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Abstract

The synthesis of palladalactones from various palladium complexes, ethylene and carbon dioxide
was attempted and monitored by in situ IR and NMR techniques. Pd(PCy,), was found to
undergo oxidative CO, addition, forming a palladium-peroxocarbonate complex, structurally
characterised by XRD.

[B-hydride elimination was induced in “bench”-synthesized palladalactones with methyl iodide
and methyl triflate to form esters. Methyl triflate proved to be the better methylating agent

with faster reaction rates and better selectivity.

A mechanistic study of the NbCl;/DMAP and NbCl;/TBAB catalysed reaction between propy-
lene oxide and CO, was performed by kinetic analysis, monitored by a series of in situ IR and
NMR measurements. The co-catalyst was found to have a bifunctional role in the catalytic

cycle.
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Chapter 1

Carbon Dioxide: An Introduction

1.1 Carbon Dioxide and Climate Change

Climate change represents one of the greatest environmental threats today.[!) Most climate sci-
entists agree that it is caused by the greenhouse effect, which is the warming of the surface of the
earth by gases that trap heat in the atmosphere. These gases, aptly called “greenhouse gases”
include nitrous oxide (N,O), methane (CH,), fluorocarbons (CFs), chlorofluorocarbons (CFCs)
and carbon dioxide (CO,).

While CO, is the least effective greenhouse gas per kilogram emitted, it is the main contributor
to global warming due to copious amounts being released to the atmosphere through human
activities.!? The emissions are so high that there is currently an excess of 3.9% with respect
to the carbon cycle,®l meaning that the increase in CO, levels is not balanced by its fixation
in nature. This imbalance is also exacerbated by deforestation, resulting in an increase in
atmospheric CO, levels from approximately 280 ppm in pre-industrial times to 390 ppm today.
At present, the largest sources of CO, emission come from power generation, public electricity

and heat production by the combustion of fossil fuels.

There are three possible strategies to slow the increase of CO, concentration in the atmosphere:

e Reducing emissions
e CO, capture-storage
o CO, utilization
Reducing CO, emissions could be addressed by replacing a carbon-rich energy carrier like coal by

a less carbon rich source like oil or natural gas.[!) While this would mildly alleviate the amount of

CO, produced, a greater reduction could be gained by switching to non fossil fuel energy sources

1



Chapter 1. Introduction 2

like hydrogen or renewable energy. Carbon capture and storage (CCS), a potential method to
allow the continued use of fossil fuels has also been actively developed with leading technologies,
available in the short and long run.*? CCS, however is also known to be expensive.l® CO,
utilization, on the other hand, is a more viable option over storage especially if the transformation

to value-added products is economical and in demand.

1.1.1 Applications of Carbon Dioxide

CO, is used for its physical and chemical properties. Some areas where it is used for its physical
properties include refrigerants, ") fire extinguishers, use in the beverage industry, ¥ enhanced oil

recovery,”) and use as supercritical solvents!'?! and extraction media. ™

CO, is also a chemical reactant. In the organic chemical industry, it is used to synthesize urea,
salicylic acid, methanol and cyclic organic carbonates. In the inorganic chemical industry, the
Solvay process uses it to form NaHCO, and Na,CO5. CO, is also consumed in the production
of biomass and also in greenhouses to stimulate plant growth. For water purification, it is used

as an acid. Despite its many uses, only 1% of the CO, produced is being consumed again. (¢!

1.2 Understanding the Carbon Dioxide Molecule

CO, is a colourless gas that is also odourless at low concentrations. At higher concentrations, it
has a sharp acidic odour. It is a solid at temperatures below -78.5°C and sublimes directly into

the gaseous state below 5.1 bar.

CO, is linear in its ground state and consequently apolar despite having two polar C=0 bonds.
The carbon atom of CO, is sp hybridized and has a C—O bond length of 1.16 A, which is shorter
than a C=0 with an sp? hybridised carbon centre. It is also a bifunctional moleucle as it has
two different reaction sites. The carbon atom is an electrophile and is weakly Lewis acidic. The
oxygen atoms, on the other hand, are nucleophiles and are weakly Lewis basic. Overall, CO, is

a weak electrophile.

1.2.1 The Intrinsic Stability of Carbon Dioxide

Even though CO, is abundant and cost effective as a carbon source, very few industrial processes
make use of it as a raw material. The carbon atom in CO, is in its most oxidised form resulting
in a thermodynamically stable molecule. As a direct consequence, CO, is not very reactive and
a large amount of energy is required to transform CO, into other chemicals. This, however, can

be altered in four ways: 2
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e Using energy intensive starting materials like hydrogen, organometallics or unsaturated

compounds
e Having low energy synthetic targets

e Having processes designed such that by-products are removed, forcing equilibrium towards

the products

e Supplying physical energy like light or electricity

It is therefore crucial to select the appropriate method for a particular transformation to afford

an overall exergonic process (AG < 0).

1.3 Coordination Chemistry of Carbon Dioxide

Due to the stability of CO,, catalysis plays an important role in its conversion. CO, activation
may proceed through binding to a transition metal centre, lowering the activation energy required

for its transformation, consequently increasing the reaction rate.

This activation is due to the bending of the CO, molecule as it coordinates to a metal centre (see
Section 1.3.1). The bent molecule then interacts with nucleophillic or electrophillic substrates
through its frontier orbitals. The LUMO has a strongly localised wave function probability which
enhances interaction with nucleophiles by facilitating electron density transfer. The HOMO has
a strongly localised electron density due to the electron lone pairs on both the oxygen atoms,
allowing the activated molecule to interact with electrophiles. With suitable substrates, the
coordination of CO, to a metal makes it possible to convert this relatively inert molecule into

value added products that will be discussed in greater detail later on.

There are three possible routes for the reaction of CO, and a substrate (R—X) at a transition

metal (Scheme 1.1, from left to right).[*3l

1. The coordination of the substrate to the metal, forming a substrate-metal complex R-M-
X, which then reacts with CO,. A subsequent reduction elimination step would give the

desired product R-CO,-X, reforming the starting metal complex.

2. The coordination of the substrate and CO, to the metal is simultaneous and elimination

takes place to give the desired product, while reforming the starting metal complex.

3. CO, first coordinates to the metal, forming a M—CO, complex, which then reacts with
the substrate and undergoes reductive elimination to form the desired product. The metal

complex is then reformed.
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co,
R-X
M
A
; 3
2
CO,
R-X
e R M-CO,
~X
R-X
co;
Yo
Ve
X—M_
co,
R-CO,-X

SCHEME 1.1: Routes of interaction between CO, and a substrate (R-X) on a transition metal
complex (M).

In all cases, the formation of the (R)(CO,)-M-X complex is the most crucial step in catalytic

reactions of CO,.

1.3.1 Interaction of Carbon Dioxide with Transition Metal Centres

As discussed in Section 1.2, the CO, molecule has two different coordination sites due to the
different electronic properties of the C and O atoms. It is also a weak electrophile that requires
a Lewis basic metal centre for coordination. Therefore, there are several ways that CO, could
coordinate to a metal centre. Figure 1.1 summarises the properties of CO, as a ligand and

possible coordination modes to a metal centre.

CO, may coordinate to a metal centre in three general ways (7" indicates the number of bonds,
n, between CO, and the metal): A n'(0-C) side on coordination (Figure 1.1, 1), a n*(s-C,0)
side on coordination (Figure 1.1, 2), and a n'(0-O) coordination (Figure 1.1, 3). While 1 and 2
are common in catalysis, 3 is usually more difficult to obtain as the CO, molecule is forced to

coordinate end-on at the metal, dictated by the ligands.

Figure 1.1 (top), shows that the coordination of CO, to a metal via the double bond or the
carbon atom results in a transfer of electron density from the metal to the LUMO of the CO,
molecule. The LUMO of CO, is an antibonding orbital and this electron transfer would result in

(15]

a weakened C—O interaction. This, coupled with Walsh’s rules, ™ suggest that the CO, molecule

should have a bent geometry, similar to the formate radical anion -CO,, that is produced by a one
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-0
‘ ’ —> g-Complexes Donor/Acceptor bond
0+ C —> Weakly Lewis acidic M—=C , when M is electron rich
0- O —> Weakly Lewis basic O—=M, when M is electron poor
O
/) e
LnM—>C\( LnM\l LM=O=C=0
C
N\
\O
1 2 3

FIGURE 1.1: Properties of CO, as a ligand (top) and possible coordination modes of CO, to
a transition metal (bottom).

electron reduction of CO,. The bent configuration of CO, was indeed observed in the first few

[16-19 On the other hand, coordination

metal-CO, complexes that were structurally elucidated.
of CO, to the metal by the lone pairs on oxygen (in the case of 3) would leave the LUMO empty,

keeping the linearity of the CO, molecule.

It is also useful to dichotomise the n' and n? bonding modes to gain a better understanding of
the metal-CO, bond. The n'-CO, bonding involves a strong charge transfer between the d.»
orbital of the metal and the 7* orbital of CO, (Figure 1.2, left). The n' mode is favoured when
the metal has a doubly occupied d orbital for ¢ bonding that is high in energy. This is usually
the case with metals in low oxidation states. dg metal complexes with square planar, square

pyramidal or trigonal bipyramidal geometries usually bind with CO, in this manner.

n'-CO, bonding n2-CO, bonding

o-bond n-bond

7* (COy) 7 (COy) a* (COy)

FIGURE 1.2: n! (left) and 7? (right) -CO, bonding.

On the other hand, the n? bond is similar to olefin-metal bonds. Figure 1.2 (right) illustrates o
bonding between the 7 orbital of CO, and a vacant d,2 orbital of the metal and a simultaneous

7 bonding between a filled d,, metal orbital and a vacant antibonding orbital of CO,. This
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mode is often favoured in high lying d orbitals for 7 bonding as the interaction with the CO,

antibonding orbital is stabilized.

1.3.2 Complexes of Carbon Dioxide

Metal-CO, complexes are usually formed by reaction of a metal complex with CO,. These metal-
containing precursors usually have an empty coordination site or ligands that readily leave. They
are also highly nucleophillic, flanked with electron-donating ligands that directly bind CO,. The

first CO,-complex ever reported was a n>-CO, complex discovered by Aresta in 1975.16

. Na R o
Ni(PCy3)Br,+ CO, ——— > /N|—||

CysP °~o

SCHEME 1.2: The synthesis of the first CO,-metal compound by Aresta.

In this complex, the geometry at the nickel centre is planar. The C=O bonds of the coor-
dinated CO, molecule are also non-equivalent, with the one bonded to nickel being slightly
longer (1.22 A and 1.17 A). The O-C-O bond angle is also wide at 133°. The nickel complex
was initially characterised as a toluene-bonded crystal but was later successfully characterised
solvent-free by Romao. '8 Another early complex discovered is a niobium centered 72-CO, com-
plex, Cp,Nb(CO,)(CH,SiMe,) by Lappert. 2’ It has properties comparable to that of the nickel
complex by Aresta. A similar niobium complex, Cp,Nb(CO,)(CH,Ph) was also reported a few

years later by Nicholas et al.[?%??

The side-on n? (C, O) coordination mode is the most common based on literature. Following the
discovery of Aresta, many other 72-CO, complexes were reported. The complexes were far and

23] molybdenum 2426 jron 2729

varied with different transition metal centres such as palladium!
cobalt® and tungsten®. A n? (C, O) bis(CO,) compound at a molybdenum centre was also
reported by Poveda.l? The compound trans-[Mo(CO,),(PMe,);(CN—i-Pr)] had equivalently
ligated CO, molecules with C—O bond lengths of 1.22 A and 1.26 A for both CO, ligands.
Consistent with other n? complexes, the O-C-O angles are wide at 133° and 134°. A closely re-
lated compound, trans-[Mo(CO,),(PMe,);(CNCH,Ph)] was later reported but it showed greater
differences in bond lengths between the two ligated CO, molecules.?l The O-C-O bond angle
was also smaller. However, in both compounds, X-Ray structure studies showed that both the

metalalactone rings were orthogonal.

n*-CO, complexes, on the other hand are usually unstable and require manipulation in in-
ert conditions®Z. In the late 1970s, Herskovitz was the first to report ' (C) rhodium and
iridium CO, complexes, Rh(diars),(C1)(CO,) and Ir(dmpe),(C1)(CO,).B334 Cobalt complexes
were also reported by Zanazzi.[?536 Following their discovery, ruthenium complexes were also

later reported. 3738 Tt was mentioned in Section 1.3.1 that n' (O) complexes are lesser known.
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The only reported compound to date is that of Meyer in 2004. As expected, the CO, molecule
was reported to be almost linear with a O-C-O bond angle of 178°.[3)

Other modes of coordination include a bridging mode, where CO, inserts between 2 metal
complexes. The simplest type involves the coordination of the carbon to one metal centre and
the oxygen to another metal centre. Many variations of this coordination mode exist, depending
on whether the metal centres are bound to each other, or bridged by other groups.®? Some

types of bridging modes are shown in Figure 1.3.

uy-n? wy-n3 uz-n3
Q @) o—M
I N /
M—C—O—M' M—C\ /M' M—C\
0 o—M"
@) oO—M
VRN Y
M—C< /M' M—C\/
(@) oO—M"

FIGURE 1.3: General binding modes in CO,-bridged polynuclear complexes, where 1, denotes
the number of metal centres, n, involved in the coordination.

The coordinated oxygen atoms in these structures can still be involved in further interactions

35,40]

with other metal centres in the solid state. ! For a py — n? type compound, additional M-M’

interactions have been observed. 4142

Carbon Dioxide Complexes of Palladium

One of the focuses in this thesis is the use of palladium for CO, activation. Palladium is one of
the most frequently used metals in catalysis due to its excellent ability of coupling electrophiles

4344 This was also recently highlighted and celebrated in 2010 as Professors

and nucleophiles. |
Negishi, Suzuki and Heck won the Nobel Prize for their contribution to palladium catalysed
cross coupling reactions. A general catalytic cycle depicting cross coupling reactions is shown in

Scheme 1.3

The ability of palladium to shift between oxidation states Pd(II) and Pd(0) with ease is precisely
why its complexes are being studied for many other catalytic applications. Phosphine ligands,
both mono- and bidentate are usually used as ancillary ligands with bulky phosphines being

most effective as it results in an electronically dense metal centre. %)

Palladium complexes with carbon dioxide are also rare despite their usefulness in organic syn-

thesis and their potential use for CO, fixation. To date, there is only one known palladium-CO,,

complex that was discovered by the group of Yamamoto. !
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R-X
R'—R
L,Pd(0)
R'—M = organoboronic acid,
esters,
R R organomagnesium
7/ organotin

and\ LnPd\ organosilanes efc.

R' X

R= aryl, alkyl, vinyl
X-M R'—M

SCHEME 1.3: General catalytic cycle for cross coupling reactions.

MethP\ MePhZP\ /O
Pd— | +CO, —> Pd |
/
MePh,P COOMe MePh,P °~o

SCHEME 1.4: The first Pd-CO, complex isolated by Yamamoto.

It was isolated by reacting a palladium-methyl acrylate complex with 20 bar of CO, for 12 hours
at room temperature. This complex however, is only stable under an atmosphere of CO,, which

indicates the volatile instability of the complex.

1.3.3 Characterization Techniques of Carbon Dioxide Complexes

Nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy are common techniques used
in quantitative measurements or to determine the state of the CO, molecule. The chemical shift
of CO, in »C NMR spectroscopy varies from 124-126 ppm depending on the solvent! and
shifts when CO, is bonded to a metal centre. Metallocarboxylates (anions, acids, esters, CO,
complexes usually show a low field resonance in 3C NMR due to their similarities to organic

analogues.

Previously discussed in Section 1.1, CO, contributes to the greenhouse effect by trapping heat
within the boundaries of the atmosphere. This is because CO, absorbs energy in the IR wave-
lengths, allowing IR spectroscopy to be a suitable diagnostic tool for CO, chemistry. The

vibrational modes of CO, are shown in Figure 1.4.

There are three general vibrations for a CO, molecule: an asymmetric stretch, a symmetric
stretch and a bending mode. The asymmetric stretch is most distinct as it gives a strong band

in IR spectroscopy at 2350 cm™!. The two scissoring modes are equivalent and therefore have
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Scissoring (bending in and

Asymmeltric stretching out of the plane of the paper)

Symmetric stretching Scissoring (bending in the
plane of the paper)

FIGURE 1.4: Vibrational modes of CO,.

the same absorption frequency (degenerate) at 667 cm ~!'. The symmetric stretch, however, is

inactive in IR spectroscopy as it does not produce a net change in dipole moment of the molecule.

However, it is expected for the coordinated CO, molecule to have IR bands slightly shifted from
that of the free molecule. Coordinated CO, bands have been theoretically predicted to appear
at 1677, 1405 and 607 cm L. 17

Another useful technique is X-Ray diffraction (XRD) studies. It has allowed the determination
of how CO, is anchored to a metal center and has ascertained the various bonding modes shown
in Figure 1.1 and Figure 1.3. While this method gives the highest certainty on the structure
of the compound, complexes of CO, are usually unstable in solution and crystal growing is
challenging. In addition, a solid state structure would not give information on its properties in
solution like catalytic activity or reactivity.*® It would also be questionable if the metal-CO,

molecule maintains the same configuration in solution.

1.3.4 Catalytic Conversion of Carbon Dioxide by its Complexes

Having discussed the different coordination modes of CO, in Section 1.3.1, it is understood that
CO, is in an activated state when the central carbon atom is involved in bonding. The activation
is apparent from structural data like the bent geometry and increased C—O bond lengths and

also from spectroscopic evidence like low field shifts observed in *C NMR and low absorption
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bands in IR spectroscopy observed when CO, is coordinated to a metal centre. This activation

is also evident in the reactivity of coordinated CO,.

The reaction between CO, and organometallic complexes is of interest as it provides a one-carbon
homologization of the substrate. The most interesting and beneficial reactions of CO, are those
that form new bonds between the carbon atom and another group. These reaction types are

known to proceed with stoichiometric or catalytic amounts of metal complexes.

Formation of New C-C Bonds

Carbon nucleophiles have garnered much attention in recent years due to their diversity, versa-
tility and potential of forming a C-C bond when it attacks the weak electrophillic carbon centre

of the CO, molecule.

)

L,M—O—C—R normal insertion
LLM—R + CO, — 0

T I

L,M—C—O—R abnormal insertion

SCHEME 1.5: Insertion of CO, into a M-C bond.

There are two ways that CO, can insert into a metal-carbon bond of a complex as shown in
Scheme 1.5. The normal mode of insertion leads to a carboxylate complex and the abnormal in-
sertion would lead to an alkoxycarbonyl complex. Reactions of this type are the most interesting

and valuable from a synthetic point of view as CO, acts as a carbon source.

Following the first n* CO, nickel complex discovered by Aresta, many others began studying
the interactions and capabilities of the activated, metal-bound CO, molecule. Early studies
by the groups of Hoberg, Walther and Inoue showed that the nickel-CO, complex was active
towards unsaturated compounds.™ Hoberg and co-workers coupled a variety of alkenes such

[52

as ethylene, ) allenes,® 1-3 butadiene®!) and styrenel®? with CO, at a nickel centre, forming

stable cyclic nickelalactone systems.

The nickel (0) starting complex, for instance Ni(COD),®¥ or Ni(cdt)®¥ reacts with bulky o-
donor ligands like phosphines or bidentate ligands like bipy, dcpe or dbu, forming a highly
nucleophillic 14 electron Ni (0) species, NiL,. This nucleophile then binds with unsaturated
compounds, before the insertion of CO, to form the metallacycle. This step is reversible and
introduction of a new olefin at this point would result in olefin substitution and a new nickelalac-
tone (see Scheme 1.6). The lactone could be hydrolysed by an acid like HCI to form a carboxylic
acid product, with the simultaneous decomposition of the nickel complex. Bernskoetter and

Tyler have also recently suggested that not only can the oxidative coupling occur step-wise as



Chapter 1. Introduction 11

previously discussed, but it can also be a concerted reaction, where both CO, and ethylene are

bound to the metal centre before forming the acrylates. )
L,= bipy, dcpe, dbu
RI R' '
Lo \—/ aq. HCI R
NiX —— [NiLy] —> L,Ni : L,Ni — S R
X ? )I 2 )I ~Acoon
X= (COD), or cdt

SCHEME 1.6: Synthesis of nickelalactones leading to the formation of a carboxylic acid by acid
hydrolysis.

On the basis of this cyclic intermediate, studies have been extended to enynes and diynes at

other metal centres like palladium, copper, titanium, zirconium and vanadium. %57

One of the focuses of this thesis involves the coupling of CO, with ethylene at palladium centres

(see chapter 3).

Formation of New C-O Bonds

C—O bonds are formed by the insertion of CO, into M—OH or M—OR bonds.

O

co, | O
L,M—OR —> LM—O0—C—O0R =—= LM >

0

C—OR
SCHEME 1.7: Insertion of CO, into M-OR groups.

When R is an organic moiety, the insertion would result in alkyl or aryl carbonate species.
When R is hydrogen, the insertion would give hydrogen carbonate species.®” This has been
demonstrated by the work of Reibenspies, Orchin and Bergman (to name a few) that involve
various transition metals.®86% Some of these insertions have also been shown to be reversible

when CO, is removed in vacuo. 56!

Peroxocarbonates have also been observed to form for Aresta’s first n? nickel complex with
molecular oxygen.!'%64 It was later discovered that the reaction of dioxygen complexes with

CO, at platinum and rhodium centres could also give peroxocarbonates. 364

A large application that capitalises on the formation of C—O bonds on an industrial scale is the

synthesis of cyclic carbonates which will be further discussed in Section 1.4.2.

Formation of New C-N Bonds

The formation of a new C-N bond by the insertion of CO, in the M-N bond forms a carbam-

inato complex. A recent comprehensive review by He and co-workers showed the plethora of
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CO, O
L.M—NR,—> L,M_
\‘O/

C—NR,
SCHEME 1.8: Insertion of CO, into a M-N bond.

products that could be formed through CO, capture by nitrogen-containing substrates.®® The
nucleophillic attack of nitrogen is a key step in this insertion reaction.®®% Roundhill and co-
workers have shown that it is the metal bound nitrogen which attacks carbon dioxide. This

pathway was proven by the formation of a carbamic acid intermediate bound to the metal centre
(Scheme 1.9).1681

HN_ O
COOH 7

CrP e co, _ O M ChP, O

P~ Spcy, CHLh  pn” Spoy,  CHLCh pn” Spey,

SCHEME 1.9: Nucleophillic attack of the metal-bound nitrogen at CO, resulting in a new C-N
bond.

Mechanistic studies have also shown that small amounts of free amine may significantly accel-
erate the reaction by forming carbamic acid with CO,, which then reacts with the metal-amine
complex. % This was also supported by a study by Chisholm and Extine, where a rapid exchange
of CO, with unlabelled CO, at a titanium centre was observed, suggesting that CO, is only

loosely bound, acting as carriers. 6970

Formation of New C-H Bond

The insertion of CO, into a M-H bond would result in a formato complex or a metallocarboxylic

acid complex as shown in Scheme 1.10.

n (@]
| — LM Dc—H
LM—0—C—H <—— LM
L.M—H + CO, O formato- complex

\

L,;M—C—O—H

carboxylic acid complex

SCHEME 1.10: Insertion of CO, into a M-H bond.

The predominant reaction pathway is the formation of a monodentate formato-metal complex
which is in equilibrium with a bidentate formato-metal complex. The other pathway forms a

metallocarboxylic acid complex which is uncommon primarily due to its instability.
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The first step of this reaction involves the nucleophillic attack of the metal hydride on the
electrophillic carbon of CO,, forming the polar transition states shown in Figure 1.5. Subsequent

rearrangement of the transition states would afford the formato complex.

o-  oF / O

H----C or o 7
o M----H----C<‘5+
5+ M----0 o- No

FIGURE 1.5: Polar transition states formed between a metal hydride and CO,.

1.4 Transformation of Carbon Dioxide to Value Added
Products

Some typical CO, transformations are shown in Figure 1.6. Some of these routes are heavily

used in 1irnAdiicterr favr inctannn tha mradiiatinn Af divaa aaliacxrlin anid and aAsralia mw-l\fwmhmu FOI“
releva s and
the sy

Linear carbonates
Cyclic carbonates

Polycarbonates
N
. . C-0 Oxazolidinones
Formlc acid Quinazolines
Dimethyl ether Imidazolinones
Methanol <« CO, > Carbamates
Higher alcohols C-H C-N Isocyanates
Hydrocarbons Polyurethanes
ch-c Urea derivatives

Carboxylic acids
Carboxylic esters
Lactones

FIGURE 1.6: Transformation of CO, into value-added products.

1.4.1 Synthesis of Acrylic Acid and its Derivatives

Acrylic acid is an unsaturated carboxylic acid that is consumed on a large industrial scale as a raw
material for water absorbent polymers. Currently, acrylic acid is synthesized in industry by the
SOHIO process, which involves the oxidation of acrolein at 300-360°C over a bismuth/vanadium
oxide catalyst.[™ Due to the high temperatures needed, there is a motivation to develop a

milder, cost efficient route. The oxidative coupling of ethylene and CO, to form this bulk
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chemical is therefore an attractive route as both ethylene and CO, are cheap and abundant

starting materials.

@]
/+ COy —» \)J\OH AG=+39.7 kJ mol"

SCHEME 1.11: The “dream reaction”: forming acrylic acid from ethylene and CO,.

However, this reaction is thermodynamically unfavoured (endergonic) and would therefore re-
quire a suitable catalyst to lower the barrier of the more energetically demanding step. Scheme 1.12
shows a theoretical catalytic cycle proposed by Hoberg and co-workers. It was postulated that
ethylene could oxidatively couple with CO, at a nickel (0) centre to form nickelalactones. The
lactone would then undergo -H elimination, forming an acrylic acid-nickel complex which then

regenerates the nickel (0) complex after releasing acrylic acid.

\)J\ Ethylene + CO,
~ OH
LNi0
! Oxidative
Coupling
0 H
OH LNi H
LNi— \O
0
Reductive H B.-hydn(.je
NN A elimination
elimination LNi\
0

SCHEME 1.12: Theoretical catalytic cycle for the synthesis of acrylic acid from ethylene and
CO, proposed by Hoberg.

While the catalytic cycle appears feasible on paper, in reality the cycle is thermodynamically
impeded. Ethylene and CO, couples rapidly at nickel (0) but the g-hydride elimination step is
thermodynamically unfavoured so much so that the nickelalactone is a dead end. In addition,
the coordination of acrylic acid to the nickel center would hinder a new coordination of ethylene
and CO,. The stability of the lactone can be attributed to steric factors as it is rigid and flat,
disallowing the S-hydride to approach the nickel for elimination.

Evident from Scheme 1.6 and the high stability of the lactone, studies of the oxidative coupling

between CO, and ethylene are still largely non-catalytic. The products, carboxylic acid or
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methyl carboxylate ester stem from acid hydrolysis (aq. HCI) or methanolysis (MeOH /aq. HCI)

respectively, and result in the subsequent decomposition of the metal catalyst.

1.4.2 Synthesis of Cyclic Carbonates

The incorporation of CO, into carbonates is a potentially significant transformation to reduce the
net amount of CO, released especially if conducted under ambient conditions. These carbonates
are classified into inorganic (metal) and organic carbonates.™ The latter can be further divided

into cyclic, acylic and polycarbonates.

There are many applications for organic carbonates as they are impact resistant and optically
transparent. °%727] They are currently used in the manufacture of a plethora of products includ-
ing DVDs, optical lenses and aircraft windows. Organic carbonates are also key raw materials
for the synthesis of polyurethane, urea derivatives and are suitable alternatives for the insid-
iously poisonous phosgene gas or carcinogenic and poisonous dimethyl sulfate in methylation

reactions. [

Carbonates could be synthesized by reacting alcohol with the aforementioned phosgene, with
pyridine as solvent and base. While this process gives high yields and is flexible as it allows
functionalization of the carbonates, it makes use of toxic starting materials (phosgene, pyridine)
and produces copious amounts of corrosive hydrogen chloride. The large excess of basic pyridine
has to be neutralised and by products have to be removed.[™? An alternate route, commercialised
in 2002, is the Asahi-Kasei process, where carbonates were afforded through a phosgene-free

route. [

Cyeclic carbonates can also be obtained by the coupling of CO, and strained heterocycles like oxi-
ranes and oxetanes, forming five and six membered rings respectively as shown in Scheme 1.13.[76-78]
This method does not use phosgene as a reagent and is 100% atom economical, making it a very
desirable transformation. Cyclic carbonates have been commercialised since the 1950s and are

used as polar aprotic solvents, electrolytes for lithium ion batteries and as intermediates for fine

chemicals, [1:56:72,73,79-82]

(@)
o co, N
/\ —> O O
oxirane /

922 [}

O O

oxetane \ﬂ/

@)

SCHEME 1.13: Synthesis of cyclic carbonates from oxirane and oxetane.
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The cycloaddition of CO, with oxiranes typically proceeds in the presence of an onium salt like
TEAB!™) and TBAB®! or metal halides®¥ as catalyst. Other homogenous catalysts include

8990 and zinc.®Y It has been reported that metal

salen complexes of aluminum 3538 chromium!
complexes, combined with organic compounds like crown ethers, onium salts or phosphines signif-
icantly improved the catalytic activity of the metal.®>"%! Some studies also report the synthesis
of cyclic carbonates in the presence of ionic liquids.®" 19 Tonic liquids proved to be advanta-
geous due to the ease of catalyst recovery and product purification 1192 ag a requirement for
industrial homogenous catalysis is not to produce solids during the catalyst separation when the

product is evaporated.

Mechanism

The reaction of CO, and epoxides can generate two types of products: cyclic carbonates and
polycarbonates (a and b in Scheme 1.14). It has also been reported that consecutive insertions
of two molecules of epoxides may occur, leading to polycarbonate ¢ (Scheme 1.14).[193:104 Ag
discussed in Section 1.2, the carbon atom in CO, acts as an electrophile and the oxygen atoms
as nucleophiles. The activation of CO, can then occur by both an electrophillic or nucleophillic
attack. This is also reflected in most catalytic systems for this reaction: they contain Lewis acid
sites for the electrophillic activation of epoxide and/or CO, and contain Lewis basic nucleophiles.
These two sites may belong to two different components - the metal as Lewis acid and the co-
catalyst as Lewis base. Alternatively the sites may be present in one compound where the

complex contains a cationic metal centre and a labile anionic ligand. %%

0 R, O Ry 7[Rs
0 A P
A +co, —= 0" Y0+ NN 0 o
R Ro )_< 0
R (@) R R
R1 R2 1 n 2 1
m n

a b c

SCHEME 1.14: Possible products from the reaction of CO, and epoxides: cyclic carbonates
(a), polycarbonates (b) and polycarbonate containing ether linkages (c).

The most widely studied type of catalysts for the reaction of CO, and epoxides are homogeneous
metal complexes, which can be used alone if they have ligands that can act as a nucleophile or in
combination with a co-catalyst to provide the nucleophillic species. Many metal centres acting
as Lewis acid sites have been studied, most commonly Al, Cr, Mn, Co, Mg and Fe.[193:104 The
ligands on the metal centres are usually salen-type ligands, phenolates and porphyrins. % Non

metallic homogenous catalysts have been reported as well.

A typical mechanism involving a metal centre and a nucleophile is shown in Scheme 1.15. The

epoxide coordinates to the Lewis acidic metal centre and is activated for nucleophillic attack.
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This causes the epoxide ring to open, forming a metal bound alkoxide which is now a nucleophile
and is able to activate CO,. The CO, molecule inserts into the M—O bond, forming a metal
carbonate intermediate. The carbonate species then rearranges to form the cyclic carbonate
or further propagates by subsequent addition of epoxide and CO,, forming a polycarbonate.

This mechanism has also been supported by a labelling experiment performed by Shi et al. in
2003. 1107

)

Nu
. A
Nu J -/
A v <
/ O
0] Nu 0] 0 CO,
ML,———> | —— | —> | —=> 0
ML, ML, ML, 5 \
metal epoxide nucleophillic metal-alkoxide |\|/||_n %02 polycarbonate
complex coordination attack formation /\
CO,
insertion

SCHEME 1.15: Mechanism of the formation of carbonates from propylene oxide and CO,
involving a metal complex and a nucleophile. The nucleophile may originate from the metal
complex or from a co-catalyst.

Other pathways involving bimetallic complexes, two nucleophiles or even non-metallic catalysts
exist. Salts of organic cations have also been used as catalysts, in particular, ionic liquids. They

have been studied as both homogeneous and heterogeneous!8!

catalysts. CO, also dissolves
relatively well in ionic liquids, implying that these ionic liquids could act as both solvent and
catalyst. However, reactions involving ionic liquids alone without the complement of a metal
centre usually require high temperatures (= 80°C) to give good product yields and selectively

forming the more thermodynamically stable cyclic carbonate.

Metal Containing Catalysts

The nature of the metal centre in metal complexes plays an important role in their catalytic
performance. As shown in Scheme 1.15, the mechanism involves an alkoxide species containing
a metal-oxygen bond. The strength of the bond greatly influences the selectivity and activity
of the catalyst. A metal-oxygen bond that is too strong would render the intermediate inactive
towards multiple insertions which leads to propagation and copolymer production. It would also
result in an intermediate that is resistant towards ring closure, resulting in a linear carbonate.
On the other hand, if the metal-oxygen bond is weak, it can then be displaced by a nucleophile
or solvent molecule, which would result in lower activity but favour the back biting reaction,
increasing selectivity towards the cyclic carbonate. Therefore an intermediately strong bond
would be needed for optimal catalytic performance. The bond strength can be adjusted by

choosing an appropriate metal centre.
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The choice of ligand is also instrumental in this reaction as the type of ligand dictates if the
complex has a rigid or flexible structure. Two of the most widely studied ligands used in the
metal complexes for this reaction are the porphyrin and salen ligands. Both ligands result in
a planar complex with tetradentate coordination to the metal centre. Depending on the metal
centre, the complex can accomodate additional ligands in the axial positions. These axial ligands

are generally labile and are good leaving groups as they are readily displaced during the reaction.

Co-Catalysts

It has been reported that the catalytic performance of a catalyst can be further enhanced by a

Lewis base as co-catalyst, [104109)

The co-catalyst either attacks and opens the epoxide ring that
is coordinated to the metal centre or it behaves as a nucleophile that coordinates to the metal
centre, increasing its electron density and weakening the bond with other nucleophillic species
(if more than one nucleophile is present, usually in a polymeric chain). For good activity, the
co-catalyst should not be bound too strongly to the metal centre so that it can easily leave,
while still being a good nucleophile to open the ring of the epoxide. Being a good leaving group
would also promote back biting reactions for the metal-bound carbonate intermediates, favouring
the formation of cyclic carbonates. A co-catalyst with poor leaving abilities would supress the

formation of cyclic carbonates and be more selective towards polycarbonates.

Co-catalysts can be neutral, like an organic base, or ionic, like an ammonium salt. Common
co-catalysts are shown in Figure 1.7. For ionic catalysts, the anion has a greater nucleophillic-

ity towards the epoxide if the corresponding cation is bulky as it would exert lower ion-pair

electrostatic attraction towards the anion. 108l

TN D

[} P=N=P 7
N |

Yaor G

N-methylimidazol  bis(triphenylphosphoranylide) DMAP
ammonium halide

F; (0
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N

N T)%N

+
| X
R

tetraalkyl 7-methyl-1,5,7-triazabicyclo dec-5-ene
ammonium halide

R: Alkyl group
X: Halide

FI1GURE 1.7: Common co-catalysts used in the reaction of carbon dioxide and epoxides.
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The ratio between catalyst and co-catalyst also affects the selectivity of carbonate formation. A
higher co-catalyst to catalyst ratio has been reported to favour the formation of cyclic carbonate
over polycarbonates. The excess co-catalyst would displace the metal-carbonate intermediate,

favouring the back biting reaction for cyclization. 10410.111]

The importance of a co-catalyst can be observed in aluminum tetraphenylporphyrin complexes.
Without a co-catalyst, CO, is minimally incorporated in the polymer chain of propylene oxide.
However, when DMAP was added as co-catalyst, co-polymerization of propylene oxide and CO,

was prevalent. 12

Ionic liquids can also be used as co-catalysts for carbonate formation. These non-metallic com-
pounds can be used as both homogeneous and heterogeneous catalysts (immobilised on a sup-

port).

Substrates

The rate and selectivity of the formation of carbonates does not only depend on the features of

the catalytic system but also on the epoxide substrate due to steric and electronic effects.

Steric bulk around the epoxide ring would cause a lower conversion rate as it would hinder nucle-
ophillic attack by the co-catalyst. This is usually observed for internal epoxides like cyclohexene
oxide or a-disubstituted epoxides like 1,1-dimethyloxirane when compared to epoxides with a

linear alkyl chain like propylene oxide.

The nature of the substituents on the epoxide ring also affects selectivity for cyclic or poly-
carbonates. Terminal epoxides like propylene oxide would have nucleophillic attack primarily
occuring at the less hindered carbon site i.e. the S-carbon due to the higher accessibility and the
electron-donating effect of the alkyl group. On the other hand, epoxides like styrene oxide that
have an electron-withdrawing group on the a-carbon would promote nucleophillic attack on the
electron deficient a-carbon instead of the S-carbon. Upon CO, insertion, this would form cyclic
styrene carbonate as back biting reaction would be favoured by the electron withdrawing phenyl

group (Figure 1.8).

propylene oxide styrene oxide
0] O
o/ _\B S B
Nu ) ( Nu

FIGURE 1.8: Most probable sites of nucleophillic attack for different epoxides.

It is crucial to have a fine balance of the components discussed above (metal centre, substrate,
co-catalyst) to obtain the desired selectivity of this reaction. This will be further discussed in
Chapter 5.



Chapter 2

Objectives and Outline

CO, has been shown to be ubiquitous and inexpensive and its utilization could contribute to
alleviate the current climate situation. It is also an ideal C-1 building block. Due to its inherent

stability, the development of suitable organometallic catalysts is crucial for its activation.

The formation of new C-C and C-O bonds have been discussed in Section 1.3.4. It was later
shown that the oxidative coupling of CO, and ethylene at a nickel centre results in a very stable
nickelalactone (Section 1.4.1). One of the objectives of this work is to extend this study to
other group 10 metals like palladium. Since the atomic radius of palladium is about 20 pm
larger than nickel '3 it would follow that palladium would form less stable metalalactones that
would then be able to undergo S-hydride elimination with greater ease. The direct synthesis of

palladalactones from ethylene and CO, has also not been reported.

The work with palladium is split into 2 parts:

1. The synthesis of palladalactones from ethylene and CO,

2. Inducing B-hydride elimination in palladalactones by electrophiles to form acrylates

The formation of cyclic carbonates from epoxides and CO, have also been discussed in Section
1.4.2 and many different types of catalysts have been used in this reaction. However, simple
catalytic systems in mild conditions are not widely reported and few mechanistic studies have
been done. After a preliminary screening of different catalyst and co-catalyst systems, it is found
that a NbCl;/DMAP or a NbCl;/TBAB system shows high activity for the synthesis of cyclic
carbonates under abmient conditions. 'l The synergistic catalyst/co-catalyst relationship was
intricately studied under varying catalyst/co-catalyst ratios and CO, pressure. Reaction rates

were also studied with ionic liquids as co-catalyst.

20



Chapter 3

Synthesis of Palladalactones from Pd
Complexes, Ethylene and Carbon

Dioxide

3.1 Introduction

The formation of metallactones from ethylene and CO, have been reported for several other
metals (Zr!11) Till16] Rh(17 Fell18]) after Hoberg’s discovery of the nickelalactone in 1982. 149
While the nickel lactone has been studied by many, the formation of a palladalactone (and
subsequently acrylic acid/acrylates) by ethylene and CO, has not been reported to date. Aresta
was the closest to realizing this as he successfully obtained methyl acrylate, ethyl acrylate and
methyl methacrylate from ethylene and CO, by way of palladium centred salts though not

(1191 In the same study, DFT calculations were performed in an attempt to isolate the

catalytically.
intermediates which were hypothesized to be complex, unusual and non-trivial. Although they

were unsuccessful, a mechanism for methyl acrylate formation was proposed (see Scheme 3.1).

One of the challenges in this work was the synthesis of zerovalent palladium-alkene complexes.
They are usually used as starting materials for the synthesis of other zerovalent complexes with
phosphine or nitrogen-based ligands. The stability of these complexes is determined by a fine
balance of electron-donating and withdrawing capabilities of the ligand and the palladium centre

respectively.

The bonding of an alkene to palladium consists of two parts:

e A forward donation from the 7 orbital of the alkene into the empty d orbital of palladium,

forming a o bond (Figure 3.1, left)

21
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SCHEME 3.1: Aresta’s proposed mechanism for methyl acrylate formation.
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FIGURE 3.1: The bonding of an alkene to a palladium centre.

e A back donation from a filled d orbital of palladium into the empty 7 orbitals of the alkene,
forming a 7 bond (Figure 3.1, right)

To form stable olefin complexes, the orbitals must have the right symmetries and the metal must
possess a high electron affinity to be a good ¢ acceptor and a low promotional energy (the “cost”
of bonding to a low lying excited state of the metal ion (d" or d"~'s!) instead of the ground

state) to improve the 7 backbonding. 120

Many palladium(IT)-olefin complexes of the type [PdCl,(olefin)] have been prepared and their
catalytic reactions with nucleophiles have been studied at length. '2!122 However, palladium(0)-
olefin complexes are relatively limited unlike its nickel(0) and platinum(0) analogs. The scarcity
of palladium(0)-olefin complexes could be attributed to their instability as shown in Table 3.1.
Pd(0) has a low electron affinity (compared to Pd(II)) and high promotional energy compared

to the other metals in its group. lonization potential also increases from Ni < Pt < Pd, resulting
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TABLE 3.1: Electronic properties of Group 10 metals to form stable olefin complexes.

Atom  Ground Promotional Promotional Electron m Donor o Acceptor
State Energy Energy Affinity Character  Character

le - dQSl le N d9p1 le - d1051

ord® —d's' ord®—dp' ord —ds!

Ni (0)  d®s? -1.80 1.72 1.20 very good poor
Pd(0) d' 0.81 4.23 1.30 good poor
Pd(11) d® 3.05 18.56 good very good
Pt(0) d?st -0.76 3.28 2.40 good poor
Pt(11) d® 3.39 19.42 good very good

in an unfavourable back donation, rendering the Pd(0) olefin complex the least stable among

the three. [123]

Another reason accounting for the lack of Pd(0)-olefin complexes in literature is that there is
no suitable route to form these complexes. For stability, electron rich phosphines or nitrogen
based ligands are usually used. However, in the case of Pd(0), these ligands would compete with
the olefin for coordination to the metal centre, hindering the approach of the olefin. Regardless,

several known Pd(0) alkene complexes were synthesized to attempt to couple them with CO,.

3.2 Results and Discussion

Several palladium (0) and palladium (II) complexes were synthesized and they were first reacted
with ethylene for a period of time before CO, was introduced into the reaction vessel in an
attempt to recreate the early nickel experiments by Hoberg (Section 1.4.1).14% The experiments

were performed in both a steel autoclave and an in situ IR setup.

3.2.1 Reaction of Palladium Complexes with Carbon Dioxide

The palladium complexes used in this study are shown in Figure 3.2 and were synthesized

according to published procedures.

The diethyl palladium complex, 1 was chosen as it was reported to be a convenient precursor
for Pd(0)-alkene complexes.!'?3] The ethyl groups easily leave in solution in the presence of an
olefin, leaving a coordinatively unsaturated Pd(0) complex that is capable of coordinating to

alkenes. Unfortunately the addition of ethylene and CO, led to the decomposition of 1.
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FIGURE 3.2: Pd-alkene complexes synthesized.

1) 4 bar ethylene, 2 h

Me3P\ /Et 2)4 bar CO,, 2h N
Pd » decomposition

MesP”  Et THF, 0°C

1

SCHEME 3.2: Reaction of 1 with ethylene and CO,.

Ph
Ether Me3P\ Et pn Acetone MesP
Pd(acaC)z + 2 PMe3 + A|2Et3(OEt)3 _— Pd + —_— Pd—
-70°C 7 N = t 4
MesP” Et L MesP
1 2

SCHEME 3.3: Synthesis of 1 and 2.

Scheme 3.3 shows the synthetic route towards 1 and 2. The alkylation of Pd(acac), by an
alkylaluminum compound is advantageous over conventional alkylation methods that use pal-
ladium halides, alkyllithium or Grignard reagents because the final product can be isolated by
filtration and washing with organic solvents like hexane.?! This is especially useful since the
dialkylpalladium (IT) complex is susceptible to water and more importantly, is only stable at
low temperatures. 1 is diamagnetic, air sensitive, thermally unstable and decomposes at room
temperature even under an inert atmosphere. The products of thermal decomposition have been

reported to be a mixture of ethylene, ethane and butane. 129
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/
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Me3P
2

SCHEME 3.4: Reaction of 2 with ethylene and CO,.

The styrene complex 2 was synthesized from 1, by stirring with styrene for 6 hours and isolated
by recrystallization. CO, was introduced to the styrene complex directly however, no reaction
was observed by comparing their NMR spectra. Also when 2 was first reacted with ethylene,
no exchange of styrene with ethylene was observed. Ethylene was unable to displace styrene as
it was more electron rich and therefore has a poorer coordinating ability. Styrene, however has
an electron withdrawing phenyl group, which decreases electron density on the double bond and

preferentially coordinates to the palladium centre.

PhsP
4 bar ethylene, 2 h N\ 4 bar COy, 2 h
Pd(PPh3), > Pa— \ >
0°C, THF 0
3 PhyP 0°C, THF

SCHEME 3.5: Reaction of 3 with ethylene and CO,.

For the tetrakis palladium complex 3, reaction with ethylene gave the ethylene coordinated
complex, as seen in NMR. The coordinated ethylene molecule has a slightly down field chemical
shift (5.50 ppm) as compared to the free molecule (5.25 ppm) due to the added deshielding of
the C=C. The ethylene coordinated compound was subsequently found to be inactive towards
CO,. Using 10 bar of ethylene and 20 bar of CO, in a steel autoclave for 6 hours also did not

show any reaction towards CO,.

Carbene complexes 4 and 5 were fluorescent in solution and inactive towards ethylene. However,
when CO, was added, the fluorescence had noticeably faded. A white solid was observed to have
precipitated over a few days and NMR studies, in comparison with literature, ¢ showed that
the solid was a carboxylate adduct of the imidazolium salt and no insertion of CO, had occurred.
(Scheme 3.6) In this case, the carbene ligands were cleaved from the palladium centre and then

bonded to CO,, independent of the palladium centre.

Complex 6 showed some degree of activation towards ethylene and CO, as NMR-scale stud-
ies showed the coordination of ethylene to the palladium complex. The ethylene coordinated
complex was also successfully crystallized and analysed by X-Ray studies which confirmed its
identity (see Figure 3.3). Upon introducing CO,, there was a visible shift in the NMR spectrum
but the identity of the resulting product could not be ascertained. IR studies performed on the

reaction mixture showed a new peak at 1666 cm ™.
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R’NYN'R 3 bar CO, 7\
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Pd — > R R
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R = mesityl (4), diisopropylphenyl (5)

SCHEME 3.6: Formation of a carboxylate upon reacting bis(carbene) palladium compounds
with CO,.

FIGURE 3.3: ORTEP drawing of the palladium-ethylene complex, where ethylene is n?-
coordinated to palladium.

The reaction was scaled up and performed in an in situ IR setup in an attempt to identify the
product. Subsequent removal of the solvent in a schlenk afforded a yellow solid. IR studies on

the solid also confirm the presence of the peak at 1666 cm™!.

However, this reaction was not
reproducible. It was also found that the same solid rapidly forms when the reaction mixture was
exposed to air. This suggested that the solid might be formed due to oxidative addition of CO,
rather than the desired reaction between ethylene and CO,. A series of experiments were then
performed to determine the exact combination of gases between C,H,, CO, and O, that were

responsible for the formation of the precipitate.

When Pd(PCy,), was reacted with O,, a slight colour change was noted and there was a shift of
about 3 ppm in the 3'P NMR spectrum. Shifts were also observed in both the proton and carbon
NMR spectra. Further IR and NMR studies with different gas pair combinations established
that the solid with absorption peak at 1666 cm™! was formed by the oxidative coupling of CO,
and O, on Pd(PCy,),. A comparison of the IR spectra is shown in Figure 3.5. Minor differences
could be due to varying humidity levels. The *C NMR spectrum of this compound showed a
peak in the carbonyl region at 167 ppm.
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FIGURE 3.4: Proton NMR spectrum (top) and IR spectrum (bottom) of Pd(PCy,), before
and after reaction with CO,.
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SCHEME 3.7: Reaction of 6 with CO, and O,.

To fully elucidate the structure of this compound, single crystals suitable for X-Ray analysis

were grown over several weeks. It was found that a palladium peroxocarbonate!'?” complex was
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FiGure 3.5: Comparison of IR spectra of the solid formed with oxygen and the initial solid
formed.

formed as a product of this reaction instead of the peroxo complex. An ORTEP drawing of
the compound is shown in Figure 3.6. Interestingly, similar palladium peroxocarbonates were
also reported as rearranged products of CO, addition and hydrolysis of dimethyl palladium

complexes. [128]

FiGure 3.6: ORTEP drawing of the Pd-peroxocarbonate complex.
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3.2.2 Reaction of bis(tricyclohexyl)phosphine palladium (0) with Styrene

and Carbon Dioxide

PCy3

CysP h
| Ph ys 8 bar CO,, 2 h
THF
Pd + | —_— Pd— ‘ — >
| 4h, 50°C / 0°C
PCy; CysP
6

SCHEME 3.8: Reaction of 6 with styrene and CO,.

Pd(PCy,), was also reacted with styrene in an attempt to diversify the alkene substrates. Sim-
ilar to the results with ethylene, styrene was observed to have coordinated to the palladium
centre. The NMR spectrum showed a upfield shift in the 3'P NMR spectrum and diminished
and broadened peaks belonging to the alkenyl moiety in styrene, which was consistent with co-
ordination. Unfortunately, attempts to grow single crystals were unsuccessful and the identity
of the complex could not be confirmed. Reacting the styrene coordinated complex with 8-20 bar

of CO, for 2-8 hours did not show any activity.

3.3 Experimental

3.3.1 General Information and Materials

All air sensitive manipulations were performed in an inert argon atmosphere using Schlenk
techniques or a glovebox. Glassware was washed in an isopropanol/KOH base bath followed by
a dilute hydrochloric acid bath and then deionised water. All glassware were dried overnight in
a 120°C oven and flame dried n vacuo at 350°C before using for air sensitive reactions. Steel
autoclaves were washed with detergent and deionised water and dried in a 120°C oven before

use.

Chemicals

Palladium (II) chloride (99%), triethylaluminum solution (1.3 M in hexanes), 1,5-cyclooctadiene
(99%), palladium (0) tetrakistriphenylphosphine (99%), styrene (99%), tricyclohexylphosphine,
trimethylphosphine solution (1 M in THF) and tri(o-tolyl)phosphine (97%) were purchased from
Sigma Aldrich and used without further purification. Palladium (II) acetylacetonate (99%) was
purchased from Acros Organics and also used as received. The pyrophoric triethylaluminum and

all phosphines were stored in the glove box.
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Solvents

Hexane, pentane, dichloromethane, diethylether and toluene were purified over activated alu-
mina. THF was dried with sodium wires, methanol and ethanol with CaH, and acetone over
CaSO,, refluxed and distilled. The solvents were also degassed by the freeze-pump-thaw method
and stored over 3 A or 4 A molecular sieves. The water content of the solvents (except acetone)
were regularly analysed by a Karl-Fischer titrator. All deuterated solvents were also dried in
the usual way, distilled under reduced pressure, degassed and stored over 3 A or 4 A molecular

sieves in the glovebox.

3.3.2 Instruments

In situ IR spectroscopy was carried out on a Mettler Toledo ReactIR 45/Multimax RB 04-50
station with 50 mL stainless steel autoclaves. The autoclaves are equipped with diamond probes
at the base which act as the multiple reflection ATR element. The autoclaves were connected to a
CO, cylinder by a Mettler Toledo LMPress60 pressure regulator which provided and maintained

con ted
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FIGURE 3.7: In situ IR experiment setup

NMR scale reactions were performed in a high pressure J Young NMR tube that was connected
to a gas manifold which was connected to an ethylene cylinder followed by a CO, or O, cylinder.
Other experiments involving gaseous substrates were performed in a regular autoclave with a

pressure gauge and was connected to the same gas manifold as the NMR experiments.
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FTIR measurements were performed on a Thermo Scientific Nicolet 6700 FT-IR spectrometer
with a diamond probe. The transmittance spectra were processed with the accompanied OMNIC

software.

NMR measurements were performed on 400, 500, 600 or 700 MHz Bruker AVANCE spectrom-
eters. Chemical shifts are reported in ppm (9 values relative to TMS) with the solvent residual

peak as an internal standard.

X-Ray experiments were performed on a single crystal coated with paratone oil and mounted on
a Kaptan loop. The crystal was kept on a stream of nitrogen during data collection by an X-Ray
diffractometer equipped with an APEX II k-charge-coupled device detector and a rotating anode
(Bruker AXS FR591). ORTEP structures were visualised by the Mercury software.

3.3.3 Synthesis of Palladium Precursors

Synthesis of Pd(COD)Cl,: PdCl, (3.24 g, 18.2 mmol) was dissolved in conc. HCI (37%)
warmed to 50°C. After all solids had dissolved, the solution was left to cool and was diluted
with ethanol (150 mL). The solution was filtered to remove any remaining undissolved matter
and washed with excess ethanol. COD (4.40 mL, 36.4 mmol) was then added, immediately
precipitating the product as a yellow solid. The suspension was stirred for 20 minutes to allow for

complete precipitation. The product was then filtered and washed with diethyl ether. Yield=90%

Synthesis of Pd[P(o—tolyl),], (modified from literature) '?’: NaOH (1.48 g, 37 mmol) was
first dissolved in methanol (8 mL) and added to a solution of Pd(COD)Cl, (5.23 g, 18 mmol)
in toluene (30 mL). The mixture was left to stir for 30 minutes and subsequently removing the
precipitated NaCl by filtration. P(o—tolyl); (11.15 g, 37 mmol) was then dissolved in toluene
(50 mL) and added to the resulting filtrate at -20°C in an ice/NaCl cooling bath and stirred for
1 hour. The reaction was warmed to 0°C and stirred for another hour. The reaction was then
brought to room temperature and stirred overnight where a yellow solid was formed. The solid

was filtered, washed with methanol and dried in vacuo. Yield=63%

'H NMR (C4Dg, 10°C, 400MHz): § (ppm) 7.28 (s, 18 H), 6.95 (m, 6 H), 3.09 (s, 18 H)
1P NMR (C4Dy, 10°C, 100MHz): § (ppm) 7.40

Synthesis of PdEt,(PMey),, (modified from literature)1'24: A solution of Al,Et,(OEt), was
first prepared by adding ethanol (0.97 g, 0.021 mol) dropwise and cautiously to triethylaluminum
(10.76 ml, 0.014 mol) at -20°C in an ice/NaCl cooling bath. The solution was stirred for an hour.
Pd(acac), (1.0 g, 3.28 mmol) was dissolved in diethyl ether (10 mL) and cooled to -78°C in an
isopropanol/dry ice cooling bath. PMe,; (6.89 mL, 6.89 mmol) was added dropwise, followed
by the prepared AL, Et;(OEt),; solution in excess. The reagents were left to stir for 15 minutes,

before transferring to an ice bath at 0°C and left to stir further for 1 hour at 0°C. The solution
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was then concentrated and placed into a freezer at -20°C for crystallization. Colourless crystals

precipitated overnight and were filtered and stored in the freezer in the glovebox. Yield=70%

'H NMR (C¢Dg, 10°C, 400MHz): & (ppm) 1.53 (t, 6 H) 1.07 (s, 18 H), 0.82 (q, 4 H)
130 NMR (CgDg, 10°C, 100MHz): § (ppm) 17.59, 13.76, 4.79

Synthesis of Pd(IMes),, 41%%: A solution of 1,3-bis-(2,4,6-trimethylphenyl) imidazol-2-ylidene
(2.68 g, 8.80 mmol) was dissolved in toluene (30 mL) and added to a separately dissolved
Pd[P(o—tolyl)s], (2.47 g, 3.45 mmol) in toluene (30 mL). An orange solution formed instanta-
neously and was left to stir for 1 hour. The solvent was removed in vacuo and the orange residue

was washed with cold hexane (0°C) to remove all traces of phosphine. Yield=67%

'H NMR (C4Dg, 10°C, 400MHz): ¢ (ppm) 6.82 (s, 8H), 6.14 (s, 4H), 2.34 (s, 12 H), 2.04 (s, 24
H)
130 NMR (CgDy, 10°C, 100MHz): § (ppm) 198.9, 139.2, 136.5, 136.1, 129.0, 119.1, 21.7, 19.1

Synthesis of Pd(IPr),, 5!!3: Procedures were the same as 4 with Pd[P(o—tolyl),], (541 mg,
0.76 mmol) and 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene (2.68 g, 8.80 mmol). Yield=58%

'H NMR (C4Dg, 10°C, 400MHz): § (ppm) 7.29 (t, 4 H), 7.09 (d, 8 H), 6.27 (S, 4 H), 2.89 (m, 8
H), 1.20 (d, 24 H), 1.11 (d, 24 H)

13C NMR (Cy4Dg, 10°C, 100MHz): & (ppm) 198.6, 144.2, 139.5, 128.5, 126.2, 121.1, 28.7, 24.8,
23.8

Synthesis of Pd(PCyj;),, 6: NaOH (0.94 g, 23.5 mmol) was dissolved in MeOH (5 mL), added
to a solution of Pd(COD)CI, (1.67 g, 5.9 mmol) in toluene (10 mL) at -20°C and left to stir for
20 minutes. The precipitated NaCl was filtered and PCy, (3.29 g, 11.7 mmol) was added. The
reaction was stirred for 1 hour at -20°C and 1 hour at 0°C. Methanol (50 mL) was added and left
to stir for 10 minutes to precipitate the desired product. The suspension was filtered, washed

with copious amounts of methanol and dried in vacuo, giving the final product as a yellow solid.

Yield=68%

H NMR (CyDy, 10°C, 400MHz): § (ppm) 2.34 (d, 12 H), 1.94 (m, 18 H), 1.39 (m, 18 H)
3P NMR (C4Dg, 10°C, 100MHz): 6 (ppm) 39.0

3.3.4 Reaction of Palladium (0) and (II) Complexes with Alkenes
and Carbon Dioxide
General Procedures for NMR Scale Reactions

The palladium complex (20-30 mg) was weighed into a high pressure J. Young NMR tube and
dissolved in thf-d8 (0.4 mL). The tube was then cooled in an ice bath to 0°C before introducing
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4 bar of ethylene. The low temperature would allow for better gas solubility. Ethylene pressure
was kept for 2 hours before introducing an additional 4 bar of CO,. The maximum pressure
capacity of the tube was 8 bar. CO, pressure was kept for 2 hour. NMR was measured with the

tube under gaseous pressure.
Reaction with Styrene and CO,

Complex 2 was generated in situ. Complex 1 (26 mg, 0.08 mmol) was dissolved in acetone-d6
(0.4 mL) in a pressure resistant J. Young NMR tube. Styrene (37.6 uL, 0.328 mmol) was then
added via a micro syringe. The tube was heated to 40°C and left for 3 hours to allow for the

coordination of styrene. 8 bar CO, was then introduced via the gas manifold.

In the case of complex 6, 30 mg (0.05 mmol) was dissolved in thf-d8 (0.4 mL) and reacted with
styrene (5.175 pL, 0.05 mmol) at 50°C for 4 hours. The high pressure J Young tube was then
cooled to 0°C and 8 bar CO, was introduced and left to stand for 2 hours.

Reaction with O,

Complex 6 (30 mg, 0.05 mmol) was dissolved in THF-d8 (0.4 mL) in a pressure resistant J.
Young NMR tube. The tube was immersed in an ice bath at 0°C and 4 bar CO, was introduced
via the gas manifold and left under pressure for 1 hour. The O, cylinder was then connected and
4 bar of O, was introduced. The formation of the yellow palladium peroxocarbonato complex
was immediate. The tube was brought into the glove box and its contents transferred into a

schlenk for work up and subsequent NMR analysis.

General Procedures for in situ IR Reactions

The autoclave was first cooled to 0°C. The appropriate palladium complex (e.g 0.10 g, 0.150
mmol of 6) was dissolved in 8 mL of toluene and injected into the autoclave under a stream of
argon. IR data collection was started. The solution was mechanically stirred at 500 r.p.m and
left to equilibriate for 5 minutes before introducing 4 bar of ethylene by adjusting the regulator
attached to the cylinder. The reaction was left to stir under ethylene for 1 hour before 4 bar
CO, was added. In subsequent reactions, the ethylene and CO, pressure were increased to a
maximum of 10 and 20 bar respectively. Unfortunately as discussed, higher pressures did not
bring the activation to fruition. Upon completion of reaction, the contents of the autoclave was

transferred into a schlenk flask by syringe and evacuated in vacuo.

General Procedures for Reactions in an Autoclave

The palladium complex (e.g. 0.125 g, 0.108 mmol for complex 3) was first dissolved in toluene

(5 mL) and injected into the autoclave in a glove box. A magnetic stirrer was also added to the
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autoclave. The autoclave was cooled to 0°C by placement into an ice bath before introducing 10
bar ethylene for 30 minutes. The ethylene cylinder was then replaced with a CO, cylinder and
20 bar CO, was introduced and left to stir overnight. The cylinder was depressurized, opened

in the glove box, its contents emptied into a schlenk and volatiles were removed in vacuo.
Reactions with Styrene

For palladium-styrene complex 2, complex 1 (0.20 g, 0.632 mmol) was first dissolved in dry
acetone (8 mL). Styrene (0.289 mL, 2.53 mmol) was added and the reaction was left stirred at
30°C for 6 hours to form the styrene coordinated complex 2. The reaction mixture was then
transferred into an autoclave in a glove box. The autoclave was then brought out of the glove
box and connected to a CO, cylinder via a gas manifold. 10 bar of CO, was then introduced.
The cylinder was depressurized, opened in the glove box, its contents emptied into a schlenk and

volatiles were removed in vacuo.
Reactions with O,

Complex 6 (0.20 g, 0.300 mmol) was weighed into the autoclave and a magnetic stirrer was
added. The complex was dissolved in toluene (10 mL), the autoclave was closed, brought out
of the glove box, connected to the gas manifold and cooled to 0°C after which 10 bar CO, was
introduced. The autoclave was left to stir under pressure for 1 hour before adding 20 bar of
O, and leaving to stir for another hour. The autoclave was brought into the glove box and the
contents were decanted into a schlenk where the solid was isolated by cannular filtration. The
solid was dissolved in CDCl; and analysed by NMR. Crystals suitable for X Ray studies were

grown by dissolving the solid in chloroform and layering with toluene.

3.4 Conclusion

The formation of palladalactones from palladium complexes have been investigated. The palla-
dium complexes implemented in this study were largely inactive towards the coupling of ethylene
or styrene with CO, under our experimental conditions (2-8 hours, 4-20 bar, 0 °C). While styrene
and ethylene coordinates to the palladium centre, the resulting complex is inactive towards CO,.
The palladium (0) carbene complexes gave instead a carboxylate adduct upon reaction with CO,,.

They were, however, inactive towards ethylene.

A palladium peroxocarbonate complex has also been isolated as a result of the reaction between
CO, and O,, consistent with the findings of Dibugno et al. Although the reaction was not the

desired coupling, it allowed for the crystal structure of the peroxocarbonate to be measured.



Chapter 4

Ring-Opening of Palladalactones with
Electrophiles

4.1 Introduction

Cyclic nickel carboxylates have been widely discussed over the past two decades with regard to
their potential of catalysing the “dream” reaction between ethylene and CO,, to form acrylic
acid. 2131 The generally accepted catalytic cycle has been discussed in Scheme 1.12, which in-
volves an oxidative coupling, a (-hydride elimination and finally a reductive elimination step.
While ethylene and CO, couple rapidly at a nickel centre,*>135132 the resulting nickelalac-
tone formed is so stable and it does not allow S-hydride elimination to yield acrylic acid (see
Scheme 1.12). The B-hydride elimination is strongly endergonic (AG = +164 kJ mol™!) and has
a high activation barrier. This causes the catalytic cycle to be prematurely halted. To date, the
entire catalytic process has never been realised experimentally. However, the catalytic cycle has

been taken apart and parts of the cycle have been separately investigated.

DFT calculations from Buntine have shown that ring strain and long bond distance between
the nickel centre and the g hydrogen disfavours the transformation of the nickelalactone to
an acrylate as the Ni—C bond scission of the lactone is not spontaneous (see Scheme 4.1).133]
However, experimental data and theoretical calculations have shown that such a transformation

is possible, despite the thermodynamic barrier.

Buntine performed DFT calculations for this coupling reaction at nickel with dbu as ligand. His
results show an exothermic and exergonic (AG = —17.2 kJ mol™!) formation of the lactone,
however, ultimately leading to an overall thermodynamically unfavoured reaction (Scheme 4.1,
left). The § hydride elimination goes through a thermodynamically unfavoured transition state
of very high energy (AG = +145.20 kJ mol™!) due to the ring strain. The reaction from lactone

to acrylate also proceeds via a cleavage of the Ni—O bond before the 5 hydrogen can approach

35
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SCHEME 4.1: Left: Hypothetical catalytic cycle for the coupling of CO, and ethylene, pro-
posed by Buntine. Right: The synthesis of methyl acrylate by electrophile-induced S-hydride
elimination, proposed by Rieger.

the nickel centre to form an intermediate nickel-hydrido-acrylate species before forming acrylic
acid. In turn, this nickel-hydrido-acrylate species also needs to reductively eliminate the acrylate
and hydride ligands, which is challenging given the high M—O bond dissociation energies of the
acrylate intermediates. The DFT studies also suggested that ring opening of the lactone could
induce $-hydride elimination. Early experimental studies by Walther™? and Hoberg![?¥ have

also shown that g-hydride elimination could indeed occur.

With this, the group of Rieger then proposed a methylation step with methyl iodide to induce ring
opening of the nickelalactone. '35 While their attempt was valiant, being the first to successfully
obtain acrylates from nickelalactones, the reaction remained non-catalytic and the yields are low

(maximum 33%).

Quite recently, the group of Limbach reported that Brgnsted bases like alcoholates were also
capable of releasing acrylates by deprotonating the carbon atom adjacent to the carbonyl group

136] Several catalytic turnovers were obtained but undesired side reactions be-

in the lactone.!
tween the base and CO, formed an alcohol byproduct that deactivated the metal species after
a few cycles. They also found through computational calculations®” that the methylation is
more likely to occur through an Sx2 mechanism instead of the one-step, concerted methylation
proposed by Kiihn['*® and Rieger (Scheme 4.2) as the transition state in the latter has a higher

Gibbs free energy.
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SCHEME 4.2: Sn2 mechanism proposed by Limbach where transition states have lower energies
(top). One step, concerted mechanism proposed by Rieger and Kiihn (bottom).

As discussed in chapter 3, so far no palladalactones have been synthesized from the coupling of
ethylene and CO,. Therefore, to extend the scope of this study, several palladalactones have
been synthesized by “bench” methods. As mentioned in Chapter 2, the study was extended to
palladium due to its larger radius, and therefore longer bonds which would ultimately result in a
less stable lactone that would be more susceptible towards S-hydride elimination. The reported
methylations with methyl iodide have also been shown to have a high thermodynamic barrier as
the reactions require large amounts of electrophile (10-100 equiv) and is limited to a small set

of ligands. Therefore, other methylation agents were used in this study as well.

4.2 Results and Discussion

A few palladalactones have been reported in literature and shown in Figure 4.1.
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FIGURE 4.1: Palladalactones in literature.

7139 and 819 were not suitable for this study due to their inability to undergo S-hydride

elimination. Therefore, 9 and 10 were selected as model palladalactones for this study.

The lactones have comparable Pd—O bond lengths (9: 2.06 A, 10: 2.05 A) and they are longer
than typical Ni—O bond lengths in the nickelalactones used in this study (1.85-1.89 A).[138] 9
and 10 differ in the denticity of the phosphine ligands - monodentate PMe; on 9 and bidentate
dppf on 10. They also both bear substituents on the a-carbon: A methyl group on 9 and a

carboxylic acid group on 10.

4.2.1 Synthesis of Palladalactones

Ph
MesP MesP. MesP.
Pd— " cooH —THE "4 —
/ ’ /\/ rt. M P/ \ - /Pd\
Me;sP esP 0 MesP” O o
2 . = O 9
Ph . —

SCHEME 4.3: Synthesis of 9

9 was synthesized based on modified procedures by Yamamoto. 142 Different phosphines were
used to synthesize different lactones by the analogous method but were unsuccessful. Lactone

9, like its precursor, is air and moisture sensitive, but is stable at room temperature.

The reaction of PdEt,(PMes), with styrene gives a coordinatively unsaturated styrene complex

which is a suitable precursor for the cyclization with 3-butenoic acid. A six-membered lactone
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is initially formed predominantly but it soon undergoes skeletal isomerization to give an equi-
librium between the six-membered lactone and the five-membered lactone in a ratio of 5 : 95.

Recrystallization affords a pure sample of the desired five-membered lactone.

TABLE 4.1: Different phosphines that were used to diversify complex 2 and lactone 9.

Phosphines Diallé};li)lz;llljjium Palladalactone
t S\ t
Bu: - Bu % X
Bu Bu
Me,N  NMe, X X
Ph,P  PPh, X X
Z
N \ X X
X X
Me,PhP  PPhMe,
Me,P  PMe, v X
PtBU3 v X
PEt3 Ve X

MePh,P  PPh,Me v X




Chapter 4. Ring-Opening of Palladalactones with Electrophiles 40

As shown in Table 4.1, the dialkyl palladium complex was obtained for some phosphines but
cyclization with 3-butenoic acid to give the lactone did not work for any phosphines other than
PMe;.

10 was synthesized according to published procedures by Mukherjee et al."*3 In contrast with
9, lactone 10 is air-stable. The postulated mechanism of formation of 10 is shown in Scheme 4.4.
The first step of the mechanism is the coordination of the fumarate to the triflate complex, A,
which leads to the intermediate B, where the double bond is n2-coordinated to palladium. A
hydride from the solvent (methanol) then shifts to the S-carbon and forms an aldehyde in situ,
C. This was qualitatively observed as an orange-yellow precipitate was formed when a solution of
2,4-dinitrophenylhydrazine (standard test for aldehydes) was added drop wise into the reaction

mixture. This also suggests that methanol is most likely the hydride source.

2+

o7 —PPh OTf | Nao,c ™ rCO0Na —5— Per;, OT;‘)/COZNa @—P%_,i
(6]

S @
OTf
B Ph

hy 2

CH,0

SCHEME 4.4: Proposed mechanism of 10.

4.2.2 Ring-Opening Reactions with Electrophiles

Prior to this study, an electrophile screening as alternatives to methyl iodide was conducted

using the electrophiles shown in Figure 4.2.[144

The electrophiles ranged from mild and “greener” reactants like dimethyl carbonate , trimethyl
phosphate and 2,2-dimethoxypropane to stronger methylating reagents like the Meerwein’s reagent
analogue - trimethyl oxonium tetrafluoroborate and sulfur containing reagents like methyl triflate
and the highly toxic dimethyl sulfate and methyl methanesulfonate. When these electrophiles
were used on nickelalactones, the mild reagents and trimethyl oxonium tetrafluoroborate did not

show any activity in inducing the cleavage of the Ni-O bond. Methyl triflate showed the most
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FIGURE 4.2: Electrophiles that were previously screened in an earlier study.

promise while the toxic reagents only showed limited formation of methyl acrylate and were

therefore discarded due to their toxicity.

The ring opening of lactone 9 affords either methyl crotonate (11a) or 3-butenoic acid methyl
ester (11b) depending on the initial position of the proton eliminated (9 has 2 sets of available
B-hydrogens that could undergo elimination). This was interestingly observed when Mel was
used. However, when MeOTf was used, 11a was obtained selectively. The ring opening of

lactone 10 affords only dimethyl fumarate, 12.

H[s H|-3
H
B HI5
O O
MesP Hp MeX /\)]\ /\)]\
e +
€3 O e} ’
9 11a 11b

Hg 0
Sy PPh Hy MeX _~__-OMe
Pd —_— MeO

N p N X= I, OTf

10 12

SCHEME 4.5: Products of ring opening by methyl iodide and methyl triflate.

The ring opening reactions were conducted in NMR-scaled experiments. 0.1 mmol of the lactones
9 and 10 were dissolved in 0.5 mL CDCl; and DMSO-dg respectively. CH,Cl, (for 9) and
CHCI, (for 10) were also added as internal standard in addition to the methylating agent. The
conversion was then obtained by integrating the peaks found in the NMR spectrum. The results

are summarized in Table 4.2.
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TABLE 4.2: Yield of 11 and 12 formed by the ring opening of palladalactones 9 and 10
respectively

Entry Palladalactone MeX  MeX equiv. Time (h) Conv. (11a, 11b) (%)

1 9 Mel 10 3 22 (14, 8)
2 9 100 3 69 (54, 15)
3 10 2 24 -
4 10 10 24 10
5 9  MeOTf r 05 23
6 9 1 3 23
7 9 1 24 23
8 9 10 24 20
9 10 2 0.5 39
10 10 2 24 45
11 10 10 0.5 35
12 10 10 24 45

For lactone 9, the formation of methyl crotonate (11la, CAS 623-43-8) in CDCI; showed the
appearance of vinylic protons at 6.96 ppm (m, 1H) and at 5.83 ppm (m, 1H) and methyl ester
protons at 3.65 ppm (s, 3H). (Figure 4.3, Figure 4.4) The formation of 3-butenoic acid methyl
ester (11b, CAS 3724-55-8), showed peaks of vinylic protons at 5.89 ppm (m, 1H) and 5.09 ppm
(m, 2H). The methylene protons were observed at 3.05 ppm (d, 2H) (Figure 4.3, Figure 4.4). For
lactone 10, the formation of dimethyl fumarate 12 in DMSO-dg (6.67 ppm, s, 2H) was proved
by comparison with a pure sample in DMSO-dg (Figure 4.5).
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FIGURE 4.3: Proton NMR spectrum of the reaction between 9 and Mel (100 equiv. Mel, 3
h in CDCl; with CH,Cl, as internal standard). The concentration of the standard is % of the
initial concentration of 9 to give 11a and 11b. Yield of 11a = % = 54%, Yield of 11b =

0.89

259 = 15%
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FIGURE 4.4: Proton NMR spectrum of the reaction between 9 and MeOTf (10 equiv. MeOTT,

3 h in CDCly with CH,Cl, as internal standard). The concentration of the standard is 1 of

the initial concentration of 9 to give 11a selectively. Yield of 11a = % = 23%
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FIGURE 4.5: Proton NMR spectrum of the reaction between 10 and MeOTf (2 equiv. MeOTT,
15 min in DMSO-dg with CH4Cl as internal standard). The concentration of the standard is
equimolar to the initial concentration of 10 to give 12. Yield of 12 = % = 37.5%

When lactone 9 was reacted with 10-100 equivalents of methyl iodide, the peaks corresponding
to 9 were observed to progressively disappear, yielding 11a and 11b. A combined conversion of
69% was obtained after 3 hours with 100 equivalents of methyl iodide (Table 4.2, entry 2). The
yield of methyl crotonate, however, started to decline after 3 hours as a more complex mixture

of organic compounds was formed.

In situ monitoring of the reaction mixture by NMR spectroscopy shows that the palladalactone
is almost immediately converted upon addition of methyl triflate and most of the methyl triflate
is consumed while new signals appear in the methyl ester region. Figure 4.6 shows an NMR
spectrum of a reaction with methyl triflate after only 15 minutes. The peaks corresponding to
the starting lactone are already diminished, indicating a rapid reaction. Results also suggest that
an equilibrium between the ester product 11a and the lactone 9 is readily reached (Table 4.2,
entries 5-7) when methyl triflate was used as methylating reagent. In addition, product 11a is
selectively formed when methyl triflate was used to open the ring in lactone 9 (Table 4.2, entries
5-7). Increasing the amount of methyl triflate did not affect the yield of the ester (Table 4.2,
entry 8).
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FIGURE 4.6: Proton NMR spectrum of the reaction between MeOTf (1 equiv.) and 9 after

15 min in CDCl;. The signals corresponding to the starting material (blue) disappear to form

methyl crotonate and new signals in the methyl ester region as expected upon ring opening of
the lactone. The residual peak of the unreacted MeOTf is seen at 4.21 ppm.

For lactone 10, at least 2 equivalents of electrophile had to be used to account for esterification
at the carboxylic acid moiety. 2 and 10 equivalents of electrophile were used but when 100
equivalents of either electrophile were added, the lactone immediately decomposed to palladium
black. While methyl iodide proved to be almost ineffective in the ring opening of the lactone
(Table 4.2, entries 3 and 4), 2 equivalents of methyl triflate provided moderate yields of 12
within 30 minutes, with the reaction rapidly reaching a plateau (Table 4.2, entries 9 and 10).
Similar to the observation for lactone 9, increasing the amount of electrophile did not lead to an

improvement in the conversion values of lactone 10 (Table 4.2, entries 11 and 12).

4.2.3 Comparison with Nickelalactones

A major motivation for this study was to determine if palladalactones were more susceptible to
[-hydride elimination as compared to nickelalactones. Ring opening reactions on nickelalactones

were carried out in an earlier study.['3®*4 The conditions used for the ring opening studies of
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nickelalactone are similar to that of those used for palladalactones. The nickelalactones that

were investigated are shown in Figure 4.7.

th ‘Bu,
PPh, PPh, P
N
/l <: /l pph [ 4 I\/l
th 20 0 %uz 0 0
13 14 15 16

FIGURE 4.7: Nickelalactones flanked with phosphine ligands used in an earlier study.

TABLE 4.3: Comparing conversions obtained with 100 equiv. Mel as methylating agent with
pallada- and nickelalactones bearing phosphine ligands.

Entry Lactone Temp. (°C) Time (h) Conv. (%)

1 9 25 3 69
2 13 25 24 48
3 14 40 48 29
4 15 25 24 0
5 16 25 24

Comparing palladalactone 9 with nickelalactones 13-16 that also had phosphine ligands, 9
proved to be more susceptible in undergoing ring opening by methyl iodide and S-hydride elimi-
nation as a higher yield of 69% was obtained in a much shorter time of 3 hours (Table 4.3, entry
1). For nickelalactones, they gave lower or no conversions even with a longer reaction period
(Table 4.3, entries 2-5).

Both lactones also exhibited similar activities when methyl triflate was used. In both cases,
reaction with methyl triflate was quick and almost immediate. A plateau of conversion was also
reached. Increasing the loading of methyl triflate did not affect the conversion values for both
metallalactones. However, when a large excess of methyl triflate was used, decomposition of the

metallalactones to Ni(0) or Pd(0) was observed for both lactones.

4.3 Experimental

4.3.1 General Information and Materials

All air sensitive manipulations were performed in an inert argon atmosphere using Schlenk

techniques or a glovebox. Glassware was washed in an isopropanol/KOH base bath followed by
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a dilute hydrochloric acid bath and then deionised water. All glassware were dried overnight in

a 120°C oven and flame dried in vacuo at 350°C before use.

Chemicals

Triethylaluminum solution (1.3 M in hexanes), 1,5-cyclooctadiene (99%), palladium (0) tetrak-
istriphenylphosphine (99%), styrene (99%), tricyclohexylphosphine, trimethylphosphine solution
(1 M in THF), 1,2-bis(diphenylphosphino)ethane (dppe), N,N N’ N’-tetramethane-1,2-diamine
(tmeda), triethylphosphine (99%), methyldiphenylphosphine (97%), dimethylphenylphosphine
(99%), tri-tert-butylphosphine (99%), 1,2-Bis(dimethyl-phosphino)ethane, pyridine, dppf, and
tri(o-tolyl)phosphine (97%) were purchased from Sigma Aldrich and used without further pu-
rification. Palladium (II) acetylacetonate (99%) was purchased from Acros Organics and also
used as received. 3-butenoic acid was distilled before use to remove the hydroquinone inhibitor.

1, 2-bis (di-tert-butylphosphino) ethane was synthesized according to published procedures. [145]

Solvents

Hexane, pentane, dichloromethane, diethylether and toluene were purified over activated alu-
mina. THF was dried with sodium wires, methanol and ethanol with Cal, and acetone over
CaSO,, refluxed and distilled. The solvents were also degassed by the freeze-pump-thaw method
and stored over 3 A or 4 A molecular sieves. The water content of the solvents (except acetone)
were regularly analysed by a Karl-Fischer titrator. All deuterated solvents were also dried in the
usual manner, distilled under reduced pressure, degassed and stored over 3 A or 4 A molecular

sieves in the glovebox.

4.3.2 Instruments

NMR measurements were performed on a Bruker AVANCE 400 and 500 MHz spectrometers.
'H and '*C chemical shifts were referenced to residual solvent resonances (CDCly: 7.26 ppm,
CD,Cly: 5.26 ppm, (CD3),S0: 2.50 ppm).

4.3.3 Synthesis of Palladalactones 9 and 10

Synthesis of 9['4!: PdEt,(PMe,), (1.2 g, 3.78 mmol) was weighed into a Schlenk under an
inert atmosphere. It was dissolved in acetone (10 mL) and styrene (1.73 mL, 15.1 mmol) was
added. The reaction was left to stir for 6 hours at 35°C and volatiles were removed. The solid
was then redissolved in THF (10 mL) at room temperature and 3-butenoic acid (0.353 mL, 4.17
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mmol) was added. The reaction was stirred for 24h. Upon completion of reaction, the solution

was concentrated and diethyl ether was added to recrystallise the lactone at -20°C. Yield=56%

H NMR (CDCl,, 25°C, 400MHz): § (ppm) 3.24 (dd, 1 H), 2.20 (¢, 1 H), 1.66 (m, 1 H), 1.45
(dd, 18 H), 1.24 (m, 3 H)
3P NMR (CDCl;, 25°C, 100MHz): § (ppm) -8.61, -23.24

Synthesis of Pd(dppf)Cl,!!*%: Pd(COD)CI, (0.5 g, 1.75 mmol) was suspended in benzene (10
mL). Dppf (0.97 g, 17.5 mmol) was stirred in benzene (10 mL) in a separate flask until all solids
were dissolved. The solution was then transferred to the flask with Pd(COD)Cl, by cannular.
Reaction was left to stir for 12 hours before filtering by cannular. The solid obtained was dried
i vacuo. The solid was then dissolved in dichloromethane, toluene and methanol in the ratio
of 2:1:1 for recrystallization. The flask was placed in the freezer for 4 days before a dark red
crystal was obtained. Yield=68.7%. Anal. Caled: C= 51.48; H= 3.70. Found: C= 51.48; H=
3.73.

Synthesis of [Pd(dppf)(H,0),](OTf),: Pd(dppf)Cl, (0.3 g, 0.367 mmol) was weighed
and stirred in dichloromethane (30 mL) until all solids were dissolved. The solution was then
transferred into a schlenk flask with AgOTf (0.283 g, 1.10 mmol) by cannular. The mixture was
stirred for 18 hours. The reaction mixture was then filtered to remove the precipitated AgCl.
The resulting green solution was stirred in air for 15 minutes and concentrated to about 2 mL.
Ether was then added to precipitate the final product. Yield=76.9%. Anal. Caled: C= 43.46;
H= 3.24; S= 6.45. Found: C= 43.20; H= 3.27; S= 6.52.

'H NMR (CD,Cl,, 25°C, 400MHz): § (ppm) 7.83 (m, 8 H), 7.69 (m, 4 H), 7.53 (m, 8 H), 4.66
(s, 4 H), 4.62 (s, 4 H).

130 NMR (CD,Cl,, 10°C, 100MHz): & (ppm) 134.7, 133.8, 129.9, 128.4, 127.8, 78.7, 76.5, 69.5,
66.2.

1P NMR (CD,Cl,, 25°C, 100MHz): § (ppm) 51.1

Synthesis of sodium fumarate: Fumaric acid (1 g, 8.62 mmol) was stirred in a solution of
NaOMe (3.2 mL, 30% solution of NaOH in MeOH) for 2 hours. Volatiles were removed to afford

pure disodium fumarate as a white solid.

Synthesis of 10[143: [Pd(dppf)(H,0),](OTf), (0.021 g, 0.0211 mmol) and disodium fumarate
(3.376 mg, 0.0211 mmol) were weighed and separately dissolved in MeOH (5 mL). The mixture
was stirred at room temperature for 4 hours. Volatiles were then removed in vacuo, yielding a

yellow solid. Yield=93%. Anal. Calcd: C= 58.75; H= 4.15. Found: C= 58.66, H= 4.22.

IH NMR (CDCL,, 25°C, 400MHz): § (ppm) 7.80-7.25 (m, 20 H), 4.66-3.31 (m, 10 H), 3.42 (s, 2
1), 3.25 (t, 1 H)
3P NMR (CDCl,, 25°C, 100MHz): § (ppm) 35.53, 18.19



Chapter 4. Ring-Opening of Palladalactones with Electrophiles 50

4.3.4 Ring Opening Reactions with MeX and Palladalactones

9 (34.4 mg, 0.1 mmol) was dissolved in CDCl;. An equimolar amount of CH,Cl, (6.38 uL, 0.1
mmol) was added as internal standard. 1, 10 or 100 equivalents of Mel or MeOTf were then
added and the NMR spectrum was measured at 5 minutes, 15 minutes, 30 minutes, 1 hour, 3
hours, 6 hours, 24 hours and 48 hours. The conversion was then obtained by integrating the

peaks found in the NMR spectrum.

10 (77.6 mg, 0.1 mmol) was dissolved in DMSO-ds. An equimolar amount of CHCI, (8.07 uL,
0.1 mmol) was added as internal standard. 1, 10 or 100 equivalents of Mel or MeOTf were then
added and the NMR spectrum was measured at 5 minutes, 15 minutes, 30 minutes, 1 hour, 3
hours, 6 hours, 24 hours and 48 hours. The conversion was then obtained by integrating the

peaks found in the NMR spectrum.

4.4 Conclusion

The liberation of esters from palladalactones have been examined. It has been shown that methyl
iodide and methyl triflate are able to cleave the Pd-O bond in palladalactones to afford linear
esters. Methyl triflate proved to be a better choice, based on atom economy and reaction rates.
For lactone 9, methyl triflate selectively forms methyl crotonate instead of giving a mixture of

compounds like methyl iodide.

A similar trend was also observed for both nickela- and palladalactones with methyl triflate
as electrophile. The reaction with methyl triflate occurred rapidly, quickly reaching an equi-
librium. Increasing the dosage of methyl triflate did not have a positive impact on the final
conversion to the ester in both nickela- and palladalactones. A large excess of methyl triflate led
to decomposition of the lactone to Ni(0) or Pd(0).

Comparing the results of an analogous study with nickelalactones, it is observed that palladalac-
tones indeed undergo -hydride elimination more readily than the nickelalactones. This affirmed
the initial rationale of extending the study to palladalactones - that they were less stable than

their nickel counterparts and would be more susceptible to S-hydride elimination.

A smaller excess of electrophile was also used for the ring opening reaction, which improved

the reported ring opening methods of using a large excess of methyl iodide (100 equiv.)[!3®!

[136]

or

alcoholates (side reactions)

The ability to extend the study to palladium from nickel also shows that this approach is general
and can be further extended to other metals. This would be of high interest if the metallacycle
could be obtained from the oxidative coupling of ethylene and CO, as it could potentially lead

to a wide range of possibilities for the study of the catalytic cycle shown in Scheme 4.6.
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SCHEME 4.6: A potentially viable catalytic cycle for the synthesis of acrylates from carbon
dioxide, ethylene and a palladium starting complex. Dashed arrows refer to steps that have
not yet been established.

This work was published as part of the article: S. Y. Tina Lee, Amylia Abdul Ghani, Valerio

D’Elia, Mirza Cokoja, Wolfgang A. Herrmann, Jean-Marie Basset and Fritz E. Kiihn, “Liberation
of methyl acrylate from metallalactone complexes via M—O ring opening (M = Ni, Pd) with

methylation agents.”, New J. Chem., 2013, 37, 3512. DOI: 10.1039/CNJ00693J



Chapter 5

The Synergy of Catalyst and
Co-Catalyst in the Synthesis of
Propylene Carbonate from Propylene
Oxide and Carbon Dioxide

5.1 Introduction

The reaction of epoxides and CO, to form cyclic carbonates have been of increasing interest in
catalysis research. As discussed in Section 1.4.2, cyclic carbonates are very relevant compounds
and have vast uses in industry. The reaction is 100% atom economical ¥ but is not spontaneous,
requiring a catalyst to activate CO,, the epoxide or both. The reaction is also highly exothermic
as ring strain of the epoxide is relieved when converting the three-membered epoxide ring to a

five-membered ring of the cyclic carbonate. %!

= +CO —>O)I\O
-~ X

SCHEME 5.1: The reaction between propylene oxide and carbon dioxide to form propylene
carbonate.

For the synthesis of propylene carbonate from propylene oxide and carbon dioxide, the AH was
calculated to be —74.50 kJ mol~! (Value calculated from standard AH; values found in litera-
ture). ['°0152] Tt is therefore crucial to understand and control the many parameters determining

the selectivity of the reaction when designing a catalyst to efficiently produce cyclic carbonates.

52
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Catalytic activities could also be improved from known, promising catalysts to reach higher

turnover frequencies under mild temperature and pressure conditions.

5.1.1 Choice of Catalyst and Co-Catalyst for this Study

The different factors (metal centre, substrate, catalyst, co-catalyst) discussed in Section 1.4.2
have shown that many considerations have to be taken into account when selecting the differ-
ent components of this reaction. There is a specific balance that has to be achieved between
catalyst, co-catalyst and substrate to attain the desired selectivity. Table 5.1 summarizes some
catalyst/co-catalysts systems with propylene oxide, showing the yield of propylene carbonate

obtained and the different reaction conditions.

It is observed that high pressures and elevated temperatures are needed in these systems. The
catalysts are also sophisticated, using salen ligands or substituted imidazolium rings. Some
catalyst systems also combine metal halides with nucleophillic co-catalysts but only afforded

moderate yields.

Through an initial screening of group 4-6 transition metal halides and oxychlorides with a stan-
dard nucleophile as co-catalyst, it was revealed that NbCl,/DMAP and NbCl;/TBAB pairs

(114 Not only are they inexpensive, the latter was also ac-

formed very efficient catalyst systems.
tive at ambient conditions and was able to promote the formation of propylene carbonate in high
yields with excellent TOFs when compared to catalyst systems with sophisticated organometallic
complexes. It also performed well when the CO, concentration was low at 12% in a gas mixture,

which is approximately the concentration of CO, in flue gas. 6!

Mechanistic studies on the fine dynamics of the catalyst/co-catalyst relationship are also few in

literature and was therefore the driving force for this study.

For the cycloaddition of CO, and propylene oxide, a simplified mechanism has been proposed
and can be represented by a succession of three steps. The epoxide ring is first opened by the
nucleophillic attack of the co-catalyst (A), followed by CO, insertion (B) and finally the release
of the carbonate product from the metal centre (C) (Scheme 5.2, right). An alternate mechanism
that involves CO,, activation by the nucleophillic species has also been proposed but at high CO,
pressures (Scheme 5.2, left).

5.2 Results and Discussion

The detailed mechanism of the synthesis of propylene carbonate with NbCl; as catalyst and
DMAP, TBAB and several ionic liquids as co-catalyst will be discussed in this section. The
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TABLE 5.1: Different catalytic systems for the synthesis of propylene carbonates from CO,
and propylene oxide.

Catalyst + Co-Catalyst Pressure Te(:)mp. Time TON quF Yield
(°C) (h) (h™) (%)
(bar)
Al(CH,CHy )5 + H,0 + 50 20 18 ; ~ 10.57088
acacC
ZH(CHQ(Eff§2 0 50 20 48 . - 13.36059
Chiral(salen)Co +
1-ethyl-3-methyl 5 25 3 - 144 43.20154
imidazoliumbromide
Cr(III) (salen)azide + a5 60 4 i 149 94155]
PCy,
Cr(I1I) (salen)azide + [155]
PPN N, 35 60 4 - 190 98
Cr(III)(salen)azide + [155]
PPN+CL - 35 60 4 - 192 97
TiCl,/n—Bu,NOAc 10-15 35 3 - - 28 [156]
7ZrCl, /n—Bu,NOAc 10-15 35 3 - - 81156
NiCl,/n—Bu,NOAc 10-15 35 3 - - 31156l
NiBr,/n—Bu,NOAc 10-15 35 3 - - 111156]
CrCly/n—Bu,NOAc 10-15 35 3 - - 300156
FeCl, /n—Bu,NOAc 10-15 35 3 - - 39[156]
AlCl, /n—Bu,NOAc 10-15 35 3 - - 531156]
VCl, /n—Bu,NOAc 10-15 35 3 - - 500156]
ZnBr,/n—Bu,NOAc 10-15 35 3 - - 1911561
MoCl; /n—Bu,NOAc 10-15 35 3 - - 41156]
AI(III) (salen)C,Hy + [157]
TBAR 6 35 - - 84 72
Al(IIT)(salen)C,H; +
R disubstituted 20 100 : : 50 650
imidazol(in)ium
carboxylates
Co(III)(salen)O,CCCly (159]
© TBAD 15 25 - - 245 56
Co(III) (salen)Cl + (160]
DALAP 10 100 - - 1200 67

reaction mechanism has been elucidated by a comprehensive approach through kinetic analysis
and n situ IR spectroscopy. The studies show the synergistic relationship between catalyst
and co-catalyst in promoting the cycloaddition of CO, to propylene oxide, forming propylene
carbonate. The high Lewis adicity and oxophilicity of the niobium center have also been found

to bring distinctive mechanistic features.
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SCHEME 5.2: Simplified mechanism for the cycloaddition of CO, and propylene oxide. Cy-
cloaddition occurs first by the coordination of CO,, with the co-catalyst (Cycle 1) or the opening
of the epoxide ring by the co-catalyst (Cycle 2).
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F1GURE 5.1: Co-catalysts used in this study: DMAP, TBAB and ionic liquids 17-20.
5.2.1 Comparing Co-Catalysts

DMAP and TBAB can convert a variety of epoxides into their corresponding carbonates at room
temperature and at low CO,, pressure (0.15-1.00 bar) and concentration. The NbCl; and TBAB
system was generally faster but NbCl, and DMAP were a convenient pair as they could be easily

recovered at the end of the reaction by filtration to give pure propylene carbonate.
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A notable difference between TBAB and DMAP as co-catalyst that has been previously found
was that there is an induction time of 90 minutes before propylene carbonate is formed when
DMAP was used. ™ The reaction with TBAB, however, proceeded almost immediately without
an induction time. The induction time is attributed to the formation of an acid-base interme-
diate, 21 between NbCl; and DMAP that does not occur for TBAB (see Scheme 5.3). This
could be due to the lower basicity of the bromide anion in TBAB which hinders the formation of
such stable intermediates. The formation of 22 also shows that the mechanism of this reaction

probably follows cycle 2 of Scheme 5.2.

\N/
~. N~ — /
~ A 0O O
N N A vk \ Y
= 1
Nig N NbCls
NbCls i
i)
21
22

SCHEME 5.3: Intermediates formed upon mixing of NbCl; and DMAP. Both are observed in
in situ IR, where only 22 and free DMAP are present after 90 minutes.

In addition to these co-catalysts, a series of ionic liquids were also used. The ionic liquids are
methylated imidazolium salts with different alkyl groups substituted on the ring. The stabilizing

anion used also varied from bromide to iodide.

A solution with a NbCl; to co-catalyst ratio of 0.5 was prepared in propylene oxide and 1 or
4 bar of CO, was introduced. The reaction was monitored by in situ IR spectroscopy and the
evolution of the band at 1810 cm™*, corresponding to propylene carbonate was followed. The
reaction was carried out over 6 hours. The first 15 minutes of data was extrapolated and the

gradient of the line was taken as the initial apparent rate, kops.

The initial rates and observed yields by NMR are tabulated in Table 5.2 and were compared to
that of TBAB.

Ionic liquids 19 and 20 exhibited higher initial rates than 17 and 18 therefore the experiments
were repeated over a shorter period of time (1 hour) at 4 bar CO,, pressure for 19, 20 and TBAB.
The yields and TOFs were tabulated (Table 5.3). The IR spectrum measured in situ also seems
to suggest that the solubility of CO, in propylene oxide decreases with increasing amounts of

formed propylene carbonate.
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TABLE 5.2: Rates and yields obtained for ionic liquids 17-20 and TBAB.

1 bar CO, 4 bar CO,
Yield Yield
(obtained  kups (mol - L™+ (obtained  kups (mol - L1 -

Co-Catalyst by NMR) min~!) by NMR) min~")

(%) (V)
17 14.6 0.0057 - -

18 11.3 0.0044 18.2 0.0068

19 10.0 0.0059 84.0 0.0479

20 18.5 0.0174 67.6 0.0454

TBAB 214 0.0067 93.5 0.0266

TABLE 5.3: TOFs calculated for TBAB and ionic liquids 19 and 20.

Yield (obtained

) —1
Co-Catalyst by NMR) (%) TOF (h™')
19 71.0 118.7
20 58.5 70.5
TBAB 47.6 62.1

5.2.2 Determining Order of Reaction with TBAB as Co-Catalyst

The order of reaction of NbCl; and TBAB was determined by kinetic analysis (method of initial
rates). The initial rates were extrapolated from the profiles of propylene carbonate formation

that was recorded by in situ IR measurements.

The concentration of TBAB was kept constant at 0.1425 M as the amount of NbCl, was varied.
The mixture was stirred for 5 minutes to allow for proper mixing before 1 bar of CO, was
introduced. The absorbance of the peak at 1810 cm™! corresponding to the carbonyl moiety in

propylene carbonate was monitored (Figure 5.2).
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Absorbance (a.u.)

5 10 15 20 25 30 35
Time (min)
[NbClg], /[TBAB],= ©0.16 0.2 A0.27 X0.4 X0.6 ®0.8 #0901 ®m1.112

FIGURE 5.2: Plot of absorbances against time by varying [NbCl;] and keeping [TBAB] con-
stant; obtained from in situ IR spectroscopy.

The slope of each profile was then extrapolated in the first 15 minutes of reaction and taken as
the apparent reaction rate (ko). The order of the reaction can then be determined by the slope

of the logarithmic plot defined by the Equation 5.2.

d[PC]
kops = k|cat]" = | —— 1
ohe = Kloa] < dt )initial o
= lg(kops) = n - 1g[cat] +1g k (5.2)

The values and trend obtained for different [[ggilg]]z ratios are shown in Table 5.4 and Figure 5.3

(left).
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TABLE 5.4: Rates obtained for different [[ggilé}]g ratios at 25°C.
[NbC15]0 [TBAB]O [NbCl5]0 Kobs
Entry —_— 589
(mol - L) (mol - L")  [TBABJ (mol - L™ - min™1)
1 0.0228 0.1425 0.16 0.0023
2 0.0285 0.1425 0.20 0.0029
3 0.0385 0.1425 0.27 0.0046
4 0.0570 0.1425 0.40 0.0058
5 0.0855 0.1425 0.60 0.0069
6 0.114 0.1425 0.80 0.0072
7 0.128 0.1425 0.90 0.0067
8 0.143 0.1425 1.00 0.0057
0.008 - lg (INbClIs],/[TBAB],) P
| ® -1.7 -1.6 -1.5 -1.4 -1.3 -1.2
0.007 ° ° 29 |
o ] o
T 0.006 ° ° .
§ 0005 | o ’%
~! 0.004 - 24 1=
X K=y
%0'003 19 i ° y = 1.0181x - 0.9418 2.5 -
xgo'ooz [ R2=0.9517
2.6 -
0.001 -+
0 -2.7 -
0.15 0.35 0.55 0.75 0.95 1.15
[NbCI:]o/[TBAB],

FIGURE 5.3: Initial rates of propylene carbonate formation, ks obtained through in situ

IR for the NbCl,/TBAB system plotted against the catalyst/co-catalyst ratio (left).Double

logarithmic plot obtained for the reaction promoted by TBAB by varying [NbCl;]o and for
[INbCl;]o < 0.4 (right).

The rate, kops appears to follow a linear profile only at low [NbCl;]g values (ggilg}]z < 0.4). The

logarithmic plot shown in Figure 5.3 (right) depicts first order kinetics for NbCly through the

gradient of the best fit line in this concentration range (gradient is 1.02).

The experiments were repeated with varying TBAB concentrations and constant NbCl; concen-
tration (0.1425 M). The values and trend obtained for the different ratios of TBAB to NbCl,
are shown in Table 5.5 and Figure 5.4 (left).
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TABLE 5.5: Rates obtained for different [[ITI]SSIB }]O ratios at 25°C.
510
[INbCl;]o [TBABJo [TBABJo Kobs
Entry il L)
(mol - L™ (mol-L7")  [NbCl]o (mol - L™ - min™1)
1 0.1425 0.07120 0.50 0.000900
2 0.1425 0.1070 0.75 0.00144
3 0.1425 0.1425 1.00 0.00594
A N 149% N 179n 1 91 N NNR1N
lg ([TBAB],/[NbClI])
0.014 -1.8 T : .
° 0 0.1 0.2 0.3
0.012 . *
-1.9 A
S 0.01 L
£
£ o008 . ~ °
< 3
S 0.006 >
iE), y 9'2'1 * y =1.0377x - 2.2057
£ 0004 R2 = 0.9674
0.002 2.2
) o °
°
0 T T T 1 _23
0 1 2 3 4

[TBAB],/[NbCIg],

FIGURE 5.4: Initial rates of propylene carbonate formation, k,,s obtained through in situ
IR for the NbCl;/TBAB system plotted against the co-catalyst/catalyst ratio (left). Double

logarithmic plot obtained for the reaction promoted by TBAB by varying [TBAB]y and for

TBAB .

[NbCl,]o
[TBABJo

shown in Figure 5.4 (right) depicts first order kinetics for TBAB through the gradient of the

The rate, ks appears to follow a linear profile when 1 < < 2. The logarithmic plot

best fit line in this concentration range (gradient is 1.04).

5.2.3 Determining Order of Reaction of Catalyst with DMAP as Co-
Catalyst

Graphs obtained through the same procedure described in Section 5.2.2 was plotted for the
NbCl;,/DMAP system. NbCl; was varied while [DMAP] was kept constant at 0.1425 M. The
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values and trend obtained for the different ratios of NbCl; to DMAP are shown in Table 5.6 and
Figure 5.5 (left). Also for DMAP, the initial reaction rates were measured by introducing CO,
90 minutes after the catalyst and co-catalyst have fully dissolved in propylene oxide to obtain

induction-free, linear kinetic profiles.

TABLE 5.6: Rates obtained for different [[11;131(1:&1155}]% ratios at 25°C.
Fot [NbC15]0 [DMAP], [NbC15]0 Kobs
ntry _
(mol - L™Y)  (mol-L7') [DMAP] (mol - L™t - min~1)

1 0.0178 0.1425 0.125 0.00025

2 0.0356 0.1425 0.250 0.00050

3 0.0570 0.1425 0.400 0.00075

4 0.0712 0.1425 0.500 0.00088

5 0.0855 0.1425 0.600 0.0010

6 0.107 0.1425 0.750 0.0011

7 0.143 0.1425 1.00 0.0013

I9(INbCl5]o/[DMAP],)
0.0014 -
. I T T T
-0.95 -0.75 -0.55 -0.
00012 | . 2 |
T 0001 - .
= i >
L 0.0008 - o 33 | xg
5 0.0006 - k=
£ °
Joonos AT as
0.0002 | ¢
°
0 T T T T T @ _37 J
0 0.2 0.4 0.6 0.8 1 1.2
[NbCI;]/[DMAP],

FIGURE 5.5: Initial rates of propylene carbonate formation, ks obtained through in situ
IR for the NbCl,/DMAP system plotted against the catalyst/co-catalyst ratio (left). Double
logarithmic plot obtained for the reaction promoted by DMAP by varying [NbCl;]y and for

NbCl .
[[DMA%]]% < 0.5 (right).

The logarithmic plot shown in Figure 5.5 (right) depicts first order kinetics for NbCl; through
the gradient of the best fit line in this concentration range (gradient is 0.915).
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The experiments were repeated, now varying the concentration of DMAP and keeping the con-

centration of NbCl, constant at 0.1425 M. The values and trend obtained for the different [DMAP]o

[NbCI o
ratios are shown in Table 5.7 and Figure 5.6 (left).
TABLE 5.7: Rates obtained for different % ratios at 25°C.
510
[NbCl;]o [DMAP], [DMAP]y ks (mol - L™ -
Entry —
(mol - L) (mol - L™")  [NbCl]o min~1)
1 0.1425 0.1140 0.80 0
2 0.1425 0.1425 1.00 0.00125
3 0.1425 0.1780 1.25 0.00172
4 0.1425 0.2140 1.50 0.00211
5 0.1425 0.2490 1.75 0.00242
6 0.1425 0.2850 2.00 0.00266
Ig([DMAP],/[NbCI5],)
0003 ] '25 T T T |
° ° ° 0 0.1 0.2 0.3 0.4
0.0025 - . 26 ] .
£ 0002 - ¢
o ° ~27
< 0.0015 - N
3 ° 228 y = 1.0898x - 2.885
2 0.001 R2 = 0.9825
X
0.0005 29 ¢
0 @ T T '3 -
0 2 4
[DMAP],/[NbCI],

FIGURE 5.6: Initial rates of propylene carbonate formation, ks obtained through in situ
IR for the NbCl,/DMAP system plotted against the co-catalyst/catalyst ratio (left). Double
logarithmic plot obtained for the reaction promoted by DMAP by varying [DMAP]y and for

DMAP .
1< [[NbCIS]](? < 2 (right).

[DMAP]o
[NbCl5]0

shown in Figure 5.6 (right) depicts first order kinetics for DMAP through the gradient of the

The rate, ks appears to follow a linear profile when 1 < < 2. The logarithmic plot

best fit line in this concentration range (gradient is 1.09).

Comparing the results obtained in this and the previous Section 5.2.2, NbCl, shows first order

kinetics at lower concentrations (ggilé}]ﬁ < 0.5) for both co-catalysts. When the ratio between the

catalyst and co-catalyst approaches 1, a progressive decrease in the reaction order was observed.
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In both cases, inhibition is also observed as soon as the concentration of catalyst exceeds that of
the co-catalyst. In the case of DMAP, a sharp drop in activity was noticed. Accordingly, when
the concentration of the co-catalyst is varied, while the concentration of NbCl; is kept constant,
no reaction was observed in the case of DMAP and sluggish reaction rates were observed for
TBAB. Good reaction rates were only observed when the concentration of co-catalyst was at
least equivalent to or higher than the concentration of NbCl;. Both co-catalysts show first order
reaction rates when their concentration matches or exceeds the the concentration of NbCl,, but
when more than 2 equivalents of co-catalyst was used, no further increase of reaction rate was
observed (entries 6-8 in Table 5.5 and Table 5.7).

5.2.4 Identification and Characterization of Intermediates by NMR

To support the kinetic data obtained, NMR-scale experiments were conducted. An equimolar
solution of NbCl, and DMAP was prepared and the signals relative to the protons of the pyridine
ring (6.0-8.2 ppm) were monitored. Three species were initially detected (Figure 5.7) as two sets
of three signals appeared, corresponding to the « (depicted in blue) and 3 (depicted in red)
protons on the pyridine ring for 3 different species. The peaks at 6.07 ppm and 7.68 ppm
can be assigned to free DMAP by comparison with the spectrum of pure DMAP in propylene
oxide. The peaks at 6.18 ppm and 7.89 ppm were observed to have diminished within 90
minutes, independent of the NbCl,/DMAP ratio and is therefore assigned to intermediate 21
(Figure 5.10). The peaks at 6.40 ppm and 8.10 ppm belong to 22 as assigned by bidimensional
NMR experiments. The COSY and HMBC spectra are shown in Figure 5.8 and Figure 5.9

respectively.

The bidimensional NMR spectra of intermediate 22 were recorded from a solution of NbCl,
to DMAP ratio of 1.5 at 90 min after the mixing of the reagents (after the induction time).
At this catalyst/co-catalyst ratio, the solution only contains one DMAP derivative with H, at
8.08 ppm and Hg at 6.37 ppm, propylene oxide and excess NbCl; (coordinated by PO). The
correlation peaks shown in Table 5.8 were individuated through HMBC and COSY experiments
that confirm that the DMAP-derivative present in solution under these conditions correspond

to intermediate 22.
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FIGURE 5.7: Proton NMR of an equimolar solution of DMAP and NbCl; in the region of
6.0-8.2 ppm. Spectrum was measured 5 minutes after mixing the catalysts. Three species are
observed: free DMAP, intermediates 21 and 22.
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TABLE 5.8: 'H—13C and '"H—'H couplings identified for intermediate 22.

(Couplings within the pyridine ring have been omitted for clarity)
HMBC (blue)  COSY (red)

Entry or oc (H-130) (H-H)
1 2.88 38.90 2 -
2 - 155.40 - -
3 6.37 105.89 2,4 4
4 8.08 143.80 2,3,6
5 3.40 76.29 4 5,6
5’ 3.92 76.29 - 5, 6
6 4.23 62.97 4 5, 5,7
7 0.84 21.26 - 6

The COSY spectrum (Figure 5.8) shows the coupling between the three protons of the aliphatic
chain in 22 (H; (3.40 ppm), H;, (3.92 ppm) and H; (4.23 ppm)) and the coupling between Hg
and the protons of the methyl group H, (0.84 ppm) which confirm the structure of the aliphatic

chain.

The HMBC spectrum (Figure 5.9) shows the correlation between C, of the pyridine ring (143.9
ppm) and the protons of the aliphatic chain (Hy, Hy) and also Hy (6.37 ppm). A coupling was
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additionally identified between H, (8.08 ppm) of the pyridine ring and Cg; (62.97 ppm) of the
aliphatic chain. The presence of these HMBC correlation peaks confirm the connectivity between
the aliphatic fragment and the pyridine ring. Therefore the signals observed at 8.10 ppm and at
6.40 ppm in the 'H NMR of the reaction mixture can be assigned to intermediate 22.

The intensity of these signals corresponding to 22 grows to a maximum within 90 minutes from
the time of mixing of the reagents, as expected. On the other hand, as previously mentioned,
the peaks corresponding to 21 diminish over 90 minutes. This is shown in the time evolution
profile (Figure 5.10).

SN AL =omn I
AN N L

\N/
22 <—| 7.89 ppm DMAP
8.10 ppm [>7.68 ppm _
t=5min X
\ _1,_1 @ -
H, '|4
R

83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60

(ppm)

FIGURE 5.10: Time evolution profile of the protons on the pyridine ring in an equimolar
solution of DMAP and NbCl; in propylene oxide.

5.2.5 Determining Amount of Free DMAP in Solution by NMR
Studies

The amount of free DMAP in solution at the equilibrium shown in Scheme 5.3 with varying
amounts of NbCl; was then quantified by NMR spectroscopy. NMR experiments with ratios of
NbCl; to DMAP ranging from 1-1.5 were performed. The peaks corresponding to free DMAP, 21
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and 22 were then integrated with the residual CDCI; peak as reference. The relative abundances

were calculated and plotted against time and the graphs are shown in Figure 5.11.
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FIGURE 5.11: Relative abundances of the species in solution for different NbCl; to DMAP
ratios calculated by the integration of proton NMR spectra collected.

By integrating the NMR resonances of DMAP and 22 at t = 90 minutes, it is observed that
for equivalent initial concentrations of DMAP and NbCl;, only about 25% of the initial DMAP

amount is still free in solution when the equilibrium is reached. This number decreases to 11%

[Ug&(ig,]ﬁ = 1.1). When the amount of excess NbCl; is

further increased (% > 1.25), virtually no free DMAP is available in solution (Table 5.9).

when a small excess of NbCl; is added (

TABLE 5.9: Relative abundance of free DMAP at equilibrium in relation to its initial concen-
tration and to the concentration of intermediate 22.

Fatry ghbﬁllj] [D[ﬁm [%f;] %)
1 1.00 0.333 25
2 1.10 0.125 11
3 1.25 0.0216 2
4 1.50 0 0
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Based on these quantified results, the inhibition of the reaction observed with an excess of NbCl,
can be correlated to the absence of free co-catalyst available. The NMR results, together with
the kinetic data strongly suggest a bifunctional role for the co-catalytic moieties in the reaction
mechanism, but with only one molecule of co-catalyst taking part in the rate determining step
(reaction is first order with respect to co-catalyst). The absence of the co-catalyst in the presence
of excess NbCl; seems to hinder the accomplishment of an additional role beyond ring opening
within the catalytic cycle as the co-catalyst is fully consumed in forming intermediates such as
22.

5.2.6 Dual Role of Co-Catalyst Supported by in situ IR Studies

[NbCl,]o
[DMAP],

was set to 1.25, where nearly no free DMAP is available in solution (entry 3, Table 5.9). After

In situ IR spectroscopy was used to prove the existence of a dual role for the co-catalyst.

the initial induction period of 90 minutes where 21 was entirely converted to 22 under an argon
atmosphere, 1 bar of CO, was added (A, Figure 5.12). Consistent with the kinetic data, no

propylene carbonate was observed to have formed under these conditions.

The only effects of CO, addition on the IR spectrum of the reaction were the appearance of the

characteristic CO, stretching band at 2338 cm ™! and the appearance of a new signal at 1680-1690

cm~!. The reactor was then depressurized (B, Figure 5.12) and a suitable amount of DMAP

[NbCL o
[DMAP],

of the signal at 1680-1690 cm ™! was also diminished. The reactor was then re-pressurized with

was added to the reaction mixture to set = 1. During the depressurization, the intensity
1 bar of CO,, which gave rise to the signal at 1680-1690 cm™~! again, indicating that the species
being formed was dependent on CO, pressure (black line, Figure 5.12).

With the readdition of CO,, intermediate 21 was also formed again by the reaction of the newly
added base and the excess NbCl;. After an induction period necessary to convert 21 into 22,
the formation of propylene carbonate was then observed (D, Figure 5.12). The reaction rate

stabilizes when the concentration of 22 reaches its equilibrium value.

In a similar experiment, the additional amount of DMAP was replaced with an equivalent molar
amount of TBAB. In this case, the formation of propylene carbonate started immediately without

any induction time as expected (C, Figure 5.12).
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FIGURE 5.12: In situ IR study of [[gll\)/[il%}]% = 1.25 in propylene oxide where no propylene

carbonate was formed due to lack of free co-catalyst. When [HS&(X%]] was set to 1, propylene

carbonate formation took off immediately with TBAB (C) and an induction period with DMAP
(D) .

These series of experiments prove that even though the same type of intermediates are formed
in solution independent of the [NbCl;], to [DMAP], ratio, the formation of propylene carbonate

is halted when there are no free co-catalyst molecules available to complete the catalytic cycle.

According to the proposed mechanism in Scheme 5.2 (cycle 2), with the first equivalent of co-
catalyst being introduced in step A, the additional molecule of co-catalyst would be used to
assist either step B (CO, insertion) or C (release of carbonate). For the former, DMAP could
activate CO, by forming a DMAP-CO, adduct as observed for N-heterocyclic carbenes!162:163]

or cyclic aminidines. 164

Activation by the co-catalyst is also possible for TBAB only if part of the tetraalkylammonium
salt decomposes to tributylamine, which would then act as the nucleophile. Such behaviour was
indeed observed by North et al. for the synthesis of cyclic carbonates promoted by a bimetallic
aluminum-salen complex and TBAB at ambient conditions. A dual role for the co-catalyst was

also mentioned. [165,166]

For this experiment, the identification of the intermediate corresponding to the band at 1680-
1690 cm™! was the key to understanding the reaction mechanism as it was the only indication
of an intermediate formed upon the addition of CO, when DMAP or TBAB was used. In a
comparable in situ IR study by Darensbourg et al., the co-polymerization of CO, (55 bar) and
2-(3,4-epoxycyclohexyl)trimethoxysilane by a DMAP /Cr-salen system at room temperature was
investigated. 17l They observed the formation of two new bands in the ARS and C=0O stretching
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regions at 1650 cm ™! and 1680 cm™! and assigned them to the formation of an adduct of Cr,
DMAP and CO, (23, Figure 5.13), and the product of epoxide insertion between the metal and
carboxylate (5, Figure 5.13) respectively.

Darensbourg
\N/ \ﬁ/
| 0 o
X Co, N\ N _
| _ — | | —_— ®/N_ N—< I
N = o S
g‘ * T \—0—Cr-x
—— r—
X G)o\ 0 24
—(‘Tr'— Ve-o = 1680 cm?!
X
23

Ve—c = 1650 cm™?t
Lu

N
@) O. O \ ;
O3N/\r Co----0 ~
S
/ O O\ Veeo = 1719 cm'?

25

Ve-o = 1750 cm?

FIGURE 5.13: Proposed mechanism by Darensbourg for the insertion of CO, for a
DMAP /CrN;(Salen) system (top). C=O bands that were assigned to the formation of a bi-
hemicarbonate species, 25 (bottom).

Another study by Lu et al. showed the formation of two bands at 1750 and 1719 cm™! in the in
situ IR spectrum of a CH,Cl, solution of a triazabicyclodecene tethered Co(IIl) complex upon
addition of CO,. They assigned the bands to the C=0 stretching of an intermediate similar
to 25 upon CO, insertion. The insertion of CO, proved to be reversible upon exposure of the
solution to N, (band at 1719 cm™!) or by increasing the temperature to 60 °C (band at 1750
cm—1). [168]

Considering both case studies, the nucleophile could be involved in CO, activation through
different pathways as shown in Scheme 5.4. P1 represents the activation of CO, by insertion
into the metal-nucleophile adduct. P2 represents a direct CO, activation by DMAP through
the formation of a carbamate-like adduct. Lastly P3 shows the “unassisted” insertion of CO,

into the metal-alkoxide bond of 22, forming hemicarbonate 26 without the involvement of the
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nucleophillic co-catalysts. Insertions following pathway P3 are known to occur under mild

conditions for a wide range of transition metals including Nb. [169-171]
Nu
| Nbl
P1 CO,
NbClg
CO N NbCI
5 @)
Nu p—22> /NQI > >\—l(\lau
O @) @)

RN

6,,'C~x
o o_ 0
Nu INbI
® }o o ] }o

P3

+ C02 O
22 26
Nu = DMAP (22a), Br (22b) Nu = DMAP (26a), Br (26b)

SCHEME 5.4: Possible pathways of CO, activation and insertion.

5.2.7 Intermediates of Carbon Dioxide Insertion

A careful search of the intermediates of CO, coordination and insertion was done through in
situ IR experiments. The effect of stepwise variations of CO, pressure on the IR spectrum of

propylene oxide solutions of NbCl, and DMAP or TBAB was studied.

For NbCl; and DMAP, the peaks corresponding to the intermediates could be isolated by setting

[NbCI,]o
[DMAP],

evolve would correspond to the products of CO, insertion and can be easily identified.

= 1.5 to suppress the formation of propylene carbonate. This way, all the peaks that
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FIGURE 5.14: In situ IR profiles of various intermediates forming at varying CO, pressures.

Two main bands emerge at 1285 cm™' and 830 cm™! together with the peak at 1690 cm™!
(Figure 5.14). The evolution of the bands were monitored through time with the stepwise
increase of CO, pressure. An instantaneous increase in their absorption intensities was observed
with each step of CO, addition (Figure 5.15). The intensity at a given pressure does not change
with time. When the pressure was released stepwise from the autoclave, the intensity of the
bands decreased in a similar fashion, almost matching the trend of CO, depressurization. This
reversibility of intermediate formation has been observed in literature for niobium and other

transition metals. [60:168-172]
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FIGURE 5.15: Evolution of the peak at 1685 cm™! alongside variations in CO, pressure. The
intensity of the signal at 2340 cm™! (corresponding to CO,) has been scaled down by a factor
of 5 to fit in the graph.

The formation of these new signals also has no effect on the pre-existing band at 1655 cm™! that
corresponds to intermediate 22. These observations seem to suggest that the bands at 1690 cm ™
and 1285 cm ™! correspond to the asymmetric and symmetric carbonyl stretching respectively of
the hemicarbonate, 26. The large difference of 405 cm™! between the Vasym and Vgyy,, the high
frequency of v,s at 1690 cm ™' and the stronger intensity of v, compared to Vgsym also suggest
a monodentate n'-coordination mode of CO, to the metal.'™ With reference to literature, the
broad absorption band in the 1000-1200 cm™* region and sharp band at 830 cm™ (out of plane
bending of OCOO group) can be assigned to the hemicarbonate 26.

Characterization of hemicarbonate 26 was also attempted by NMR spectroscopy. However,
due to the formation of trace amounts of propylene carbonate, the peaks corresponding to the
hemicarbonate were overlapped by the peaks of propylene carbonate and the two sets of peaks

could not be distinguished.

Other pressure-dependent bands also appear at 1602 cm™!, 1414 cm™! and 1385 ecm™!. These
signals are consistent with the products of CO, insertion in niobium alkoxides. 174 They can be

further correlated to a n* CO,-coordinated complex (chelating carboxylate) where two oxygens
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are coordinated to the same metal centre, based on the same considerations as the ! complex.
With reference to Figure 5.14, it is also observed that the n? complex is favoured to form at low

CO, pressures.
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O O

]
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FIGURE 5.16: The CO, insertion in 26a is reversible (top). Evolution of the peaks corre-
sponding to the bidentate insertion with varying CO, pressure (bottom).

Peaks in the same regions were also observed with TBAB as co-catalyst. For TBAB, a short
induction time would correspond to the formation of such intermediates before the formation
of propylene carbonate starts. However, in the case of TBAB, small amounts of propylene
carbonate still form even in the presence of excess NbCl,. The absorption bands of propylene
carbonate show at 1483, 1450, 1387 and 1352 cm™! (in addition to the C=0 peak at 1810 cm™!)
and therefore the bands of 26b in these regions could not be isolated. In addition, traces of

1

polymeric materials with v,_, = 1747 cm™" were also observed when the CO, pressure was

increased. The IR spectra and the time evolution profile of the peaks are shown in Figure 5.17.
From the time evolution profile it can also be seen that the signals at 1683 and 1281 cm™! are
reversible and dependent on CO, pressure, comparable with the results observed with 26b. The

absorption values of the bands and the correlated complexes are summarised in Table 5.10.
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FIGURE 5.17: Formation of hemicarbonate 26b bands obtained by in situ IR (top). Time
evolution profile for the peaks at 1281 and 1683 cm ™! (bottom).

TABLE 5.10: Summary of IR bands and correlations.

v (em™)  Correlation
830 Out of plane bending of -OCOO- group, intermediate 26a
1000-1200  Intermediate 26a
1285 Symmetric C=0 stretching, intermediate 26a
1690 Asymmetric C=0 stretching, intermediate 26a
1414, 1602, n? coordinated complex at low CO, pressures with DMAP as
1835 co-catalyst
1625 ARS, complex21
1655 ARS, complex 22
1683 Asymmetric C=O stretching, intermediate 26b
1281 Symmetric C=0 stretching, intermediate 26b

1598-1605  Asymmetric C=0 stretching, n* coordinated complex with
TBAB as co-catalyst
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The IR data gives sufficient evidence to suggest that the hemicarbonate intermediate 26 is in-
volved in a productive step in the catalytic cycle. Following the addition of CO,, the catalytic
components could be entirely explained by the hemicarbonate species that arise from the mono-
and bidentate insertion of CO, in intermediate 22a. The hemicarbonate also forms indepen-
dently of the presence of free nucleophile in solution and would therefore exclude a role for

DMAP or other nucleophiles in aiding the insertion of CO,.

Subsequent experiments were performed to investigate the insertion of CO, in 21 with DMAP,
TBAB and even tributylamine with CO, pressures up to 20 bar and no insertion was observed.
This allows pathways P1 and P2 in Scheme 5.4 to be eliminated for consideration. It can
therefore be concluded that the activation of CO, occurs through an unassisted insertion in the
metal-alkoxy bond of 22. At this point, the presence of free nucleophile in solution is not needed
yet. Figure 5.15 also shows that the hemicarbonate concentration present at 1 bar CO, is only

a small fraction of the concentration available at 9 bar CO,.

5.2.8 Effects of Carbon Dioxide Pressure on the Formation of Propy-

lene Carbonate

To complete the overall mechanistic picture, the effects of CO, pressure on the formation of
propylene carbonate formation was studied. In the first series of experiments, the in situ IR
profile of two different NbCl,/DMAP solutions in propylene oxide was monitored while the CO,
pressure was varied. Solution A had equimolar concentrations of NbCl; and DMAP and solution

B had st = 1.5 (Figure 5.18).
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FIGURE 5.18: Time evolution of the signals at 1685 cm™! for two different NbCl;/DMAP

solutions in propylene oxide. Solution A: [DMAP], = 0.1425 M, [NbCl], = 0.1425 M in

propylene oxide; Solution B: [DMAP], = 0.1425 M, [NbCl;], = 0.21 M in propylene oxide
when CO, pressure is varied at regular intervals.

The IR spectra of the two solutions differ only for the profile of propylene carbonate formation
and not the intermediates formed (21, 22a and 26a). For solution A, propylene carbonate forms
immediately after the introduction of CO,. As expected, no propylene carbonate is observed at
1 bar of CO, for solution B due to the lack of free co-catalyst. When the CO, pressure is higher
than 3 bar, small amounts of propylene carbonate were observed in solution B with less than

3% conversion at the end of the reaction.

A peak at 1747 cm™! was also observed and this was consistent with the carbonyl stretching in
linear carbonates or polycarbonates. In this case, the formation of propylene carbonate seems to
come from the back-biting of the linear polycarbonate to yield the thermodynamically favoured
cyclic carbonate. This was confirmed by releasing the CO, pressure and observing the peak
at 1747 cm™! decrease in intensity while the peak at 1810 cm™! (corresponding to propylene
carbonate) grows. The formation of polymeric material at higher CO, pressures in solution B
suggests that in the absence of free nucleophile, the hemicarbonate formed cannot be converted

to propylene carbonate by ring closure (step C, Scheme 5.2). However, it allows for further
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propylene oxide or CO, insertion into the M-O bond. This observation hints at the involvement

of the co-catalyst in the ring closure step.

Based on all the mechanistic data compiled so far, a reaction sequence is presented as the

sucession of three steps:

1. Nu+ NbCl; + propylene oxide = 22
2. 22 + CO, «— 26
3. 26 + Nu — propylene carbonate +2 Nu + NbCl;

In the first step, 22 is first formed from the equilibrium shown in Scheme 5.2. A reversible CO,
insertion occurs, giving 26. At 1 bar of CO, the equilibrium is strongly shifted to the left side
as seen in Figure 5.15. Finally, the nucleophile assists in the ring closure step leading to the

formation of propylene carbonate.

This led to the hypothesis that the nucleophile-aided step of ring closure is the slow step of the
catalytic cycle. The reaction rate would then depend on the concentration of free co-catalyst
available and concentration of hemicarbonate 26, and therefore, on CO, pressure. It was also

shown earlier in Sections 5.2.2 and 5.2.3 that the reaction is first order with respect to the co-

[co—catalyst]o
[NbCl5]0

the reaction rate is observed at 1 bar of CO,. This may be because under such conditions, the

catalyst when > 1. For higher concentrations of nucleophile, no further increase in
concentration of the co-catalyst far exceeds the concentration of the hemicarbonate in solution

at 1 bar CO,, which becomes the only rate limiting factor.

5.2.9 Dependence of the Reaction on Hemicarbonate Concentration

A series of in situ IR experiments for both NbCl;/TBAB and NbCl;/DMAP systems were then
conducted to determine the reaction dependence on the hemicarbonate concentration. Equimolar
amounts of NbCl; and co-catalyst were used in this reaction. 0.5 or 1 bar of CO, was added
every 5 minutes until the CO, pressure reached 5 bar and the IR spectrum was collected every
30 seconds. The values corresponding to the intensity of propylene carbonate at 1810 cm™!
measured at a given CO, pressure were plotted against time and fitted linearly as shown in

Figure 5.19.
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FIGURE 5.19: Profiles of propylene carbonate formation against time at different CO, pres-
sures.

For both NbCl,/DMAP and NbCl;/TBAB systems, the intensity of the signals relative to the
carbonyl stretching of CO, (2340 cm™!), 26a (1685 cm™!) or 26b (1683 cm™!) were correlated
with the initial rate of propylene carbonate formation (k) at a given CO, pressure. A linear
correlation between the concentration of each species and the intensity of the IR bands was

assumed.

DMAP as Co-Catalyst

For a NbCl;/DMAP system, CO, was introduced 90 minutes after the initial mixing of the
reagents to account for the induction time needed to convert 21 to 22. The CO, pressure was
increased stepwise every ten minutes. The k., values obtained and the values relative to Isg,
(intensity of the C=0 absorption of 26a at 1685 cm™! and oo, (intensity of C=0 absorption
for CO, at 2340 cm™!) were used to determine the reaction order with respect to 26a and CO,.
The kinetic data obtained at 25°C is summarised in Table 5.11. By plotting k., versus Iaga,

a linear correlation between the reaction rate and the concentration of hemicarbonate 26a in
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solution is obtained (Figure 5.20, left). The corresponding logarithmic plot shows first order
kinetics with respect to 26a (Figure 5.20, right, gradient is 0.99).

TABLE 5.11: kops, I26a and Ico, at different CO, pressures.

PCO2 Kobs
Entry (bar)  (mol- L™'-min™!) t260 lco,
1 0.50 0.00015 0.0020 0.018
2 0.75 0.00064 0.0054 0.078
3 1.0 0.0010 0.0087 0.14
4 1.5 0.0016 0.014 0.26
5 2.0 0.0020 0.019 0.37
6 2.5 0.0023 0.024 0.48
7 3.0 0.0025 0.027 0.58
8 4.0 0.0029 0.033 0.76
9 5.0 0.0029 0.035 0.84

The plot of ks against Ico, does not depend linearly on the concentration of CO, in solution
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FIGURE 5.20: Dependence of reaction rate, (kops) on hemicarbonate concentration (Izga) (left)
and corresponding logarithmic plot (right).
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corresponding logarithmic plot for Pco, < 2 bar (right).

TBAB as Co-Catalyst

For the NbCl;/TBAB system, CO, was introduced after 5 minutes of mixing, just enough to
ensure complete dissolution of NbCl; and TBAB in propylene oxide due to the absence of an
induction time for TBAB. The kinetic data obtained at 25°C is summarised in Table 5.12. By
plotting ks versus Iagp, a linear correlation between the reaction rate and the concentration of
hemicarbonate 26b in solution is obtained (Figure 5.22, left). The corresponding logarithmic

plot shows first order kinetics with respect to 26a (Figure 5.22, right, gradient is 1.03).

TABLE 5.12: Kkops, I26b and Ico, at different CO, pressures.

p Kobs

Entry (bCaOrQ) (mol - L1 - min1) I26n lco,
1 0.5 0.00080 0.0043 0.0040
2 1.0 0.0063 0.034 0.11
3 1.5 0.011 0.056 0.22
4 2.0 0.014 0.069 0.34
) 2.5 0.016 0.079 0.45
6 3.0 0.017 0.087 0.54
7 4.0 0.020 0.095 0.71
8 5.0 0.021 0.10 0.86
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FIGURE 5.22: Dependence of reaction rate, (kops) on hemicarbonate concentration (Izgp) (left)
and corresponding logarithmic plot (right).

The plot of ks against Ico, (Figure 5.23, left) shows that the reaction rate does not have a

linear dependence on the CO, concentration (and therefore pressure) in solution as an effect of
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FIGURE 5.23: Dependence of reaction rate, (kos) on CO, concentration (Ico,) (left) and
corresponding logarithmic plot for Pco, < 2 bar (right).

5.2.10 The Big Picture

The data collected in the previous Section 5.2.9 allowed for the correlation of the initial reaction
rate of propylene carbonate formation with the concentration of hemicarbonate and CO, in

solution at a given CO, pressure. The data is presented in Figure 5.24 and Figure 5.25.
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FIGURE 5.24: Pressure dependence of the initial rate of propylene carbonate formation,
kobs(mol - L1 - min~1), for NbCl,/DMAP (blue line), IR absorbance of 26a (black line),
IR absorbance of CO, in solution (red) as functions of CO, pressure.
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FIGURE 5.25: Pressure dependence of the initial rate of propylene carbonate formation,
kobs(mol - L1 - min~1), for NbCl;/TBAB (blue line), IR absorbance of 26b (black line),
IR absorbance of CO, in solution (red) as functions of CO, pressure.

The results obtained are similar for both NbCl;/DMAP and NbCl;/TBAB systems. The con-
centration of CO, increases linearly with the CO, pressure, showing that no saturation of the
solution by CO, is observed in this pressure range. In both cases, the reaction rate does not
depend linearly on CO, pressure. The concentration of hemicarbonates 26a and 26b also does
not increase linearly with CO, pressure and reaches a plateau because of the progressive sat-
uration of the equilibrium between 22 and CO,. As an effect, only a very limited pressure is
observed for CO, pressures higher than 3 bar. At low CO, pressures (< 2 bar), the reaction
order with respect to CO, is slightly lower than 1 (0.86 for DMAP and 0.64 for TBAB). How-
ever, in both systems, the reaction order with respect to hemicarbonates 26a and 26b is 1. This
proves the assumption that the nucleophile assisted step of propylene carbonate liberation from

the hemicarbonate is the rate limiting step of the reaction.

The overall mechanism showing the bifunctional role of the co-catalyst is proposed in Scheme 5.5.
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catalytic nucleophile.

The nucleophile first takes part in the ring opening of the epoxide, forming the [Nb]-[propylene

oxidel-[nucleophile] adduct 2 which then undergoes CO, insertion to form the hemicarbonate 3.

Another nucleophile molecule then enters the catalytic cycle and helps to liberate the hemicar-

bonate by closing the ring.

5.3 Experimental

5.3.1 General Information and Materials

All air sensitive manipulations were performed in an inert argon atmosphere using Schlenk

techniques or a glovebox.
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Chemicals

Propylene oxide was purchased from Sigma Aldrich and refluxed over CaH, for at least 6 hours
before distillation and degassed by the freeze-pump-thaw method. Tetra-n-butylammonium
bromide (TBAB) was molten at 100-150 °C in a Schlenk tube, stirred under vacuum for 6 hours
and stored in a glovebox. N,N-dimethyl-4-aminopyridine (DMAP, 99%) and NbCl; (99.9%) were

purchased from Acros Organics and Sigma Aldrich respectively and used as received.

Solvents

CDCI; was dried in the usual method, degassed and stored in the glovebox over molecular sieves.

5.3.2 Instruments

Both 1D and 2D NMR experiments were recorded on 500 or 600 MHz Bruker Advance instru-
ments. Chemical shifts are reported in ppm (4, relative to TMS) using the solvent residual peak

as an internal standard.

In situ infrared spectroscopy was performed on a Mettler Toledo ReactIR 45/Multimax RB 04-
50 station equipped with 50 mL stainless steel autoclaves with DiComp diamond probes at the
bottom as multiple reflection ATR element. The autoclaves were connected to a CO,, cylinder
by a Mettler Toledo LMPress60 pressure controller to provide gas dosage and constant pressure

throughout the reaction.

The set-up in Figure 5.26 was used for all the reactions in this study. The stainless steel
autoclave was heated for at least 4 hours at 130 °C under vacuum before each experiment. For
each experiment, suitable amounts of the catalytic components (NbCl, and DMAP or TBAB)
were added to the reaction autoclave under a stream of argon. Subsequently, propylene oxide was
added through a syringe and the mixture was stirred at 500 r.p.m. through a mechanical stirrer.
CO, was dosed and kept at the desired pressure during the whole course of the experiment by
the automated pressure controller. The ATR-IR spectrum of the reaction was collected every
30, 45 or 60 seconds through the window at the bottom of the reaction vessel. For all reactions

in this study the temperature was kept constant at 25 °C through a thermostat.
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FIGURE 5.26: Experimental reaction setup: The in situ IR spectra collected periodically can
be compiled by a software to give the time-evolution profile of a particular band over time.

5.3.3 Kinetic Experiments

Determining reaction order of NbCl; in the NbCl,/TBAB catalysed synthesis of
propylene carbonate

TBAB (367 mg, 1.14 mmol, 1 mol %) and the corresponding amount of NbCl, were added to
the reaction vessel under a stream of argon. Propylene oxide was added through a syringe (8
mL, 114 mmol) at 25 °C. The mixture was stirred mechanically for 5 minutes at 500 r.p.m.
to allow for proper mixing. The stirring rate was kept constant throughout the whole course
of the experiment. After this period, 1 bar of CO, was introduced. The CO, pressure was
kept constant throughout the experiment with the losses in CO, pressure due to conversion to
propylene carbonate being immediately compensated by the automated pressure regulator. The
ATR-IR spectrum of the reaction was collected every 60 s through the window at the bottom of

the reaction vessel. The evolution of the carbonyl signal of PC at 1810 cm™! was monitored.

Determining reaction order of NbCly in the NbCl,/DMAP catalysed synthesis of

propylene carbonate
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The procedures were repeated with DMAP (139 mg, 1.14 mmol, 1 mol%).

Determining reaction order of co-catalyst in the NbCl;-Co-catalyst catalysed syn-
thesis of propylene carbonate
The procedures were repeated with NbCl; (307 mg, 1.14 mmol, 1 mol%) and the appropriate

amount of co-catalyst was added.

5.3.4 NMR Experiments with DMAP as co-catalyst

In situ NMR studies

DMAP (16.6 mg, 0.136 mmol) was dissolved in propylene oxide (2 mL) in a glovebox. The clear
solution was slowly added by syringe to an appropriate amount of NbCl; in a vial. An aliquot of
the clear solution (0.4 mL) was then transferred into a J. Young tube and CDCl; (0.1 mL) was
added to the sample to allow locking of the magnetic field and as an internal standard for signal
integration. 'H NMR was measured every 2.5 minutes for 90 minutes. The peaks were integrated
with reference to the residual CDCI; peak and the relative abundances were calculated to obtain

the graphs in Figure 5.11.

5.3.5 In situ IR Experiments and Investigation on the Reaction In-

termediates

Reaction initiation by addition of co-catalyst
DMAP (111.4 mg, 0.912 mmol, 0.8 mol%, 0.114M) and NbCl; (308 mg, 1.14 mmol, 1 mol%,

[NbCl,]
0.143M, {5riair

Propylene oxide (8 mL) was then added by syringe and the solution was stirred for 90 minutes at

= 1.25) were added to the in situ IR autoclave under a stream of argon.

25°C under argon. After the induction period, CO, (1 bar) was added. No propylene carbonate
formation was observed by IR in the next 30 minutes. The reactor was then depressurised by
the automated pressure regulator. After a period of stabilization, the reactor was opened under
a stream of argon and DMAP (27.9 mg, 0.228 mmol, 0.2 mol%) was added to set [[115111\04(1215:}] =1
. Under these conditions, following the re-addition of CO, (1 bar), the formation of propylene

carbonate began after an induction time of about 15 minutes.

In a separate experiment, TBAB (73.5 mg, 0.228 mmol, 0.2 mol%) was added in the place of
DMAP.

Identification of hemicarbonates 26a and 26b

For 26a: DMAP (122.2 mg, 1 mmol) and NbCl, (405.3 mg, 1.5 mmol, rokl

' [DMAP],

= 1.5) were
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added to the in situ IR autoclave under a stream of argon. Propylene oxide (8 mL) was then
added by syringe. After the 90 minute induction period, the IR spectrum was measured and
used as a background for all successive measurements. As no propylene carbonate forms at this
NbCl;/DMAP ratio, the only signals that appear should belong to CO, (vo—o = 2340 cm™1)
and its products of insertion and coordination. Initially 0.5 bar of CO, was added by the au-
tomated pressure controller, after which each step of CO, addition was carried out in 1 minute
intervals for 20 minutes to raise the pressure to 1 bar. Subsequently, 1 bar of CO, was added to
the system every 20 minutes up to 9 bar of CO,. By subtraction of the last spectrum recorded

before CO, addition, the signals belonging to the products of CO, were revealed (Figure 5.14).

The pressure controller was then programmed to release 1 bar of CO, from the reaction vessel
every 20 minutes. Plotting the intensity of the signals relative to the hemicarbonate at 1690

cm~! and CO, at 2340 cm ™! against time, Figure 5.15 was obtained.

For 26b: The same method was used with TBAB (322.4 mg, 1 mmol, 0.14 M) and NbCl; (405.3

{?giﬁgﬁ = 1.5 to identify the

mg, 1.5 mmol, 0.21 M) in propylene oxide (8 mL) The ratio of

signals corresponding to 26b.

Determination of reaction order according to hemicarbonates 26a, 26b and CO,

For NbCl,/DMAP: NbCl; (270.2 mg, 1 mmol) and DMAP (122.2 mg, 1 mmol) were dissolved
in propylene oxide (7 mL, 100 mmol) in the autoclave. The solution was stirred mechanically at
500 r.p.m. CO, was added 90 minutes after initial mixing and pressure was increased stepwise
every 10 minutes, with in situ IR measurements being collected every 45 seconds. Given the
low absolute reaction rates, the propylene carbonate formation data at 0.5 and 0.75 bar were

collected over a 20 minute period.

For NbCl; /TBAB: NbCl; (270.2 mg, 1 mol) and TBAB (322.4 mg, 1 mmol) were dissolved in
propylene oxide (7 mL, 100 mmol) and stirred mechanically at 500 r.p.m. for 5 minutes to allow
complete dissolution of all solids. 0.5 bar CO, was added every 5 minutes until CO, pressure

reached 5 bar. In situ IR spectrum was collected every 30 seconds.

5.4 Conclusion

The fine dynamics of catalyst and co-catalyst cooperation in the NbCl, catalysted synthesis of
propylene carbonate from CO, and propylene oxide has been thoroughly studied. It has been
established that the NbCl;/DMAP or NbCl;/TBAB pair showed the most promise in screening
studies to convert propylene oxide into propylene carbonate. The catalyst pair is simple and
inexpensive and works well at ambient temperature and low pressure. In addition to these

co-catalysts, ionic liquids were also used. A notable difference between DMAP and TBAB as
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co-catalyst is the presence of an induction time for DMAP, as the acid-base adduct is converted

into a metal-alkoxide species.

The reaction order with respect to the catalyst and co-catalysts has been determined by kinetic

analysis. It was found that NbCl; shows first order kinetics with both co-catalysts at lower
[NbClL]o
[co—catalyst]o

was found. Accordingly, both co-catalysts also show first order kinetics when 1 <

concentrations ( < 0.5). When this ratio approaches 1, a decrease in reaction order

[co—catalyst]o
[NbCl;]o < 2.

An inhibition in the reaction rates was observed when the concentration of catalyst exceeds that
of co-catalyst. NMR studies showed that this was due to the lack of free co-catalyst available
in the case of DMAP. This finding indicated that there might be an additional role of the co-
catalyst but with only one molecule being involved in the rate determining step (reaction order

with respect to co-catalyst is 1).

By identifying the intermediates of CO, insertion by supressing the formation of propylene
carbonate and literature, it was found that the activation of CO, inserts in the Nb-O bond
unassisted and that free co-catalyst molecules are not required at this point. Upon studying
the effects of CO, pressure on propylene carbonate formation, it was discovered that polymeric
material was formed at higher CO,, pressures in a solution without free co-catalyst. This suggests
that the co-catalyst is involved in a ring closing step as the ring cannot be closed in the absence

of co-catalyst.

Further investigations of the reaction dependence on the CO, intermediates (hemicarbonates)
showed first order kinetics with respect to the hemicarbonates 26a and 26b. At low CO,
pressures, the reaction order with respect to CO, was calculated to be slightly lower than 1 for
both co-catalysts. This ultimately showed that the co-catalyst again assists in the liberation of

propylene carbonate from the hemicarbonate, explaining the bifunctional role of the co-catalyst.

This mechanistic study contributes to the articles:

1. Amylia Abdul Ghani, Antoine Monassier, Julien Sofack-Kreutzer, Valerio D’Elia, Jeremie
D. A. Pelletier, Markus Drees, Mirza Cokoja, Jean-Marie Basset and Fritz E. Kithn, “The
fine dynamics of catalyst and co-catalyst cooperation in the NbCl; catalysed synthesis of

cyclic carbonates from CO, and epoxides” in preparation

2. Michael E. Wilhelm, Michael H. Anthofer, Amylia Abdul Ghani, Robert M. Reich, Valerio
D’Elia, Jean-Marie Basset, Mirza Cokoja and Fritz E. Kiithn, “Niobium (V) chloride and
imidazolium bromides as efficient dual catalyst system for the cycloaddition of carbon

dioxide and propylene oxide” in preparation

Investigations were also performed with Nb(OEt), as a side project but were not discussed as
the focus of the study was on NbCl;. The work with Nb(OEt), contributes to part of the article:
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B. Dutta, J. Sofack-Kreutzer, A. Abdul Ghani, V. D’Elia, J. D. A. Pelletier, M. Cokoja, F.
E. Kithn and J. M. Basset, “Nucleophile directed selectivity towards linear carbonates in the

Nb(OEt), catalysed cycloaddition of CO, and propylene oxide” submitted



Chapter 6

Summary and Outlook

The oxidative coupling of ethylene or styrene and CO, on palladium complexes to form pal-
ladalactones was carried out. While most of the palladium complexes coupled to the alkene
with ease, under the working conditions (4-10 bar CO,, 2-8 hours, 0 °C), the palladium-alkene
complexes were inactive towards CO,. Instead, a peroxocarbonate was formed by the oxidative
coupling of CO, and O, with Pd(PCy;)s.

Palladalactones were also synthesized by “bench” methods to study their ability to undergo (-
hydride elimination by methyl iodide and methyl triflate. It was found that methyl triflate was
the best methylating agent based on atom economy, reaction rates and selectivity. Palladalac-
tones were also more susceptible to ring opening as compared to nickelalactones. This would be
of particular future interest if the palladalactone could be obtained by the oxidative coupling
of ethylene and CO, as the catalytic cycle shown in Scheme 4.6 could be further studied. In
addition, a method to convert the palladium-hydride formed back to the palladium (0) species

(therefore closing the cycle) is needed.

The mechanism of the NbCl;,/DMAP and NbCl;/TBAB mediated synthesis of propylene car-
bonate from propylene oxide was studied. It was found that the co-catalyst served a bifunctional
role in the catalytic cycle and a final reaction mechanism was proposed in Scheme 5.5. The co-
catalyst is first involved in opening the epoxide ring, preparing it for CO, insertion. The resulting
hemicarbonate then needs a second molecule of co-catalyst to aid in closing the carbonate ring,
forming propylene carbonate. This mechanistic study gives a clear picture of the relationship
between catalyst and co-catalyst for this reaction and would be useful for further optimization

studies.
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