 13395(4) 3271(3) -4217(2) 71(1)
C(14) 12902(3) 4398(2) -3591(2)  53(1)
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C(15) 9805(3) 4919(3) -2132(2)  64(1)
C(16) 8037(3) 4390(3) -1071(2)  66(1)
C(l7) 7787(3) 4362(2) -214(2)  55(1)
Cl(l)  7641(1) 997(1)  -71(1)  51(1)
N(1)  9117(2) 3601(2) -599(1)  38(1)
N@2) 11122(2) 4360(2) -2398(1)  44(1)
Rh(1) 8085(1) 2323(1) 595(1)  31(1)

Table A.7: Bond distances (A) and angles (°) for [Rh(COD)(DBU)CI].

Atoms Bond distances (A) Atoms Angles (°)
C(1)-C(2) 1.388(3) C(2)-C(1)-C(8) 123.5(2)
C(1)-C(8) 1.513(3) C(2)-C(1)-Rh(2) 70.63(12)

C(1)-Rh(2) 2.136(2) C(8)-C(1)-Rh(1) 112.61(15)
C(1)-H(2) 0.98 C(2)-C(1)-H(2) 114.2
C(2)-C(3) 1.511(3) C(8)-C(1)-H(1) 114.2
C(2)-Rh(2) 2.126(2) Rh(1)-C(1)-H(1) 114.2
C(2)-H(2) 0.98 C(1)-C(2)-C(3) 125.2(2)
C(3)-C(4) 1.512(4) C(1)-C(2)-Rh(1) 71.37(12)
C(3)-H(3A) 0.97 C(3)-C(2)-Rh(1) 109.81(16)
C(3)-H(3B) 0.97 C(1)-C(2)-H(2) 114.1
C(4)-C(5) 1.518(3) C(3)-C(2)-H(2) 114.1
C(4)-H(4A) 0.97 Rh(1)-C(2)-H(2) 114.1
C(4)-H(4B) 0.97 C(2)-C(3)-C(4) 113.7(2)
C(5)-C(6) 1.397(4) C(2)-C(3)-H(3A) 108.8
C(5)-Rh(2) 2.099(2) C(4)-C(3)-H(3A) 108.8
C(5)-H(5) 0.98 C(2)-C(3)-H(3B) 108.8
C(6)-C(7) 1.520(4) C(4)-C(3)-H(3B) 108.8
C(6)-Rh(1) 2.096(2) H(3A)-C(3)-H(3B) 107.7
C(6)-H(6) 0.98 C(3)-C(4)-C(5) 112.7(2)
C(7)-C(8) 1.501(4) C(3)-C(4)-H(4A) 109
C(7)-H(7A) 0.97 C(5)-C(4)-H(4A) 109
C(7)-H(7B) 0.97 C(3)-C(4)-H(4B) 109
C(8)-H(8A) 0.97 C(5)-C(4)-H(4B) 109
C(8)-H(8B) 0.97 H(4A)-C(4)-H(4B) 107.8
C(9)-N(2) 1.296(2) C(6)-C(5)-C(4) 122.6(3)
C(9)-N(2) 1.354(2) C(6)-C(5)-Rh(1) 70.44(14)
C(9)-C(10) 1.501(3) C(4)-C(5)-Rh(1) 113.37(17)
C(10)-C(11) 1.532(4) C(6)-C(5)-H(5) 114.3
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C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-N(2)
C(14)-H(14A)
C(14)-H(14B)
C(15)-N(2)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-N(1)
C(17)-H(17A)
C(17)-H(17B)
CI(1)-Rh(1)
N(1)-Rh(1)

0.97 C(4)-C(5)-H(5)
0.97 Rh(1)-C(5)-H(5)
1.520(4) C(5)-C(6)-C(7)
0.97 C(5)-C(6)-Rh(1)
0.97 C(7)-C(6)-Rh(1)
1.506(5) C(5)-C(6)-H(6)
0.97 C(7)-C(6)-H(6)
0.97 Rh(1)-C(6)-H(6)
1.506(4) C(8)-C(7)-C(6)
0.97 C(8)-C(7)-H(7A)
0.97 C(6)-C(7)-H(7A)
1.471(3) C(8)-C(7)-H(7B)
0.97 C(6)-C(7)-H(7B)
0.97 H(7A)-C(7)-H(7B)
1.465(3) C(7)-C(8)-C(1)
1.505(3) C(7)-C(8)-H(8A)
0.97 C(1)-C(8)-H(8A)
0.97 C(7)-C(8)-H(8B)
1.503(3) C(1)-C(8)-H(8B)
0.97 H(8A)-C(8)-H(8B)
0.97 N(1)-C(9)-N(2)
1.464(3) N(1)-C(9)-C(10)
0.97 N(2)-C(9)-C(10)
0.97 C(9)-C(10)-C(11)
2.3776(7) C(9)-C(10)-H(10A)
2.1072(17) C(11)-C(10)-H(10A)

C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)

114.3
114.3
125.9(2)
70.65(13)
110.47(18)
113.8
113.8
113.8
113.7(2)
108.8
108.8
108.8
108.8
107.7
112.7(2)
109
109
109
109
107.8
123.76(18)
119.07(17)
117.15(17)
113.7(2)
108.8
108.8
108.8
108.8
107.7
115.0(2)
1085
1085
1085
1085
107.5
115.4(2)
108.4
108.4
108.4
108.4
1075
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C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)

H(13A)-C(13)-H(13B)
N(2)-C(14)-C(13)

N(2)-C(14)-H(14A)
C(13)-C(14)-H(14A)

N(2)-C(14)-H(14B)
C(13)-C(14)-H(14B)

H(14A)-C(14)-H(14B)
N(2)-C(15)-C(16)

N(2)-C(15)-H(15A)
C(16)-C(15)-H(15A)

N(2)-C(15)-H(15B)
C(16)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16B)
C(15)-C(16)-H(16B)

H(16A)-C(16)-H(16B)
N(1)-C(17)-C(16)

N(L)-C(17)-H(17A)
C(16)-C(17)-H(17A)

N(1)-C(17)-H(17B)
C(16)-C(17)-H(17B)

H(17A)-C(17)-H(17B)
C(9)-N(1)-C(17)
C(9)-N(1)-Rh(1)
C(17)-N(1)-Rh(1)
C(9)-N(2)-C(15)
C(9)-N(2)-C(14)
C(15)-N(2)-C(14)
C(6)-Rh(1)-C(5)
C(6)-Rh(1)-N(1)
C(5)-Rh(1)-N(1)
C(6)-Rh(1)-C(2)
C(5)-Rh(1)-C(2)

112.9(2)
109
109
109
109

107.8
113.31(18)
108.9
108.9
108.9
108.9
107.7
110.17(19)
109.6
109.6
109.6
109.6
108.1
108.2(2)
110.1
110.1
110.1
110.1
108.4
110.35(19)
109.6
109.6
109.6
109.6
108.1
116.97(17)
128.25(14)
113.48(13)
121.56(17)
122.62(18)
114.24(17)
38.91(11)

91.03(8)

91.88(8)

97.91(9)

82.48(9)
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N(1)-Rh(1)-C(2)
C(6)-Rh(1)-C(1)
C(5)-Rh(1)-C(1)
N(1)-Rh(1)-C(1)
C(2)-Rh(1)-C(1)
C(6)-Rh(1)-CI(1)
C(5)-Rh(1)-CI(1)
N(1)-Rh(1)-CI(1)
C(2)-Rh(1)-CI(1)
C(1)-Rh(1)-CI(1)

157.45(8)
82.15(9)
91.45(10)
164.54(8)
38.00(9)
160.86(9)
160.23(9)
88.40(5)
89.73(7)
93.53(7)

Table A.8: Anisotropic displacement parameters (A2 x 10%) for [Rh(COD)(DBU)CI]. The

Anisotropic displacement factor exponent takes the form: -2n%(h?a*2U11 + ... + 2hka*b*Usy).

U U2 Uss Uzs Uis U
c()  61(1)  35(1)  48(1)  10(1) -46()  -7(1)
C@)  45(1)  47(1)  34(1)  11(1)  -30()  -16(1)
C(3) 52(1) 81(2) 32(1) -2(1) -26(1) -8(1)
Cl)  94(2)  63(2) 441  -6(1)  522)  -2(2)
C(5) 97(2) 39(1) 52(1) 8(1) -62(2) -19(1)
C(6) 76(2) 67(2) 62(1) 29(1) -62(2) -38(1)
C(?)  91(2)  114(3) 100(2)  44(2)  -88(2)  -41(2)
C(8) 74(2) 65(2) 66(2) 9(1) -62(2) 0(1)
C)  40(1)  38(1)  33(1)  5(1)  -31(1)  -5(1)
C(10)  38(1)  60(1)  42(1)  10(1)  -32(1)  -3(1)
C(11) 41(1) 50(1) 56(1) 0(1) -30(1) -2(1)
C(12) 441  78(2)  44(1)  -11(1)  -23()  -14(1)
C(13) 58(1) 98(2) 33(1) 8(1) -31(1) -29(2)
C(14) 51(1) 66(2) 39(1) 23(1) -36(1) -27(1)
c(15)  67(2)  78(2)  62(2)  23(1)  -56(1)  -7(1)
C(16) 54(1) 89(2) 64(2) 17(1) -50(1) 3(1)
C(17)  48(1)  58(1)  44(1)  O(1)  -34()  14(1)
ci(l)  63(1)  52(1)  55(1)  -12(1)  -52(1)  5(1)
N(1) 41(1) 43(1) 31(1) 2(1) -30(1) 2(1)
N@Q)  47(1)  54(1)  37(1)  13(1)  -35(1)  -9(1)
Rh(1) 35(1) 34(1) 27(1) 2(1) -25(1) -2(1)
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Table A.9: Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2 x 10%) for
[Rh(COD)(DBU)CI].

X y z U(eq)

H(1) 8000 107 1181 55
H(2) 5439 822 2244 54
H(3A) 4634 1841 3709 80
H(3B) 4098 2527 3351 80
H(4A) 6567 3201 2977 88
H(4B) 5326 4040 3219 88
H(5) 7564 4487 1396 72
H(6) 10208 3763 149 70
H(7TA) 11010 2016 277 101
H(7B) 9868 2688 1391 101
H(8A) 7783 1354 2431 72
H(8B) 9340 511 1424 72
H(10A) 11620 2455 -1480 58
H(10B) 13056 3328 -2499 58
H(11A) 13179 1196 -2907 76
H(11B) 11659 1528 -2592 76
H(12A) 15038 2521 -4408 91
H(12B) 14298 1572 -4517 91
H(13A) 12397 2998 -3948 86
H(13B) 14321 3463 -5004 86
H(14A) 13719 4512 -3660 63
H(14B) 13004 5089 -3933 63
H(15A) 10103 4783 -2741 77
H(15B) 9781 5785 -2044 77
H(16A) 7137 4879 -804 80
H(16B) 7962 3577 -1208 80
H(17A) 7865 5178 -82 66
H(17B) 6639 4048 486 66
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Table A.10: Torsion angles (°) for [Rh(COD)(DBU)CI].

Atoms

Torsion angles (°)

C(8)-C(1)-C(2)-C(3)
Rh(1)-C(1)-C(2)-C(3)
C(8)-C(1)-C(2)-Rh(1)
C(1)-C(2)-C(3)-C(4)
Rh(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-Rh(1)
C(4)-C(5)-C(6)-C(7)
Rh(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-Rh(1)
C(5)-C(6)-C(7)-C(8)
Rh(1)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(1)
C(2)-C(1)-C(8)-C(7)
Rh(1)-C(1)-C(8)-C(7)
N(L)-C(9)-C(10)-C(11)
N(2)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-N(2)
N(2)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(L)
N(2)-C(9)-N(1)-C(17)
C(10)-C(9)-N(1)-C(17)
N(2)-C(9)-N(1)-Rh()
C(10)-C(9)-N(1)-Rh(1)
C(16)-C(17)-N(1)-C(9)
C(16)-C(17)-N(1)-Rh(1)
N(L)-C(9)-N(2)-C(15)
C(10)-C(9)-N(2)-C(15)
N(L)-C(9)-N(2)-C(14)
C(10)-C(9)-N(2)-C(14)
C(16)-C(15)-N(2)-C(9)
C(16)-C(15)-N(2)-C(14)
C(13)-C(14)-N(2)-C(9)
C(13)-C(14)-N(2)-C(15)

3.3(3)
-101.5(2)
104.8(2)

49.7(4)
-31.0(3)

27.3(4)
-91.1(3)
-10.1(4)

4.1(4)
-101.7(3)
105.8(2)

48.3(4)
-32.1(4)

28.0(4)
-91.7(3)
-10.6(3)
112.4(2)
-65.9(3)

80.8(3)
-58.9(3)

58.9(3)
-82.2(3)

46.7(3)
-61.1(3)

1.1(3)
177.1(2)

167.15(15)
-11.0(3)
37.7(3)

-130.39(19)

-15.6(3)
162.6(2)
179.57(19)
-2.3(3)
-10.8(3)
155.2(2)
71.5(3)
-94.4(3)
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iii. [Rh(COD)(TMG)CI]

Table A.11: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x
10°) for [Rh(COD)(TMG)CI]. U(eq) is defined as one third of the trace of the orthogonalized Uj
tensor.

X y z U(eq)
C@) 3772(6) 118(7)  858(3) 70(1)
C(2) 4783(6) 311(6)  922(3) 66(1)
C(3) 5351(7) 1386(7) 668(4) 82(2)
C4) 5050(6) 2609(7)  884(3) 73(1)
C(5) 4355(5) 2600(6) 1430(3) 61(1)
C(6) 3345(5) 2377(6) 1381(3)  60(1)
C(7) 2801(6) 2062(7) 788(3) 71(1)
C(8) 3125(7)  970(7)  490(3) 83(2)
C(9) 3519(4) 883(4) 3130(2)  35(1)
C(10)  5041(4) 1066(6) 3751(3)  61(2)
C(11)  3408(6) 1047(7) 4260(3)  73(2)
C(12)  2445(5) -892(5) 3377(3)  60(2)
C(13)  1954(4) 578(6) 2577(3)  56(2)
Cl(1)  4266(1) -1229(1) 2150(1)  58(1)
N(1) 3923(3) 1438(4) 2661(2)  40(1)
N(2) 3968(3) 845(4) 3698(2)  45(1)
N(3) 2615(3) 306(4) 3093(2)  43(1)
Rh(1)  4054(1) 804(1) 1750(1)  33(1)

Table A.12: Bond distances (A) and angles (°) for [Rh(COD)(TMG)CI].

Atoms Bond distances (A) Atoms Angles (°)
C(1)-C(2) 1.374(10) C(2)-C(1)-C(8) 121.9(7)
C(1)-C(8) 1.493(10) C(2)-C(1)-Rh(1) 71.2(4)

C(1)-Rh(2) 2.104(6) C(8)-C(1)-Rh(1) 112.2(5)
C(1)-H(2) 0.98 C(2)-C(1)-H(2) 114.7
C(2)-C(3) 1.492(10) C(8)-C(1)-H(2) 114.7
C(2)-Rh(1) 2.110(6) Rh(1)-C(1)-H(1) 114.7
C(2)-H(2) 0.98 C(1)-C(2)-C(3) 125.5(7)
C(3)-C(4) 1.458(9) C(1)-C(2)-Rh(1) 70.7(4)
C(3)-H(3A) 0.97 C(3)-C(2)-Rh(1) 110.6(4)
C(3)-H(3B) 0.97 C(1)-C(2)-H(2) 113.9
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C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)

C(5)-C(6)
C(5)-Rh(1)

C(3)-H()

C(6)-C(7)
C(6)-Rh(1)

C(6)-H(6)

C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-H(8A)
C(8)-H(8B)

C(9)-N(D)

C(O)-NE)

C(9)-N@)
C(10)-N(2)

C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-N(2)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-N(@3)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-N(3)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
CI(1)-Rh(1)
N(1)-Rh(1)

1.504(9)
0.97
0.97

1.375(9)

2.100(6)
0.98

1.514(9)

2.104(6)
0.98

1.413(9)
0.97
0.97
0.97
0.97

1.298(6)

1.362(6)

1.370(6)

1.459(7)
0.96
0.96
0.96

1.445(7)
0.96
0.96
0.96

1.450(7)
0.96
0.96
0.96

1.456(7)
0.96
0.96
0.96

2.3773(14)

2.097(4)

C(3)-C(2)-H(2)
Rh(1)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(6)-C(5)-C(4)
C(6)-C(5)-Rh(1)
C(4)-C(5)-Rh(1)
C(6)-C(5)-H()
C(4)-CB)-HE)
Rh(1)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-Rh(1)
C(7)-C(6)-Rh(1)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
Rh(1)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(7)-C(8)-C(1)
C(7)-C(8)-H(8A)
C(1)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(1)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
N(1)-C(9)-N(3)
N(1)-C(9)-N(2)
N(3)-C(9)-N(2)

113.9
113.9
116.5(6)
108.2
108.2
108.2
108.2
107.3
114.6(6)
108.6
108.6
108.6
108.6
107.6
123.1(6)
71.1(4)
112.6(4)
114.2
114.2
114.2
125.2(6)
70.7(4)
110.9(4)
114
114
114
115.4(6)
108.4
108.4
108.4
108.4
107.5
116.5(6)
108.2
108.2
108.2
108.2
107.3
122.3(4)
122.4(5)
115.3(4)
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N(2)-C(10)-H(10A)
N(2)-C(10)-H(10B)
H(10A)-C(10)-
H(10B)
N(2)-C(10)-H(10C)
H(10A)-C(10)-
H(10C)
H(10B)-C(10)-H(10C)
N(2)-C(11)-H(11A)
N(2)-C(11)-H(11B)
H(11A)-C(11)-
H(11B)
N(2)-C(11)-H(11C)
H(11A)-C(11)-
H(11C)
H(11B)-C(11)-H(11C)
N(3)-C(12)-H(12A)
N(3)-C(12)-H(12B)
H(12A)-C(12)-
H(12B)
N(3)-C(12)-H(12C)
H(12A)-C(12)-
H(12C)
H(12B)-C(12)-H(12C)
N(3)-C(13)-H(13A)
N(3)-C(13)-H(13B)
H(13A)-C(13)-
H(13B)
N(3)-C(13)-H(13C)
H(13A)-C(13)-
H(13C)
H(13B)-C(13)-H(13C)
C(9)-N(1)-Rh(1)
C(9)-N(2)-C(11)
C(9)-N(2)-C(10)
C(11)-N(2)-C(10)
C(9)-N(3)-C(12)
C(9)-N(3)-C(13)
C(12)-N(3)-C(13)
N(1)-Rh(1)-C(5)
N(1)-Rh(1)-C(1)
C(5)-Rh(1)-C(1)
N(1)-Rh(1)-C(6)

109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5
109.5
109.5

109.5

128.4(3)
121.7(5)
119.7(4)
114.8(5)
121.5(5)
119.4(4)
114.2(5)
91.4(2)
164.7(2)
93.2(3)
93.2(2)
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C(5)-Rh(1)-C(6)
C(1)-Rh(1)-C(6)
N(L)-Rh(1)-C(2)
C(5)-Rh(1)-C(2)
C(1)-Rh(1)-C(2)
C(6)-Rh(1)-C(2)
N(L)-Rh(1)-CI(1)
C(5)-Rh(1)-CI(1)
C(1)-Rh(1)-CI(1)
C(6)-Rh(1)-CI(1)
C(2)-Rh(1)-CI(1)

38.2(2)
81.6(3)
157.2(2)
82.1(3)
38.1(3)
95.0(3)
88.20(12)
162.02(19)
91.8(2)
159.8(2)
91.3(2)

Table A.13: Anisotropic displacement parameters (A% x 10%) for [Rh(COD)(TMG)CI]. The
Anisotropic displacement factor exponent takes the form: -2n%(h?a*2U11 + ... + 2hka*b*Usy).

Un U2 Uss Uzs Uis U2
C(1) 89(2) 68(2) 52(2) -10(2) 2(2) 6(2)
C(2) 89(2) 64(2) 46(2) -12(2) 3(2) 6(2)
c(3  101(3) 67(2) 77(3)  -102)  19(2)  4(2)
C(4) 92(3) 65(2) 62(2) -7(2) 12(2) 1(2)
C(B) 842  47(2)  542)  0(2) 4(2) 702)
c() 842  47(2) 512 52 3(2) 702)
C(7) 88(2) 70(2) 56(2) -3(2) 0(2) 6(2)
c(8  105(3) 77(2)  66(2) -12(2) -102)  15(2)
C(9) 42(3) 27(2) 36(2) -3(2) 4(2) 1(2)
C(10) 53(3) 78(4) 54(3) 16(3) -14(3) -19(3)
C(11)  83(5)  97(6)  41(3)  -4(3)  14(3)  -12(4)
C(12) 54(3) 49(3) 77(4) 8(3) 7(3) -11(3)
C(13)  43(3) 67(4) 583)  -33)  -43)  -5(3)
Cl(l)  731)  33(1) 681  2(1) 4(1) 15(1)
N(1) 51(3) 34(2) 35(2) -3(2) 4(2) -6(2)
NQ)  48(2)  54(3)  35(2) 12) 02  -12(2)
N(3) 40(2) 40(2) 48(2) -1(2) 2(2) -2(2)
Rh(1) 38(1) 28(1) 34(1) -6(1) -1(1) 2(1)

Table A.14: Hydrogen coordinates (x 10%) and isotropic displacement parameters (A% x 10%) for

[Rh(COD)(TMG)CI].

X

y

z

U(eq)

H(1)

3572

-755

844

83
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H(2) 5176 -453
HBA) 6053 1272
HG3B) 5289 1371
H@4A) 4725 3043
H@4B) 5646 3073

H(5) 4535 3191

H(6) 2937 2835
H(7A) 2094 1981
H(7B) 2878 2749
H@BA) 3490 1205
H@BB) 2538 512
H(10A) 5372 759
H(10B) 5296 646
H(10C) 5162 1939
H(11A) 2705 1059
H(11B) 3600 1824
H(11C) 3546 390
H(12A) 2450  -1523
H(12B) 1807 -890
H(12C) 2963  -1056
H(13A) 1977 1448
H(13B) 1282 345
H(13C) 2168 119

951
766
222
o547
993
1755
1679
879
504
121
358
3389
4108
3789
4167
4439
4546
3065
3581
3672
2487
2681
2221

79
98
98
87
87
74
72
85
85
99
99
92
92
92
110
110
110
90
90
90
84
84
84

Table A.15: Torsion angles (°) for [Rh(COD)(TMG)CI].

Atoms

Torsion angles (°)

C(8)-C(1)-C(2)-C(3)
Rh(1)-C(1)-C(2)-C(3)
C(8)-C(1)-C(2)-Rh(1)
C(1)-C(2)-C(3)-C(4)
Rh(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-Rh(1)
C(4)-C(5)-C(6)-C(7)
Rh(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-Rh(1)
C(5)-C(6)-C(7)-C(8)
Rh(1)-C(6)-C(7)-C(8)

2.9(10)
-102.1(6)
105.0(6)
60.3(10)
-20.2(9)
12.1(11)
-79.3(9)

2.1(9)

2.6(10)
-102.5(6)
105.1(6)
60.3(10)
-20.3(8)
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C(6)-C(7)-C(8)-C(1) 14.0(11)
C(2)-C(1)-C(8)-C(7) -81.8(10)
Rh(1)-C(1)-C(8)-C(7) -0.8(10)
N(3)-C(9)-N(1)-Rh(1) -45.8(7)
N(2)-C(9)-N(1)-Rh(1) 134.8(4)
N(1)-C(9)-N(2)-C(11) 136.8(6)
N(3)-C(9)-N(2)-C(11) -42.6(7)
N(1)-C(9)-N(2)-C(10) -20.1(8)
N(3)-C(9)-N(2)-C(10) 160.5(5)
N(1)-C(9)-N(3)-C(12) 137.4(5)
N(2)-C(9)-N(3)-C(12) -43.2(7)
N(1)-C(9)-N(3)-C(13) -16.5(7)
N(2)-C(9)-N(3)-C(13) 162.9(5)

Table A.16: Hydrogen bond distances (A) and angles (°) for [Rh(COD)(TMG)CI].

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)
C(11)-H(11A)..N(3) 0.96 2.47 2.855(8)  103.9
C(12)-H(12C)...N(2) 0.96 2.45 2.855(7)  104.9

Symmetry transformations used to generate equivalent atoms: X, y, z .

126



Appendix B

i. [Rh(COD)(DBU)CI]

The DBU substitution reaction between [Rh(COD)(DBU)CI] and 4-dimethylaminopyridine
(DMAP) as entering ligand were followed. The reaction was performed at three temperatures
(15.1, 25.1 and 34.9 °C) and the concentration of the rhodium complex was kept constant at 0.359

mM throughout.

Table B.1: The kons values for the DMAP substitution reaction with [Rh(COD)(DBU)CI] at

different temperatures. [Rh] = 0.359 mM, [DMAP] = 3.52 — 35.20 mM, A = 320 nm.

DMAP (mM) 15.1°C 25.1°C 34.9°C
3.52 13.8+0.1 153+0.1 30.3+0.9
7.04 20.5 +0.1 26.2+0.1 33.5+0.2
14.08 32.7+0.1 43.9+0.3 58.4 + 0.7
21.28 44.8+0.2 55.9 + 0.3 75.5 0.7
28.24 55.4 + 0.2 71.8+0.2 99 + 1
35.20 64.4 0.3 84.9 +0.2 111+1
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ii. [Rh(COD)(TMG)CI]

The TMG substitution reaction between [Rh(COD)(TMG)CI] and 4-dimethylaminopyridine
(DMAP) as entering ligand were followed. The reaction was performed at three temperatures
(15.1, 25.2 and 35.0 °C) and the concentration of the rhodium complex was kept constant at 0.359

mM throughout.

Table B.2: The kobs values for the DMAP substitution reaction with [Rh(COD)(TMG)CI] at
different temperatures. The value in brackets shows the error on the last digit. [Rh] = 0.370 mM,
[DMAP] = 3.93 - 38.72 mM, A = 320 nm.

DMAP (mM) 15.1°C 25.2°C 35.0°C
3.93 95.3+0.3 131.4+0.6 160.2 £ 0.8
7.78 163.5+0.6 228+ 1 308 + 2
15.55 307+1 438+ 4 528 +6
23.25 446 + 4 585+ 7 77517
31.02 566 =5 762 £ 13 918 + 23
38.72 733 +13 908 + 15 1149 + 33
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