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Summary

This thesis is divided into five Chapters.

The first Chapter introduces water and micellar solutions as reaction medium, catalysis, 

palladium catalysts, the Suzuki cross-coupling and the oxidative homocoupling of arylboronic 

acids.

The second Chapter describes studies of the aerobic oxidative homocoupling reaction of 

arylboronic acids in aqueous micellar media using Pd(bimsulfide)Cl2 as a (pre) catalyst. Our 

results, in particular a bell-shaped pH-rate profile, favour a reaction mechanism where the 

rate-determining step is transmetalation involving a palladium-hydroxo complex and the 

acidic form of the arylboronic acid, although an alternative mechanism involving a palladium- 

aqua complex reacting with the arylboronate cannot be excluded.

The third Chapter presents the synthesis o f Pd°-CTAB nanoparticles and their use as catalysts 

for the aerobic oxidative homocoupling of phenylboronic acid in aqueous micellar solutions. 

Again, a bell-shaped pH dependence of observed rate constant (&0bs) was observed which, 

together with our other results, suggests that the reaction again involves pH-dependent Pd- 

hydroxo and Pd-aqua species. We cannot confirm whether catalysis occurs on the surface of 

the nanoparticles or through leached Pd atoms/ions.

The fourth  Chapter embraces bimetallic core-shell Au-Pd nanoparticles encapsulated in a 

shell o f poly(A-isopropylacrylamide) (pNIPAM) o f different sizes and morphologies, as well 

as Pd-pNIPAM nanocomposites. Both systems were used to catalyse the aerobic oxidative 

homocoupling reaction o f PBA in aqueous micellar medium. Our kinetic studies gave similar 

results as observed for the Pd-complex described in Chapter 2 and the nanoparticles described 

in Chapter 3. Hence, an analogous mechanism was proposed. The observed rate constant
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showed non-Eyring-like behaviour, highlighting the dependence of kobs on the state (swollen 

or collapsed) of the pNIPAM shell surrounding the nanoparticles.

Finally, the fifth  Chapter describes preliminary studies exploring aerobic oxidative cross

coupling reactions of arylboronic acids and their derivatives in aqueous micellar solutions. 

Conclusions, future outlooks, remarks and suggestions finish Chapter 5 and the thesis.
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General introduction Chapter 1

1. General introduction

1.1. Water, “the Unique Reaction Medium”

Water plays a pivotal role in life processes on our planet. It has been called the “molecule 

of life”, the “matrix of life”, and “life’s natural habitat”, as one cannot imagine life in the 

absence of water or take away any of water’s features without destroying life “as we know 

it”.1 Water as a molecule has no peculiar properties apart from being very small and polar. 

Nevertheless, liquid water, which has the ability to form strong three-dimensional (3-D) 

hydrogen bond (H-bond) networks, has an enormous number of anomalous properties e.g. 

high melting and boiling points, the floating of ice on water, the temperature of highest 

density at 4 °C, the relatively high specific heat capacity, and the high proton and 

hydroxide mobilities.2,3

The hydrogen bonds in water are highly dynamic, they exchange on a time scale of few 

picoseconds and these dynamics have been described beautifully by Phil Ball as the 

“dance of water molecules”.4 Water is amphoteric: it can act as a Bronsted acid and base 

through donating or accepting protons, it can also act as Lewis a acid and base through the 

lone pair of electrons on its oxygen atom or through its ability to form hydrogen bonds 

with electron donors. Water can adapt its H-bond structure to the presence of a solute,
•y

either polar or apolar.

Water is a preferable solvent to be used for reactions, because of its characteristic 

behaviour as a liquid, and because it is the cheapest, most abundant solvent available, 

while it is also non-toxic and nonflammable.2 Furthermore, additives such as salts, 

surfactants and cyclodextrins can be added, the pH can be varied, and cosolvents or 

biphasic reaction systems can be utilised.5
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General introduction Chapter 1

Despite the fact that water has unique properties, it has not conventionally been the solvent 

of choice in which to perform organic reactions. One reason has been the very limited 

solubility of typical organic molecules in water. In addition, organic synthesis strategies 

often involve the use of water-sensitive reagents, catalysts, or intermediates. Also, 

problems can be encountered in isolating water soluble products.2,5 

In the last few decades, an increase and diversification of the use of aqueous reaction 

media for organic reactions have occurred, regardless of whether reactants are soluble in 

water or not. For example, Michael additions, pericyclic reactions, and organometallic 

reactions have all been carried out in water and, in some cases, water has increased the 

rate and the selectivity of the reaction.2, 6'9 For instance, Breslow and co-workers 

demonstrated an increase in the rate for a Diels-Alder reaction “in water”,10, 11 while 

Sharpless and co-workers have shown substantial increases in the reaction rate when the 

reactants are not soluble in the aqueous phase, describing their reactions as occurring “on 

water”.12 Moreover, there are several examples of reactions “in the presence of water” e.g. 

catalytic asymmetric aldol reactions, in which the presence of water has been reported to 

increase the reactivity and stereoselectivity.13' 15

As there is confusion about the terminology “in water” and “in the presence of water”, 

Yujiro Hayashi16 has proposed to define a reaction “in water” as one in which the reactants 

are dissolved homogenously in water (or buffer, for controlling pH), whereas a reaction 

“in the presence of water” is one in which reactants are dissolved in an organic phase with 

water being a secondary phase (or dissolved water in the organic phase) that influences the 

reaction in the organic phase. Sharpless’ “on water” reactions are then covered by the

1 9more broad terminology of reactions “in the presence of water”.

3
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Generally, calling organic reactions performed in water either “green” or “environmentally 

friendly” is not always correct, as the workup of the products of some reactions from the 

aqueous phase requires significant amounts of organic solvents. Thus, not only the

1.2. Micelles

Micelles are aggregates of surfactant molecules dispersed in a liquid solvent. A surfactant 

“monomer” consists of a hydrophilic (ionic or non-ionic) headgroup and a long chain or 

hydrophobic hydrocarbon tail. Micelles only form when the concentration of surfactant is 

greater than the critical micelle concentration (cmc), and the temperature of the system is 

greater than the so-called “Krafft temperature” (also called the critical micelle 

temperature, where the solubility of the surfactant becomes equal to the cmc, or “Krafft 

point”). Surfactant monomers can aggregate to form different morphologies including 

spherical micelles, wormlike micelles, bilayers, vesicles and inverted micelles.18 Scheme

1.1, shows some typical examples of micelle-forming surfactants.

O

reaction medium describes the “greenness” of a reaction, but the workup also must be

taken into consideration.17

II © ©

Cetyltrimethylammomium bromide
CTAB

(CH2) h — O— S ----- O Na
II
0

Sodium dodecyl sulfate 
SDS

II

( C H ^ !—(OCH2CH2)8-O H (CH2)10-(C O N H )— ( c h 2)2—

Octaethylene glycol m onododecyl ether 
C12E7

Cocamidopropyl betaine
CAPB

Scheme 1.1 Typical examples of micelle-forming surfactants
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Ninham and Israelachvili19 have developed a dimensionless packing parameter P 

(equation 1.1) to describe the morphology of different micelles, depending on the shape of 

surfactants.

Where V is the volume of the hydrocarbon chain(s) of the surfactant, a0 the mean cross- 

sectional (effective) headgroup surface area and /c is the length of the hydrocarbon tail in 

the all-trans configuration. Surfactants with P< 1/3 are cone-shaped and form spherical 

micelles. For l/3<P<l/2, surfactants are truncated-cone-shaped resulting in wormlike 

micelles.20

For spherical micelles the interface between the dry hydrophobic hydrocarbon core of the 

micelle and bulk water contains the hydrophilic headgroups, part of the counter ions and 

water. This interfacial region is typically called the “Stem region” (Figure l.l) .21, 22 

Micelles can provide several binding sites for apolar molecules. These include the 

hydrophobic core and rather flexible (in terms of the balance between hydrophobicity and 

polarity) binding sites located in the Stem region.22,23

Figure 1.1 Picture of a micelle (taken from re f10)

Furthermore, micelles are highly dynamic structures. For example the typical lifetime of a 

micelle is 10'3-10‘2 seconds, whereas individual surfactant molecules exchange on a 10‘6-
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10'5 seconds time scale.18 In addition, the rather delicate balance in forces (headgroup 

repulsion and attraction between hydrophobic tails of micelles) is responsible for micellar 

structures being sensitive to temperature and additives, etc.20

1.2.1. Solubilisation in micelles

One of the important properties of micelles is the ability of micellar solutions to solubilise 

materials. Solubilisation forms the basis for the extensive uses of surfactants and micellar 

solutions in industrial, biological, and synthetic chemical/catalytic applications.20,22-24 

In order to understand the effects of micelles on (organic) reactions, it is pivotal to specify 

where reactants are located in the “micellar pseudophase” (the term pseudophase is used 

because micelles are transparent to UV-visible radiation and they do not form a real 

separate phase18), and the nature of this region in terms of reaction medium.20 

Solubilisation by micellar solutions is known to occur at a number of different sites in the 

micelle: (1) in the Stem region and (2) in the inner hydrophobic core of the micelle. 

Apolar aliphatic hydrocarbons are typically located in the hydrophobic micellar core. For 

aromatic compounds it is more difficult to specify the solubilisation site because binding 

sites are frequently concentration dependent.23,25

9ft 90Different (fluorescence and NMR) " techniques have been utilised to study the binding 

locations of organic solubilisates. It is now commonly assumed that the preferable binding
on on

site for most organic molecule is the Stem region.

1.2.2. Reactivity in micellar medium

Ideally, micelles bring together all reactants and the catalyst involved in a reaction. 

Provided that transport of reactants and catalyst between bulk water and micelles (or the 

“micellar pseudophase”) is faster than the chemical reaction, the observed rate effects 

exerted by micelles are the result of (typically) high local reactant concentrations in

6



General introduction Chapter 1

combination with local reaction medium effects affecting local rate constants.20,33 For 

example, reactions of ionic reagents with non-ionic substrates are accelerated by counter

ionic (the micelle’s counter ions have the same charge as the ionic reactant molecules) and 

inhibited by co-ionic (micellar counter ions have different charge from the ionic reactant 

molecule) micelles.33

Compared to bulk water, the local reaction medium offered by the micellar Stem region 

has the following key features which could affect the reaction rate constants: (1) lower 

local water concentration, (2) high ionic strength (in the case of ionic surfactants), (3) 

reduced polarity, and (4) local charge (again for ionic surfactants).20 In a related project, 

we develop quantitative descriptions of the micellar medium in order to understand 

micellar effects on reaction rates of various reactions.

In principle, organic reactions involving more than one reactant in aqueous micelles often 

proceed faster when reactants (and the catalyst if required) share the same binding site. 

Although higher or lower local reaction rate constants compared to those in bulk water 

may be observed, lower rate constants in micelles will be balanced by the increase in local 

reactant and catalyst concentrations. The combination then typically gives a positive 

micellar rate effect. In the case of reactants and catalyst not sharing the same binding site, 

the effect of the reduced local concentrations leads to reduced reaction rates. However, if 

appropriate surfactants can be identified, local rate constants in micelles can be 

significantly higher than those in bulk aqueous solution. In summary, the variation of the 

observed reaction rates (increase or decrease) in aqueous micellar solutions compared to 

the same reaction in bulk water is not straightforward and depends on the above- 

mentioned factors.20
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1.2.3. Kinetic models describing micellar rate effects

Micellar reactivity can be described using different kinetic models, based on the type of 

the reaction and the nature of the reactants. Herein, we review a few common models 

which have been used to describe micellar rate effects.

I.2.3.I. (Pseudo) unimolecular reactions

The Menger-Portnoy kinetic model is the most straightforward model describing micellar 

kinetics for (pseudo) unimolecular reactions.34 The model assumes rapid equilibrium of 

the reactant of interest over the bulk water and micellar pseudophase with an equilibrium 

constant Km. The reaction proceeds with rate constants kw and km in the bulk water and 

micellar pseudophase, respectively (Scheme 2).

kw kn
  Rw «» i — Rm ----

Scheme 1.2. Taken from re f20

The Menger-Portnoy model leads to equation 1.2 in which the observed rate constant &0bS 

is described as a function of surfactant concentration [S], cmc, and aggregation number N; 

([S]-cmc]/jV thus corresponds to the concentration of micelles.

k„+km-Km- ([si -  cmc)/ N  
°te I + Km ([s]-cmc)/jV (

A related model has been developed by Berezin et al?s in which partition coefficients 

have been used instead of equilibrium constants. The partitioning of the reactants is given 

by the partition coefficient Pm, considering two pseudophases (bulk water and micelle).
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The observed rate constant as a function of surfactant concentration is given by equation 

1.3.

, *„-(i-[sl.-vJ)+K /-m [sL-vmS
i + / - [ s L - ^  (L3)

Where kobs, Ki and km are defined as before, [S]m is the concentration of micellised 

surfactant and Fm,s is the molar volume of the surfactant.

Analysis of data using both Menger-Portnoy and Berezin models results in micellar rate 

constants and micellar binding or partitioning constants.20 For uncharged reactants, the 

micellar binding (or partitioning) constants are often believed to be determined mainly by 

hydrophobic interactions.36

In terms of transition state theory, (the change in) Gibbs energy of activation for a reaction 

within the micelle is directly related to the micellar rate constant20 Moreover, in 

combination with the micellar binding constant, the change in the activation Gibbs 

energies upon going from water to the micellar pseudophase can be used to calculate the 

binding constant of the transition state £ mjs-37’39 Kmj s  is then interpreted in terms of 

stabilisation or destabilisation of the activated complex by the micelle. Whereas this 

approach is valuable for certain reactions, it is crucial to bear in mind that the transition 

state in bulk water can be very different from the transition state (or even rate-determining 

step) in the micellar Stem region (Cf. enzyme catalysis, see ref. 40). In fact, this approach 

rapidly loses its appeal when reactions are pseudo-unimolecular or second order and 

higher, rather than truly unimolecular.20

Both the Menger-Portnoy model and the Berezin model assume the existence of two 

pseudophases in a bulk micellar solution, viz. bulk water and the micellar pseudophase. 

Nevertheless, both models could be expanded. For instance, one could consider the 

micellar pseudophase itself as consisting of two separate pseudophases, viz. a pseudophase

9
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corresponding to the Stem region and one corresponding to the hydrophobic core.22,41 ’42

Assuming a reaction occurs in the Stem region and not in the micellar core (but the 

reactant still partitions into the micellar core), the micellar rate constant km would be 

expressed by the product of the local reaction rate constant in the Stem region h  and the

Where ks is the rate constant in the Stem region, Fstem and Vm)C are the volumes of the 

Stern region and of the micelle, respectively, Pws and Pm are the water-to-Stem-region and 

water-to-micelle partition coefficients, respectively. Additional partitioning of micellar

parameters.

1.2.3.2. (Pseudo) bimolecular reactions

For bimolecular reactions, data analysis of micellar rate effects becomes considerably 

more complicated than analysis for (pseudo) unimolecular reactions. Kinetic models 

quickly become unwieldy and parameter correlation starts to play a role. Nevertheless, two 

general models merit a more detailed discussion:20 (1) one of the reactants is also a 

counter-ion to the (ionic) surfactant and (2) both reactants are neutral molecules.

1.2.3.3. The pseudophase ion exchange model (PIE)

For bimolecular reactions of an ionic reagent with non-ionic substrates in ionic micelles, 

the reaction rate can be accelerated by counter-ionic (and inhibited by co-ionic) micelles.33 

The so-called pseudophase ion exchange “PIE” model can be used to explain the effect of 

counter-ionic micelles on the reaction rate (first case, vide supra).41,45'49 The PIE model is 

based on the Menger-Portnoy model for unimolecular reactions, but it includes ion

distribution of the reactant between different micellar pseudophase (equation 1.4).22

(1.4)

pseudophase is (mathematically) possible,43, 44 but is unlikely to yield meaningful

10
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exchange in the micellar Stem region where there is a competition between reactive and 

non-reactive counter-ions (Scheme 1.3).

P

Scheme 1.3 Taken from re f20 

The additional assumptions underpinning the PIE model compared to the Menger-Portnoy 

model are: (1) the micellar Stem region behaves as an ion-exchange resin, and (2) counter

ion exchange occurs strictly 1:1, i.e. the degree of counter-ion binding {J3) remains 

constant.18,20 The local reactive counter-ion concentration can be calculated on the basis of 

the above-mentioned assumptions, provided that the equilibrium constant for counter-ion 

exchange is known. Consequently, the second-order rate constant for bimolecular 

reactions of interest can be calculated from the local reactive counter-ion concentration 

and the pseudophase model.

Typically, for this type of bimolecular reaction, the effect of surfactant concentration 

[surfactant] on the observed first-order rate constants, Aobs, with respect to substrate goes 

through a maximum (if the total concentration of reactive ions is kept constant). This 

behaviour results from substrate incorporation at low [surfactant] which increases the 

reaction rate. However, with increasing [surfactant], competition between the reactive ions 

and the surfactant counter-ions results in dilution of the reagent in the micelles and a 

decrease in local concentration of the reactive ions, decreasing &0bs- These rate maxima

*B,w

A,w:
+ "m

^A,m ► P

11
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disappear when there is no inert counter-ion in the solution, or when its concentration, 

relative to that of the reactive ion, is kept constant.33

The hydrophilicity (or hydration energy) of counter-ions reflects the competing forces of 

their binding to the Stern region. Typically, more hydrated counter-ions bind weakly and 

vice versa. However, for organic counter-ions, hydrophobic interactions should be taken 

into account as well. Despite the fact that the assumption of strict 1:1 counter-ion 

exchange breaks down for some systems (especially for highly hydrophilic counter-
cn m

ions), ’ ' the PIE model is still regarded favourably for analysis of micellar kinetic 

effects for bimolecular reactions involving reactive counter-ions.

1.2.3.4. The pseudophase model for non-ionic bimolecular reactions

Further expansion of the pseudophase kinetic model is required for a bimolecular reaction 

involving two uncharged reactants A and B (second case, vide supra). The simplest of the 

possible extensions is when reactant A in the aqueous pseudophase reacts only with 

reactant B in the aqueous pseudophase, and the same is true in the micellar pseudophase, 

without any reactions “crossing” between the two pseudophases (Scheme 1.4).20

^A,w —------ 1i----  ^A,m
*w :

p + ; +

R b.w —----- lYJ:-  ^B,m

Scheme 1.4. Taken from ref20

The overall observed rate of the reaction depends on the local concentration of the 

reactants and the local reaction rate constant in both pseudophases. Ideally, rate-enhancing 

effects by the added surfactant are observed for this kind of reactions. However, any rate-
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enhancing effect diminishes at high surfactant concentration. This behaviour is related to 

the high local concentration o f  the reactants in the micellar pseudophase at low 

[surfactant], i.e. reactants are fully bound in the micellar pseudophase. However, at high 

[surfactant], the observed reaction rate decreases with [surfactant], due to the increase of 

the micellar pseudophase volume, which leads to dilution o f the reactants. The observed 

second-order rate constant Aobs,2 as a function o f surfactant concentration describing these 

types o f reactions is given in equation 1.5.

Where variables are defined as before, kw>2 and km,2 are the (second-order) rate constants in 

water and in the micellar pseudophase, respectively, P m,A and P m>B are the partition 

coefficients for reactants A and B, respectively.

In general, the possibility o f  having cross-interface reactions occurring between the 

reactants in the micellar pseudophase and bulk water exists. However, including such 

possibilities makes the kinetic model too complicated to be used to reliably analyse data. 

There are a few reports that show apparent failure o f bimolecular reactions to obey these 

pseudo-bimolecular models. This failure is attributed to various factors, including the 

possibility o f  cross-interface reactions.53'60

Finally, to test the validity o f  the above-mentioned models for a reaction under 

investigation requires a set o f  experimental kinetic data showing the effect o f surfactant 

concentration on the observed reaction rate constant. Refinement o f the mechanism (and 

hence the kinetic model) for the reaction under study is suggested when the model fails to 

fit the kinetic data.18 Unfortunately, while extension and combination o f these models 

might in principle allow the interpretation o f micellar effects on reaction rates, typically 

the number o f  variables becomes so large that they become difficult to interpret. Also, in

13
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extended models the different variables often show strong correlation, making the model 

difficult to validate. Nevertheless, the above-mentioned models help us to at least 

qualitatively understand micellar effects on the observed rate constant for a reaction under 

study. As Menger suggested “models are to be used not believed”61 and Khan extended 

“models are to be used, but not to be believed in a sense to give the ultimate truth”.18

1.3. Catalysts and Catalysis

Catalysis lies at the heart o f  myriad chemical protocols, from those used in academic 

laboratories to the chemical industry. The feasibility o f the synthesis o f many industrial 

and pharmaceutical products is a result o f  the use o f  catalysts.62 Manufacturing protocols 

can be made more economic, green, and sustainable by the design and vigilant use of 

catalysts.63 Berzelius in 1835 was the first to use the word catalysis (katalyse) and he 

defined catalysts as “substances which by their mere presence evoke chemical reactions 

that would not otherwise take place” 62 Wilhelm Ostwald in 1895 was the first to describe 

the effect o f a catalyst on the rate o f chemical reactions,^defining catalysts as “substances 

which change the velocity o f a reaction without modification o f the energy factors o f the 

reaction”. According to Ostwald, and based on the first-law o f thermodynamics, catalysts 

must not change the magnitude o f  the equilibrium constant for reactions in equilibrium 

because f  orward and backward rate constants must change by the same ratio in the 

presence o f the catalyst.

Nowadays, there is a general perception to define a catalyst as a “chemical species 

(atom(s) or molecule(s)), a molecular segment, or a molecular aggregate that changes the 

rate o f a reaction without being consumed during the course o f the reaction, and capable to 

be reused until the reaction is ceased or over”.18 The reusability o f  the catalyst makes 

small quantities (a so-called “catalytic amount”) sufficient to accomplish a reaction.

14
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Substances which increase the activity o f a catalyst are called promoters, while 

compounds which decrease the activity o f a catalyst are called inhibitors or catalyst 

poisons. The presence o f  a catalyst m ay cause the reaction to follow different elementary 

steps (different mechanism) compared to the reaction in its absence. In terms o f Gibbs- 

energy o f  activation, a catalyst provides an alternative route for the reaction (rate-limiting 

step) with a lower activation energy (compared to the absence o f the catalyst), resulting in 

an increased reaction rate.

The efficiency, productivity or activity o f a catalyst is typically measured by its turnover 

number (TON) which is the number o f  moles o f reactants converted (or moles o f product 

formed) by one mole o f  catalyst. Similarly, turnover frequency (TOF), which is defined as 

the TON per unit o f time, is used as a measure o f the catalyst efficiency.65 In biochemistry 

the term “katal” (mol.s*1) is sometimes used to represent the enzyme catalytic activities.66 

Catalytic processes are divided into two main categories. The first category is 

homogeneous catalysis in which the substrate(s) and the catalyst are in the same phase, 

usually the liquid phase. The second category is heterogeneous catalysis in which the 

catalyst has a different phase from the substrate(s) and usually is a solid. In general, 

activity and selectivity in homogeneous catalysis is higher than in heterogeneous catalysis. 

Also mechanistic understanding is more (typically, but not always) advanced in 

homogeneous catalysis. The latter is the case principally because mechanistic studies in 

heterogeneous catalysis can be very difficult. However, separation o f the products and

• 67recycling o f the catalyst are much easier in heterogeneous catalysis.

1.3.1. Palladium reagents and catalysts

Palladium (Pd) is a rare, precious, transition metal discovered in 1803 by William Hyde 

Wallaston.68 It belongs to the platinum group metals in the periodic table, which share
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some unique properties that account for their widespread use. Palladium is used in many 

fields, including catalysis,69 dentistry,70 manufacturing o f  biomedical devices,71

77pharmaceutical industry. In fact, palladium is considered the most versatile and widely 

used transition metal in catalysis.69 The toxicity o f Pd as a metal has caused no serious 

problems so far.73 The common oxidation states o f  palladium are 0 and +2, however, 

higher oxidation states such as +4 (rare)74 and +6 (discovered in 2002)75 exist.76 

In organic synthesis two kinds o f  Pd compounds are used viz. Pd11 salts and Pd° 

complexes. Pd11 compounds are usually electrophilic and mainly used as oxidising agents;

A nn no
they are catalysts for some reactions, or precursors for Pd complexes. ’ The majority o f 

Pd° complexes are used as catalysts.79, 80 Pd°-complexes are typically nucleophilic 18- 

electron species and have tetrahedral geometry, whereas Pdn-complexes are typically 

electrophilic 16-electron species and have square planar geometry.

Nowadays, there are m any commercially available Pd° and Pd11 complexes which can be 

purchased for reasonable prices from known chemical producing companies. In addition, 

many methods have been developed to synthesise a variety o f  Pd° and Pd11 complexes 

starting from commercially-available Pd-compounds. There is frequently a stability 

problem concerning Pd° compounds, because they normally are air, light or moisture 

sensitive. This is true in particular for Pd°-complexes bearing phosphine ligands. The 

stability o f  Pd-complexes depends on the nature and the structure o f  the ligand(s) attached. 

Furthermore, the solubility o f  Pd complexes is also typically controlled by bound ligands 

and counterions.

1.3.2. Palladium aqua complexes

Palladium(II) complexes can exchange their weakly coordinated ligands for water 

molecules when they are placed in hydrous or aqueous media.81'84 As a result, they form
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aqua complexes which are more soluble in water and undergo an acid/base equilibrium. 

The direct synthesis o f  aqua palladium complexes occurs by the reaction o f halo palladium 

complexes with silver or thallium or other salts o f weakly coordinating anions (e.g. CKV, 

BF4', SbF6\ BPlu*, S 0 42‘, TfO', and TsO') in solvents with poor donor abilities (e.g. 

chlorocarbons). In some o f  these reactions, the synthesis o f the aqua complexes proceeds 

through species such as [LnPd-Y] (Y = anion) or an intermediate solvent complex 

[LnPd(solv)]Y, depending on the coordination ability o f Y‘ or on the solvent competing 

with water for the acid moiety LnPd+ (Schemes 1.5a and b).81

a) h2o
Ln-Pd-(SOlv) Y .....................................- .............. j |_-Pd-Cln

solv -MX

Ln-Pd-X

'N

+ MY + H20

 J
~Y~

-solv

t

Ln-P d - (H 20 )

k
Y + Mxj

-Mx|

t
U -P d -Y H ,0

Schem e 1.5 a) taken from re f47 and b) taken from r e f 83 

Hohmann and Van Eldik85 have reported that Pd(en)Cl2 (en = ethylenediamine) undergoes 

spontaneous solvolysis in aqueous solution to produce Pd(en)(H20)Cl+ and 

Pd(en)(H20)22+. They have employed spectrophotometric and potentiometric techniques to 

determine the equilibrium constants for the replacement o f  the first and second H2O 

molecules by Cl', viz. Kj = 4000 and = 137 M '1, respectively, at 25 °C and 0.1 M ionic 

strength. The acid dissociation constant for the di-aqua complex Pd(en)(H20 ) 22+ (p>Kai) 

was found to be 5.6. The same authors found a pK& o f  7.3 ± 0.2 for the Pd(en)(H20)Cl+ 

complex. In another publication, Hohmann et a /.84 found Pd(R4 en) (H20)22+ to have

m b)

nH20 - v

ynCI

nAg+, nH20

nAgCI

m+n

L -P d - (H 20 ) n 

L= supporting ligands
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p£ai=5.6 ± 0.2, 5.4 ± 0.2 and 5.8 ±  0.2, and Pd(R4en) (H20)C1+ to have pXa2=7.3 ± 0.2, 7.0 

± 0.2 and 7.7 ± 0.2 for R=H, M e and Et, respectively, at 25 °C and 0.1 M ionic strength. 

These data exhibit a general decrease in pA^i and pK& on going from the unsubstituted to 

the Me4en complexes, followed by an increase in these values on going to the Et*en 

complexes. In addition, Berger and co-workers86 have determined pATai values o f 7.19 ± 

0.03 and 7.53 ± 0.09 for the [Pd(Mesdien)H20]2+ and [Pd(Etsdien)H20]2+ (where Me = 

methyl, Et= ethyl and dien = diethylenetriamine) species, respectively, from the pH 

dependence o f the 13C and !H chemical shifts o f both complexes. Wimmer and co

workers87 have reported p̂ Tai and pK& values o f 6.8 and 7.6 fo r  Pd(AMP)(H20)2+2 

[where, AMP = 2- (aminomethyl)pyridine], and one pKa value o f 7.1 for [Pd(2,4'- 

bpyMe-H)(H20 ) 2]+2 (where, 2,4'-bpyM e-H = Af-methyl-2,4'-bipyridin-3-ylium), in 

aqueous solution o f  0.1 M ionic strength. Both complexes have the ability to form 

aqua/hydroxo dimers with dimerisation logATo values o f 7.0 and 5.4, respectively.

Recently, Jaganyi e t a /.88 have synthesised [Pd(bpma)(H20)]2+, where bpma = bis(2- 

yridylmethyl)amine. The pKA o f  6.67 ± 0.07 o f  the coordinated water molecule in 

[Pd(bpma)(H20)]2+ was determined from the plot o f absorbance at a wavelength o f 249 

nm against pH, at 25 °C and 0.1 M ionic strength.

1.3.3. Palladium nanoparticles

Nanoparticle (NP) catalysis forms a frontier between homogeneous and heterogeneous 

catalysis and has been referred to as “semi-heterogeneous catalysis”.89 Usually NP 

catalysts are prepared from a metal salt, a reducing agent and a stabiliser, such as 

dendrimers, specific ligands, ionic liquids, surfactants, proteins, membranes, carbon 

nanotubes, polymers and a variety o f  oxides.90'92 Pd-nanoparticles (Pd NPs) are o f great 

interest because o f  the popularity o f  Pd chemistry, especially in catalysis. Colloidal Pd°
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nanoparticles protected by different stabilising agents have been developed with variety of 

morphologies and sizes using different stabilising agents and synthetic protocols.93' 104 

These NPs have been deployed as catalytic systems for many chemical transformations 

(especially C-C coupling reactions).105' 111 These systems will be discussed in more details 

in Chapter 3 and 4. Furthermore, a brief description o f Au nanoparticles, their synthesis 

and use in catalysis (especially in C-C coupling reactions), together with the synthesis of 

bimetallic Au-Pd core-shell NPs are discussed in Chapter 4.

1.4. Palladium catalysts in C-C bond formation (with a focus on the Suzuki-Miyaura 

cross-coupling reaction and oxidative homocoupling of arylboronic acids)

The importance o f  carbon-carbon bond formation in organic synthesis needs no 

explanation. Palladium, among many other transition metals, offers an abundance o f 

versatile methods for C-C bond formation. The importance o f Pd catalysis in C-C bond 

formation has recently been reflected through the award o f the Nobel Prize in chemistry 

2010 to Richard F. Heck, Ei Ichi Negishi and Akira Suzuki for their pioneering 

contributions in “Palladium-catalysed cross-couplings in organic chemistry”. An 

interesting feature o f  Pd reagents is their tolerance o f many functional groups such as 

carbonyl and hydroxyl groups, consequently Pd-catalysed reactions require no protection 

o f these groups. However, one o f the drawbacks o f using Pd reagents in chemical 

reactions is that many Pd reagents are sensitive to oxygen (air), moisture, and sometimes 

even light. Therefore, immense efforts have been deployed for the synthesis o f Pd- 

catalysts with ligands that are resistant to air and/or m oisture112' 114 or using supporting 

ligands on functional support (e.g. synthesising stable Pd nanoparticles).115' 117 The 

stability, solubility and reactivity o f  Pd-catalysts are hugely dependent on the nature and 

structure o f the ligands.118
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The era o f Pd-catalysed C-C bond formation started in 1972 through the publication of the 

Pd-catalysed vinylic substitution reaction with aryl halides by Richard Heck (one o f the 

Nobel Laureates in 2010)119 even though nearly one year before Heck’s publication, 

Mizoroki already reported the same reaction under different conditions.120 Further 

examples o f C-C coupling reactions continued to appear throughout the 1970s. 

Sonogashira used a copper and Pd catalyst pair for the coupling reaction o f aryl halides 

and alkynes rather than alkenes.121 Stille explored tin reagents in coupling chemistry.122 

The coupling o f organometallic derivatives o f zinc and magnesium was first reported by 

Negishi and Murahashi, respectively.123' 125

In 1979126 Suzuki (Nobel Laureate in 2010) and Miyaura published their pioneering work 

on a cross-coupling reaction employing aryl/vinyl boronic acids or esters with aryl/vinyl 

halides. This reaction has found a wide acceptance by pharmaceutical chemists, especially 

for the production o f  biaryl derivatives which are the building blocks o f many 

pharmaceutical compounds. The original paper published in 1979 described the reaction o f 

alkenyl boronates and alkenyl halides, whereas the reaction o f  phenylboronic acid and aryl 

halides was first reported in 1981.127 The mechanism o f the Suzuki-Miyaura cross

coupling reaction is believed to proceed through a catalytic cycle involving three basic 

steps:128, 129(1) the oxidative addition o f  the aryl/vinyl halide (or triflate) to a 

coordinatively unsaturated Pd°-complex (Pd°L or Pd°L2), (2) the transmetalation o f the 

aryl/vinyl boronic acid to RPdnXL2 with the assistance o f  base, and (3) the relatively rapid 

reductive elimination (Scheme 1.6).
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L = mono or bi dentate ligand

RX
RR'

O xidative addition
R eductive elim ination

T ran sm e ta la tio n

R 'B (O H )2 + B a se

e  B(OH)2(b ase )X

Schem e 1.6. adapted from r e f 129

The catalytic cycle summarised in Scheme 1.6 is a highly complex process. Nevertheless,

the oxidative addition and reductive elimination steps have been extensively studied and

110their detailed mechanistic steps have been explained theoretically and experimentally.

134 However, the reaction mechanism o f  the transmetalation step still remains under

128 129discussion, especially the role o f  the base which is believed to be crucial in this step. ’ ’

135,136 Base is crucial for the Suzuki-Miyaura cross coupling reaction. For example, both 

computational and experimental studies have shown that the transmetalation between 

Ar'B(O H)2 and halopalladium intermediate ArPdL2X does not take place in the absence of 

base (path A scheme 1.7).137,138

Several roles for the added base have been proposed based on experimental and theoretical 

studies. Firstly, the reaction o f  the base (O R ) with Ar'(B(OH)2 could be required to form 

the boronate adduct A r'B (O H )2OR‘ which is more nucleophilic and hence more reactive
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towards transmetalation with A rPdl^X  to form the ArPdArL2 species than the parent 

boronic acid (path C in scheme 1.7).135' 139

P ath  A I OH
' a  . r /A r - P d - X  + Ar  -

L OH No b a se
No reaction or unfavoured

P a th  B

P athC

L
A r - P d - X  +i

L
RO-

Ar'— B

OH
/
\
OH

RO-

L
A r - P d - O R  + X-

A r - P d - X
A r-P d -A r 'OH

i©
Ar1— B -O H

P ath  D I OH
i /

A r - P d - X  + Ar1— Bi \
L OH

2RO-
OH
1©

Ar*— B -O H  + A r - P d - O R  + X’i i
OH L

J

unfavoured

S c h e m e  1.7. Possible pathways for the transmetalation step in Suzuki-Miyaura reaction.

Secondly, the direct replacement o f  the halide (X) in ArPdl^X by the base (OR ) is 

proposed to form a A rPdl^O R  species which reacts with the oxophilic Ar'B(OH )2  to form 

ArPdArL2 (Path B scheme 1.7).136,140,141 Thirdly, the presence o f  base could lead to the 

formation o f both A r'B (O H )3‘ and ArPdL2OR. However, the reaction between these two 

species is unfavourable presum ably because o f the difficult transfer o f  OR" to a negatively 

charged species (Path D scheme 1.7).138, 141 Recently, Jutand et a l m  have proposed 

another role o f the added base which is to enhance the reductive elimination step from the 

intermediate rr<ms-[ArPdAr'L2] via the formation o f a transient penta-coordinated Pd-
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complex viz. cw-[ArPdAr'(OH) ( P P l ^ ]  allowing facile reductive elimination (Scheme 

1.8).

L
A r—P d"-A r' + HO'

Ar'

A r - P d .
1

OH L

reductive

elimination

L

Ar-Ar' + Pd° + OH 

L

Scheme 1.8

Symmetrical biaryls A r'A r' generated from Ar'B(O H )2  are often a side product in Suzuki- 

Miyaura reactions.142,143 Moreno-Manas et al. in 1996 have turned this side reaction, for 

the first time, to a main catalytic reaction in the presence o f Pd° and Pd11 as catalysts in the 

presence o f  air and/or dioxygen.144,145 Koza and Carita have shown that using Cu(NC>3)2  

as an oxidant enhances the rate and the yield o f the production o f symmetrical biaryls from 

arylboronic acids using Pd(PPh3 )2  as a catalyst and ethanol as a solvent.146 In addition, 

Yoshida et al.u l have demonstrated a base-free oxidative homocoupling reaction of 

arylboronic esters using a catalytic amount o f a Pd(OAc)2 and [l,3-bis(diphenylphosphino) 

propane] (DPPP) complex as a catalyst and DMSO as a solvent, under an oxygen 

atmosphere, affording a variety o f biaryls in modest to excellent yields.

The first proposed mechanism for the oxidative homocoupling reaction was published by 

Moreno-Manas et al. 144,145 using Pd° and Pdn complexes as catalysts and toluene as the 

solvent. They showed that the catalytic cycle includes an acid-base reaction between 

ArB(OH )2  and Pd° or Pd11 through the pair o f electrons o f  the coordinatively unsaturated 

(14-electrons) species PdL2 to form intermediate f/Y»u-[Ar-Pd-B(OH)2(L2)] in a step they 

call “oxidative addition/transmetalation” . This intermediate [Ar-Pd-B(OH)2(L2)] loses a 

ligand L, and subsequently the formed [Ar-Pd-B(OH)2(L)] reacts with another molecule of 

ArB(OH )2  in a sim ilar step to the first one to form fra/w-[Ar-Pd-Ar(B(OH)2)2]. Reductive
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elimination o f  trans-[Ar-Pd-Ar(B(OH)2)2] produces the biaryl (ArAr) and (OHhB-Pd- 

B(OH)2. Finally, the authors proposed formation o f PdH2 and [0=B-OH] from (OH)2B- 

Pd-B(OH)2, Pd°L2 forms again by return o f  the previously liberated ligands. The authors 

proposed that H2 is liberated and reacts with oxygen. In our opinion, there are several 

problems with this mechanism, including limiting the role o f  oxygen to the final step, the 

suggested formation o f  H2, and also mixing an oxidative addition and transmetalation 

steps in one step.

Yoshida et al,147 have demonstrated that oxygen reacts readily with Pd°-complexes [Pd°- 

L] (where, L = bidentate ligand (DPPP)) to form a three-membered peroxo-Pdn-complex 

[PdOO(L)] in an oxidative addition step. Subsequent double transmetalation o f the 

arylboronic esters with the peroxo-Pdn-com plex occurs without the aid o f a base to give 

diarylpalladium [ArPdAr(L2)] and boron peroxide [B-OO-B] through intermediate 

complex [ArPdOOB(L)]. Reductive elimination o f  the homocoupling product [ArAr] from 

[ArPdAr(L)] follows with regeneration o f  the [Pd°-L] complex.

Recently, Adamo et a /.148, 149 demonstrated that a reactive Pdn-r|2-peroxo species l a  is 

generated and can be isolated from the direct stoichiometric reaction o f 0 2 with Pd°L,4 

(where, L = PPh3) in chloroform (Scheme 1.9). The catalytic cycle could be initiated by l a  

and the possibility o f  l a  being a true reactive intermediate was confirmed by subsequent 

detailed kinetic and NM R studies. The authors further showed that the reaction followed 

second-order kinetics in 2a and first-order kinetics in la . The kinetic studies in 

combination with lH and 31P NM R studies, led the authors to propose a fast equilibrium 

involving initial binding o f  2a to one o f the oxygen atoms o f  the Pdn-q2-peroxo species la  

to generate intermediate lb . This intermediate ( lb )  is proposed to be activated by the 

initial binding o f  2a for transmetalation with a second equivalent o f 2a to produce
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intermediate lc . Pdn-hydroxide species Id  is then generated through addition o f H2O to 

lc , followed by cis-trans isomerisation to form le .

Pd°L4

Pd°L

,L
ArB(OH)2

2a

Pd°L3 V  -----   o ^ P d
1a L

ArAr
HCL .

/  OHL
A r - P d - L  L ^-A rB (O H )2

Ar 1q  *2 v ^ A rB (O H )2
if 2a
L i

. ' ,  A r - P d - L
A r—P d -A r  i

1f OOB(OH)2
* 1c

B(OH)3 \ _  V \ 2 °
'  A r—P d -O H  t̂=s= A r - P d - L

ArB(OH)2 q H HOOB(OH)2

2a 1e 1d

Schem e 1.9

Moreover, the authors were able to isolate complex le  and subsequently added another 

equivalent o f 2a. 31P NMR spectroscopy was used to monitor the reaction and trans-Pd11- 

biaryl intermediate I f  was observed. Finally, the catalytic cycle was completed by 

isomerisation o f intermediate I f  to the cis-Pdn-biaryl complex lg . Subsequent reductive 

elimination liberates the product and reforms Pd°L2 complex.

Furthermore, Adamo et al. have investigated the origin o f the undesired formation o f the 

phenol (ArOH) by-product.The y showed that in the absence o f  Pd-catalyst, the stability o f 

2a was not affected by the direct exposure to O2 for 3 days. However, in the presence o f a 

Pd-catalyst, phenol was formed and the authors propose that H2C>2 generated from the 

peroxo boronic species released during the catalysed homocoupling reaction reacts with
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the organoboronic acid to generate the phenol (Scheme 1.10). They have found that adding 

H2O2 to 2a also leads to phenol formation.

The detailed mechanistic analysis above demonstrates the complexity o f the Pd-catalysed

02.

1.5. A rylboronic acids

The use o f arylboronic acids, ArB(OH)2 , in organic chemistry has been a matter o f great 

interest in the last years. Arylboronic acids can be easily prepared using different synthetic 

protocols,150' 156 varieties o f structurally different Ar(OH )2  reagents are now commercial 

available and most o f them are reasonably stable (with some exceptions including several 

heterocyclic boronic acids156) upon storage.118 Also, most arylboronic acids are considered 

as environmentally friendly reagents and have posed no serious toxicity problems.157 

However, there are some drawbacks accompanying the use o f  ArB(OH )2  in organic 

transformations. Firstly, under anhydrous conditions, ArB(OH )2  mainly exists as a dimer 

or cyclic trimer (Scheme 1.11). These dimers a nd/or trimers easily hydrolyse to the 

corresponding ArB(OH ) 2  under aqueous conditions.158,159

HOOB(OH)2 + h2o B(OH)3 + h2o 2

ArB(OH)2 + H20 2 B(OH)3 + ArOH

Schem e 1.10

oxidative homocoupling o f  organoboronic acids and shows the pivotal role o f molecular

ArB(OH)2 H20 AtB(OH)2 h 2o Ar

OH

OH
Ar—B/  ^ B - A r  

I I 
OH OH

ArB(OH)2 H20 AtB(OH)2 H20  Ar
boroxine (trimer)dimer

Scheme 1.11
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Secondly, substituted arylboronic acids X-ArB(OH)2 undergo protodeboronation in highly 

acidic160,161 (especially when X is an electron-donating group) or basic (especially when X 

is an electron-withdrawing group) solutions which leads to the formation o f the 

corresponding X-Ar-H com pound.157 Finally, the boronic acid functional group is 

sensitive to several common organic reagents, so that it is not normally carried over 

through sequential synthetic protocols.118

The acidity o f  arylboronic acids arises from the Lewis acid character o f the boron atom 

which has a vacant p orbital which can be used for the formation o f  a dative bond with a 

ligand offering a lone pair to form a tetrahedral boronate ion (the conjugate base o f the 

boronic acid) (Scheme 1.12a). The acidic character o f substituted ArB(OH)2 increases 

with the presence o f  electron-withdrawing groups on the aryl ring and decreases with the 

presence o f electron-donating groups. For example, the acidity constant (pKa) of 

phenylboronic acid is 8.8, while the pXas for 4-methoxyphenylboronic acid and 2- 

methoxyphenylboronic acids are 9.4 and 9.0, respectively. More electron-poor 4- 

nitrophenylboronic acid and jV-methyl-3-pyridineboronic acid have pXas o f 7.1 and 4.4, 

respectively (all in water and at room tem perature).157,162 Also, bulky substituents close to 

the boron centre lead to decreased acidity due to steric effects that resist the formation of 

the tetrahedral boronate ion. For example, ortho-tolylboronic acid is less acidic than the 

para isomer (pKa 9.7 vs. 9.3). Exceptionally, ortho-nitrophenylboronic acid is less acidic 

than the para isomer (pKa 9.2 vs. 7 .1),157, 163 which might be attributed to the internal 

coordination o f  one o f  the oxygen atoms in the nitro group o f  the ortho isomer to the boron 

centre.
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/> H  .  , ° H
Ar—B^ + 2H2o  —  A t - b - o h  + h 3o  a) Lewis acid behaviour

OH \  
OH

. ~/0H . rare a_ r / °  + b) Bronsted acid behaviour
Ar—B^ + H20  - j — ...- ■■■■■* Ar—B + H30  '

OH OH

Schem e 1.12

There are a few exceptional cases in which ArB(OH )2  shows Bronsted acid behaviour 

(scheme 1.12b) rather than Lewis acid behaviour, in particular when the formation o f the 

tetrahedral boronate ion is thermodynamically unfavourable, Scheme 1.13 shows an 

example o f this case .157)164

OH OH OH
/  /  +  -  I

O H -B  O— B 0 = B

OH

OH

O O— B -O H/

Scheme 1.13 adopted from r e f 157 

The ease o f handling, low toxicity, and unique Lewis acidity and reactivity o f arylboronic 

acids make them o f great interest in many fields e.g. organic synthesis (Suzuki-Miyaura 

cross coupling, oxidative dimerisation, etc.), pharmaceutical industry, and medicine. 

Moreover, the affinity o f  boronic acids to bind to diols made boronic acids interesting 

candidates for sensors for saccharide recognition, nucleotide and carbohydrate 

transporters, and even as antibody mimics targeting cell-surface carbohydrates.157
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1.6. Aims and objectives o f  the project

The key aim o f this project is to explore the kinetics o f the aerobic oxidative 

homocoupling reaction o f  arylboronic acids in aqueous micellar medium under 

environmentally benign conditions (water as a solvent, micelle to help solubilise 

hydrophobic adducts and near room temperature). The reaction is palladium-catalysed and 

therefore our first challenge is to find a suitable catalyst in order to get reliable and 

reproducible kinetic results. For that reason we explore the use o f a molecular Pd-catalyst, 

o f Pd-CTAB nanoparticles, and o f  bimetallic core-shell Au-Pd nanoparticles encapsulated 

in thermoresponsive poIy-(JV-isopropylacrylamide). The synthesis and characterisation o f 

the nanoparticles is in collaboration with University o f Vigo in Spain. We hope that our 

kinetic studies lead to some insights into the possible mechanism(s) for the reactions using 

each o f the catalytic systems mentioned above. We further note that an improved 

understanding o f the oxidative hom ocoupling reaction o f  arylboronic acids is likely 

beneficial for our understanding o f  the Suzuki-M iyaura (SM) cross-coupling reaction as 

well, because transmetalation is frequently the rate-determining step in the SM reaction.
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Abstract

The micelle-assisted palladium-catalysed aerobic oxidative homocoupling reaction o f a 

series o f (substituted) arylboronic acids in aqueous surfactant solutions has been studied. 

A bisimidazole complex o f palladium, viz. bis(l-methylimidazole-2-yl)methyl- 

(methylthiomethyl)-methane palladium chloride [Pd(bimsulfide)Cl2], was found to be a 

sufficiently stable catalyst to allow kinetic studies. Cetyltrimethylammonium bromide 

(CTAB) was used as a surfactant and the effect o f the surfactant concentration on the 

reaction rate was found to be in good agreement with the pseudophase model for 

bimolecular reactions in micellar solutions. A linear relation was observed between the 

observed rate constant and the catalyst concentration indicating the reaction is first order 

in catalyst. The effect o f  arylboronic acid concentration on the reaction rate showed that 

the reaction is not first-order in the arylboronic acid, with a decrease in the observed rate 

constant with increasing arylboronic acid concentration. The observed pH-rate profile for 

the reactions was found to be bell-shaped for all substrates investigated. These bell-shaped 

pH-rate profiles made us propose several potential mechanisms for the homocoupling 

reaction, including a) the requirement o f  acidic and basic forms o f the arylboronic acids at 

two different transmetalation steps in the catalytic cycle, also indicating the presence o f a 

pH-dependent resting step for the catalyst and b) pH-dependent protonation states o f both 

key intermediates on the catalytic cycle and the arylboronic acid so that the bell-shaped 

pH-rate profile might arise from the combination o f the requirement o f  the acidic form of 

the catalyst with the basic form o f  the arylboronic acid in one transmetalation step or vice 

versa. The most likely mechanism involves a palladium-hydroxo complex reacting with 

the acidic form o f  the arylboronic acid in the rate-determining step. However, a 

mechanism involving rate-determining transmetalation involving a palladium-aqua

complex reacting with the basic form o f  the arylboronic acid cannot be excluded.
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2.1. Introduction

Developing straightforward and more environmentally friendly reactions for aryl-aryl 

coupling is a matter o f  interest, because the bi-aryl m otif is present in a large variety of 

common organic compounds (e.g. pharmaceuticals, herbicides, natural products, 

conducting polymers and liquid crystalline materials).1 The well-known Suzuki-Miyaura 

(2010 Nobel prize laureate) cross-coupling reaction2 (illustrated for arylboronic acids and 

aryl halides in Scheme 2.1) allows the synthesis o f unsymmetrical bi-aryls in high yields. 

The mechanism o f the reaction is generally accepted to involve oxidative addition o f an 

aryl halide to a Pd°-catalyst followed by a transmetalation step requiring basic conditions. 

Upon subsequent reductive elimination, the biaryl product forms and the Pd°-catalyst is 

regenerated.

X

[Pd]
+

base , N2 a tm osphere

X= (p seudo )halide
R 1t R 2= H, alkyl, etc.

Scheme 2.1

The related palladium-catalysed reductive homocoupling reaction o f electrophilic aryl 

derivatives A r'X  (X=I, Br, Cl, OTf) in the presence o f reducing agents produces 

symmetrical biaryls (Scheme 2.2).4,5 This reductive coupling has been widely studied and 

its mechanism has been elucidated. The key step was found to be the oxidative addition o f 

the second molecule o f  the aryl halide to an anionic arylpalladium(O) complex 

ArPd°(PPh3)2’, affording a transient pentacoordinated species which undergoes rapid loss
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of halide ligand X', followed by reductive elimination to produce the biaryl product and 

regenerate the Pd° active species.5,6

[Pd]

A— y reductan t
R1

X = I, Br, Cl, OTf 
R ^  H, alkyl, o r any  o th e r g roups

Scheme 2.2

+ 2 X -

Symmetrical biaryls can similarly be formed via the oxidative homocoupling o f 

arylboronic acids (Scheme 2.3) which is a known side reaction o f the Suzuki cross

coupling reaction.2,7

2 —B(OR)2
r i

R-)= H, alkyl, or any o th e r groups

+ 2 mB(OR)2"

Scheme 2.3

Recently, the oxidative homocoupling reaction o f arylboronic acids has been developed 

from a side reaction o f  the Suzuki cross-coupling to a synthetically useful transformation 

involving the use o f  atmospheric dioxygen as an oxidant.8' 17 Typically, these oxidative 

homocoupling reactions are carried out in the presence o f palladium species carrying 

phosphine ligands (Ph3P) and a base (e.g. NEt3, TMEDA and Na2C 0 3).9 More recent 

interest in these oxidative dimerisation reactions for the synthesis o f symmetric bi-aryls 

has focussed on reactions in the absence o f either a base10 or a phosphine ligand,11' 16 

mostly employing polar organic solvents such as DMF and DMSO. Phenols have been
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found to be common by-products o f  the Pd-catalysed homocoupling o f arylboronic acids 

in the presence o f  dioxygen.9,10,18

Despite numerous reports on the development and use o f the oxidative homocoupling o f a 

variety o f arylboronic reagents, very little is known about the precise mechanistic details 

o f the catalysis.19'21 A first detailed mechanism was proposed by Moreno-Manas and co

workers involving the oxidative addition o f  arylboronic acids to Pd(0) complexes with the 

generation o f  ArPdn-[B(OH)2](PPh3)2 .8 Almost 10 years after this hypothesis, Adamo et 

a l21' 22 reported both kinetic and computational evidence for an alternative mechanism for 

the palladium-catalysed homocoupling o f  ArB(OH )2  in the presence o f dioxygen (Scheme

2.4).

Pd°L4 ArB(OH)2

+ l \ L ° 2  ? > d ' L
Pd°L3 c r a L

+%L
P d l_2 ,

2 (X «LCP6S
ArAr ^  HQ JD L -jb

HCV
L A/  "OH

A r - P d - L

Ar 1g

w

ArB(OH)2
^ > A rB (O H )2 

2a
L V

A r - P d - A r  Ar i d Li
L 1f

OOB(OH )2 
1c

6 ( 0 ^ 3 ^  L \  h "  H20
'  A r - P d - O H  *=*= A r - P d - L  

ArB(OH )2 £ q H HOOB(OH)2

2a 1e 1d

Scheme 2.4 reproduced from ref 20
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Adamo et al. showed that a peroxo complex o f palladium, viz. (7/2-02)Pd(PPh3)2 la ,  plays

a key role in the catalytic homocoupling o f  arylboronic acids. The authors focussed on this 

palladium peroxo complex la ,  which is generated in the reaction o f dioxygen with the 

Pd(0) catalyst. It was found that this peroxo complex is at the origin o f the formation o f 

trans-Ar-Pdn(OH)L2 ( le )  via activation o f  one o f  its Pdn-0  bonds by a first molecule o f 

arylboronic acid, acting as a Lewis acid catalyst, followed by a transmetalation step 

involving a second molecule o f  arylboronic acid. Intermediate le  then reacts with a further 

molecule o f arylboronic acid to give trans-ArPdArL2 complex I f  in a second 

transmetalation step. The biaryl is formed through the usual reductive elimination. 

Adamo’s kinetic data showed first-order dependence o f  the reaction rate on the catalyst 

and second-order dependence on the arylboronic acid. The fact that the reaction is first 

order in catalyst and second order in the arylboronic acid was interpreted as the step 

involving the conversion o f  l a  to l c  in Scheme 2.4 being the rate-determining step.

Adamo et al. further suggested that H 2O 2 is produced in the Pd-catalysed oxidative 

homocoupling reaction o f  phenylboronic acids in the presence o f dioxygen as a result o f 

hydrolysis o f HOOB(OH)2 . H2O2 then reacts with a molecule o f ArB(OH )2  to form the 

phenol by-product o f  the oxidative homocoupling reaction (Scheme 2.5).21

HO O B (O H )2 + H20  -------- ^ B(OH)3 + h 2o 2

ArB(OH)2 + H20 2 --------   B(OH)3 + ArOH

Schem e 2.5

2.1.1. M icellar and  m icelle-assisted catalysis

Unfortunately, many organic compounds as well as organometallic catalysts are insoluble 

in water. One way to improve the solubility o f organic substrates in water is the use o f
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surfactants that can form micelles.23 Micelles24, 25 can enhance to a great extent the 

solubility o f hydrophobic substrates in aqueous media and provide an interesting platform 

for increasing the rate o f  a reaction. It has recently been shown that formation o f C-C and 

C -0  bonds occurs efficiently in water in the presence o f surfactants. For example, Arcadi 

et al.26 have demonstrated that a system involving water/surfactant/palladium-catalyst can 

accomplish the Suzuki-M iyaura (SM ) coupling reaction under milder and more 

environmentally friendly conditions. Other C-C and C-O bond formation reactions were 

also successfully performed in aqueous micellar solution.24,27

Observed rate effects exerted by micelles are the result o f  (typically) high local reactant 

concentrations in combination with local reaction medium effects affecting local rate 

constants. Scheme 2.6 illustrates micelle-assisted catalysis for a bimolecular reaction 

involving two reactants (R a and Rb) also involving the use o f oxygen as an oxidant.

RA,w

R,B,w

^ 5 ' o .

v \,m
catalyst

f̂ B.r

Scheme 2.6

2.2. Aims

Based on the observation that the related Suzuki-Miyaura cross-coupling reaction is 

compatible with the use o f  aqueous solvent systems and in light o f  the advances in
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aqueous Pd-catalysed C-C bond-forming reactions in general,28 we selected the oxidative 

coupling reaction o f  arylboronic acids for detailed kinetic studies using aqueous solutions 

as solvent. We further opted for the use o f surfactants to avoid heterogeneous systems 

consisting o f an organic co-solvent in combination with an aqueous solution, facilitating 

our kinetic studies.29

Here, we report detailed kinetic and mechanistic studies o f  the aqueous micelle-assisted 

catalysis o f the oxidative homocoupling reaction o f arylboronic acids 2a-j (Scheme 2.7), 

complementing the work o f  Adamo et al.21 by providing a kinetic description o f the 

overall processes involved in the aerobic oxidative homocoupling reaction o f arylboronic 

acids starting with a Pdn-based pre-catalyst.

B(OH)2

N | O - S - C H 3

2 h  2 i 2 j 0

2a X = H, 2b X  =  4-M eO , 2c X = 2-M eO, 2d X  = 4-COOH, 2e X = 4-COCH3,
2 f X = 3,5-difluoro, and 2g X  = 4 -N 0 2
2h = 2-thiopheneboronic acid, 2i =  3-pyridineboronic acid,
2j = 1-methylpyridinium  m ethyl sulfate-3-boronic acid,

Schem e 2.7

2.3. Results and  discussion

2.3.1. C atalyst selection

To allow reproducible kinetics o f  catalytic reactions, a sufficiently stable (pre) catalyst is 

required.30 For our kinetic studies, we used a Pd11 pre-catalyst stabilised by a bidentate 

bisimidazole ligand, viz. 3 (Scheme 2.8). The selection o f this catalyst was based on a 

limited screening o f  Pd-complexes readily available to us, viz. Pd°(PPh3)4 , Pdn(OAc)2 ,
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PdnCl2(MeCN)2 , Pd°(dba)2 , Pd-ipr-PEPPSI and Pdn(bimsulfide)Cl2, using catalyst 

stability in stock solutions and under typical reaction conditions as a sole criterion 

(Figures 2.1 a and b).

Pd
C \"  "Cl

Pd-PEPSI-iPr

Schem e 2.8

1.5x1 O'2 -

1.2x10’2-

c 9.0x1 O'3-
E

" s 6.0x1 O'3 -JC

3.0x1 O'3-

o.o
4 8

t / days

a)

12

2.0x10 -|

1 .6 x 1 0 -

1.2x10 -

8.0x10 -

4 .0 x 1 0 -

0.0

b)

8

t / days

12

Figure 2.1: fc0bs for the reaction o f 0.1 mM 2a in 10.0 mM CTAB, 2.0 mM K2C 0 3, 27.0 pM catalyst at 
30 °C versus time for which the [Pd(bimsulfide)Cl2] catalyst was kept prior to kinetic experiments in
a) acetonitrile stock solution and b) under reaction conditions, but in the absence o f phenylboronic 
acid.

Figure 2.1a shows that the observed rate constant ( £ 0bs) for the homocoupling reaction o f 

2a remains nearly constant over time. Figure 2.1b shows that the catalyst stock solution 

prepared in CTAB solution gives reproducible kinetics for at least 2 days after which a 

slight increase in fc0bs occured. These observations led us to use the catalyst stock solution 

(in acetonitrile) to allow for reproducible kinetic studies. While Pdn-complex 3 was
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selected because it allowed reproducible kinetic studies, it is noted that both Pd° 

complexes led to higher reactivity {vide infra).

2.3.2. N on-pseudo-first-o rder k inetics

The homocoupling reactions o f  2a-j (Scheme 2.9) were followed using UV-Visible 

spectroscopy by measuring the absorbance o f  the reaction mixture at appropriate 

wavelengths over time.

r,— a. H20/C TA B  r.—a. f = \  r ==\
V -b (o h )2 ---------------------------- ► £  V - / \  }  + L.  /V-oH

£ = J  [Pd] ;K2C 0 3 o r Buffer /\= = / V _ iN x  jfL J /
2  3 0 ° C ,A ir  10 11

Schem e 2.9

The oxidative homocoupling reaction o f  phenylboronic acid (used as a model for our 

optimisation studies) using com plex 3 as a catalyst was followed using UV-Visible 

absorption spectroscopy (Figure 2.2).

1.0 -

0 .8 -

!  0.6 -
in
<N

0 .4 -

0.2
50403020100

t /m i n

F ig u re  2 .2 : Absorbance o f the reaction mixture o f the homocoupling o f 0.1 mM 2 a  using 27.0 pM 
of 3 with time at 250 nm in 10.0 mM CTAB and borate buffer pH 9.2 at 30 °C, experimental data 
(dotted line), solid line fit to the (pseudo) first-order equation (2.1).
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Figure 2.2 shows that the reaction is clearly not (pseudo) first-order. Nevertheless, 

observed rate constants &obs were determined from plots o f absorbance as a function of 

time, using the first-order rate law (equation 2.1).

A, = A{ + AA ■ e 'ka"'‘ (2.1)

Where At is the absorbance o f  the solution at time t, A f is the final absorbance, AA the 

difference o f the absorbance at time zero (A0) and the final absorbance, and &obs is the 

observed rate constant for the reaction. Consequently all rate constants are expressed as 

observed pseudo-first-order rate constants.

The particular pattern o f  the deviations o f the first-order fit from the experimental data 

suggests that the reaction is subject either to an induction period or zero* order kinetics at 

the start. Stronger deviations from the first-order rate law are observed when Pdn-PEPPSI- 

iPr complex is used as a  catalyst (Figure 2.3a) and these are strongly suggestive o f  an 

induction period and not zero*-order behaviour, suggesting that the deviations observed 

for 3 also correspond to an induction period and not to initial zero* order behaviour. If, 

however, a Pd°-complex (Pd°(bda)2) is used as a catalyst, under further identical 

conditions, the observed data follows the first-order rate law well (Figure 2.3b).
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1 .2 -1

0.9-
3a

0.3-

250 5000 750

0.8

0.6 -

3a
0.4-

0.2 -

0.0
800 10000 200 400 600

F ig u re  2 .3 : Absorbance o f the reaction o f 0.1 mM 2 a  in 10.0 mM CTAB and borate buffer pH 
9.2, using a) 27.0 jiM Pdn-PEPPSI-ipr catalyst and b) 2.0 pM Pd°(dba)2 catalyst, at 30 °C versus 
time. Experimental data (dotted line), solid line fit to the (pseudo) first-order equation (1).

These observations suggest that 3 is a pre-catalyst which is reduced under reaction 

conditions to form an active Pd°-species. The idea that a Pd° species is the active catalyst 

is in agreement with observations by Adamo et al.21,22 The hypothesis that 3 is turned into 

the active catalyst under reaction conditions was tested by addition o f further aliquots of 

phenylboronic acid to reaction mixtures following experiments (Figures 2.4a-d).

1 . 8-1

1.6 -
0 .8 -

3
CD

3
CD

E
o  0 .6 - n

E
1.4-o•n

<M

0.4-
1 . 2 -

0.2
60 40 6040 0 20200

t / m i n  t /min
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3.2-1

3 .0 -

|  2 .8 -
8
CM

2 .6 -

2.4
6020 400

2.4-

2 .2 -

Ec
s
N

2 .0 -

200 40 60

t / m i n  t /min

F ig u re  2 .4 : Pdn-Pd° activation by successive addition o f 2 a ;  a) 0.1 mM, b) +0.1 mM, c) +0.1 mM, 
and d) +0.1 mM. Reactions were performed using 40.0 |iM catalyst, 10.0 mM CTAB and 10.0 mM 
borate buffer pH 9.2 and at 30 °C. Experimental data (dotted line), solid line fit to the (pseudo) 
first-order equation (2.1).

Figure 2.4 shows that subsequent additions o f  2a resulted in kinetics following the first- 

order rate law increasingly well, combined with an increase in kobs•

A mechanism for the reduction o f  pre-catalyst 3 to form an active Pd°-complex involves a 

first homocoupling reaction involving two molecules o f  phenylboronate or phenylboronic 

acid (Scheme 2.10).

Pd" + 2 PBA k- ~------► Pd° + ArAr

k  0
Pd°+ 3 PBA ------------     Pd° + ArAr+ ArOH

catalytic cycle
in the presence of 0 2

Scheme 2.10

The induction period therefore corresponds to a Pdn-mediated homocoupling reaction 

which also forms a Pd°-complex. This Pd°-complex itself is a more active catalyst in the 

aerobic hom ocoupling reaction o f  phenylboronic acids because it can form the particularly

50



Homocoupling of arylboronic acids Chapter 2

active palladium-peroxo complex postulated by Adamo et al.,21,22 which itself is formally 

a Pdu-species.

Accordingly, the use o f  oxidants other than molecular oxygen still results in an oxidative 

homocoupling reaction o f  phenylboronic acids, albeit at a lower rate than the aerobic 

oxidative homocoupling reaction (vide infra).

Preliminary simulation o f  the system o f  differential equations corresponding to the 

Scheme 2.10 (using M ATHCAD) gave us an estimated value o f Hm 1 = 6 .0 x 1  02 M '1 s '1 and 

£pd° = 36.4x102 M '1 s '1 for a system mim icking the same conditions as in Figure 2.2.

2.3.3. P roduct analysis

The composition o f  the product mixtures o f  the reaction involving phenylboronic acid 

were determined by HPLC and NM R (vide infra) and compared with authentic 

samples. It was found that the products (biphenyl and phenol) were formed in a 1:1 ratio 

for the reaction o f  2a (also see Table 2.1 for other arylboronic acids) under our optimum 

reaction conditions (vide infra) (see Figures S6-20 in Appendix 1 for the HPLC 

chromatograms and calibration graphs). The fact that the ratio between biphenyl and 

phenol is 1:1 for 2a throughout the reaction o f 2a suggests that the reaction between the 

previously proposed peroxide21 side product and 2a to produce the phenol is fast.

2.3.4. Effect o f pheny lboron ic  acid concentration

In order to further study the order o f  the reaction in phenylboronic acid, we studied the

effect o f phenylboronic acid concentration on the reaction rate under otherwise standard

conditions (vide infra) at 30 °C and pH 9.2 (Figure 2.5).
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0.005 -

0.000
0.40.0 0.1 0.2 0.3
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F ig u re  2 .5 : Effect o f 2 a  concentration on the observed reaction rate constant using 5.0 |iM of 3, 
10.0 mM CTAB and borate buffer pH 9.2 at 30 °C. The error margins were determined for one 
concentration (standard deviation for three repeat measurements), and assumed to be the same for 
the other data points. This is the case in for error margins for further kinetic experiments as well.

Figure 2.5 shows that the observed pseudo-first-order rate constant decreases with 

increasing concentration o f  2a (the same trend was observed at pH 7.4 and also after 

activation o f 3, see Figure SI in A ppendixl). There are several potential explanations for 

this decrease in the observed rate constant with increasing concentration o f phenylboronic 

acid. First, the decrease in rate constant with increasing concentration o f  phenylboronic 

acid might be due to a decreasing O 2 concentration during the reaction. However, we have 

found that stirring does not have any effect on ^ bs which indicates that 0 2 transfer from 

the atmosphere to the solution is not the rate-limiting step (Figure 2.6).
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F ig u re  2 .6 : Effect o f stirring on the observed reaction rate constant for the homocoupling of 0.35 
mM 2 a  using 10.0 pM o f 3 , 10.0 mM CTAB and borate buffer pH 9.2 at 30 °C. With stirring 
(dotted line), solid line without stirring.

Second, the reaction could be inhibited by either o f the products biphenyl or phenol. 

Experiments involving m ultiple additions o f  phenylboronic acid, however, result in 

constant rate constants suggesting that product inhibition does not occur. Also, we have 

performed the hom ocoupling reaction o f  2a under our optimised conditions using 

solutions containing added biphenyl and phenol (Figure 2.7).

0.03
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F ig u r e  2 .7 : Effect o f an added mixture o f biphenyl and phenol (■), o f added biphenyl ( A )  and of 
added phenol (•) on the observed reaction rate constant for the homocoupling of 0.1 mM 2 a  using
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5.0 pM of 3, 10.0 mM CTAB and borate buffer pH 9.2 at 30 °C.

Figure 2.7 shows that the pre-addition o f  biphenyl and phenol mixtures o f different 

concentration does not affect significantly the value o f  kobs for the aerobic homocoupling 

reaction o f 2a under our reaction conditions.

Thirds phenylboronic acid may dimerise or trimerise,31 kinetically resulting in inverse 

dependencies on phenylboronic acid concentration (Scheme 2.11). The dimerisation and 

trimerisation o f phenylboronic acid is m ost likely to happen in the hydrophobic part (core) 

o f the micelles. However, these dimers and/or trimers hydrolyse easily to the 

corresponding phenylboronic acids under aqueous conditions.31,32 As a result o f the highly 

dynamic structure o f  the micelles,33 these dimers and/or trimers will be continuously 

formed and hydrolysed. The increase o f  phenylboronic acid concentration increases the 

possibility o f  dimer and/or trim er formation which might be one o f  the causes o f 

decreasing &obs with the increase o f  phenylboronic acid concentration.

Schem e 2.11

Fourth, the effect o f  added cetyltrimethylammonium bromide (CTAB) on the reaction 

varies considerably depending on the phenylboronic acid concentration used {vide infra),

OH OH
OH
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suggesting kinetic com plexity deriving from phenylboronic acid distribution over the 

aqueous and micellar pseudophases.

Unfortunately, the origin o f  the decrease in observed rate constants with increasing 

phenylboronic acid concentration rem ains elusive. Nevertheless, hypotheses three and four 

both stem from equilibrium /distribution effects affecting arylboronic acids, but none o f the 

other reactants. Consequently, in order to avoid difficulties, all further experiments were 

performed using arylboronic acid concentrations o f 100 pM, ensuring virtually constant 

&obs during experiments.

2.3.5. The homocoupling o f boronic acids has a maximum rate near the pKa of the 

reactant

Following a preliminary round o f  optimisation o f reaction conditions we studied the effect 

o f base concentration on the reaction as quantified by the observed first-order rate constant 

using K2CO3 as a base because it had previously been found to be a good base for the 

homocoupling coupling reaction (Figures 2.8 a and b).6
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[ K 2 C O 3 ]  /  m M  p H

Figure 2.8: Effect o f a) [K2C 0 3] and b) pH on the observed reaction rate constant for the 
homocoupling o f 0.1 mM 2a using 27.0 pM of 3, 10.0 mM CTAB at 30 °C.
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Figure 2.8 shows a curious dependence on base concentration, which turned out to be the 

result o f an underlying pH-rate profile showing a maximum in &0bS in the region covered.

We tested both 2-am ino-2-m ethylpropane-l,3-diol (AMPD) and borate as buffers because 

both have buffer capacity in the range between 7.2-10. AMDP retarded the homocoupling 

reaction which we attribute to complex formation with 2a forming a dative bond (Scheme 

2.12). The formation o f  such a complex was confirmed by a UV-Visible titration and we 

observed a binding constant o f  250.7 m ol'1 dm3 for a stoichiometry restricted to a value of 

1.0 (see Figure S2 in Appendix 1).

HO OH
HOs  /OH I J

h 3c ,  , n h 2 b  OH
|_ |Q — g o " " " N H 2  3

OH OH 

AM DP

+

S ch em e 2.12

Subsequent reactions w ere all performed using borate buffer (which has buffer capacity 

between pH 7.2 and 10) for controlling the pH {vide infra). We studied the effect o f pH on 

the reaction using a borate buffer for the reaction o f phenylboronic acid (Figure 2.9).
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Figure 2.9: Effect o f  pH on kohs for the reaction involving 0.1 mM 2a (■), solid line is a fit to a 
Gaussian (eqn. 2.2), using 10 mM CTAB, 10 mM borate buffer and 10 |iM of 3 at 30 °C.

The optimum pH for the reaction, pHopt, was estimated by fitting a Gaussian to the kinetic 

data (equation 2.2).

k = k'obs K
1

I  | q P h _ Ph op«

(  |  Q PH- PHopt ^

l  +  l  Q P H - PH opt

(2.2)

J )

Where pHopt is the optimum pH o f  the reaction solution and k ’ the maximum observed rate 

constant. It is stressed, however, that this procedure provides an estimate for pHopt and the 

fit in terms o f a Gaussian is not dictated by a pre-conceived mechanism or assumed rate 

law. The optimum pH for the hom ocoupling o f  2a was found to be 8.9 which is slightly 

lower than, but remarkably close to, the pKa o f  2a o f 9.1 as determined under reaction

conditions (vide infra).

2.3.6. pH  op tim um  fo r 2a

To investigate whether the observed pH optimum is the result o f the entry route into the

catalytic cycle (vide supra) or whether it is intrinsic to the catalytic cycle, the pH-
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dependence o f the reaction following catalyst activation was studied (Figure 2.10). The 

reactions were performed by addition o f  different aliquots o f 2a at the end o f each reaction 

and the kinetics were followed as usual.

0.20
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F ig u r e  2 .1 0 : Pdu-Pd° activation and pH effect for the reaction of 0.1 mM 2 a  acid using 27.0 pM 3 
in 10.0 mM CTAB and borate buffer at 30 °C. Without activation (■), addition o f an additional 
0.05 mM 2 a  (•), addition o f a further 0.05 mM 2 a  (▲), and addition o f third aliquot o f 0.05 mM 2a 
(T). solid line is a fit to a Gaussian (eqn. 2.2)

Notwithstanding the shift in optim um  pH following catalyst activation (Figure 2.10), the 

reaction still shows a rate m aximum , i.e. the isolated catalytic cycle displays a rate 

maximum and the observed pH effect on the aerobic homocoupling reaction of 

phenylboronic acid is not (solely) due to the catalyst activation step.

2.3.7. Effect o f b o ra te  b u ffe r concen tra tion

Under our optimised conditions we studied the effect o f borate buffer concentration on the 

observed rate constant for the homocoupling reaction o f 2a (Figure 2.11).
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Figure 2.11: Effect o f borate buffer concentration on kobs for the reaction of 0.1 mM 2a using
27.0 pM of 3 in 10.0 mM CTAB and borate buffer pH 9.2 at 30 °C.

Figure 2.11 shows that there is no significant effect o f buffer concentration on the 

observed rate constant. The absence o f  buffer catalysis is o f particular interest because this 

observation, together with the decrease in kobS with increasing concentration o f 2a, leads us 

to conclude that the rate-lim iting step involving activation o f peroxo-Pd-complex la  by 

arylboronic acid 2a as proposed by Adamo et al.2X for the reaction in chloroform (Scheme

2.4) is not occurring, or at least not rate limiting, under our reaction conditions.

2.3.8. The observed p H -ra te  profile  is general for ary lboronic acids

To check whether the observed maximum in the pH-rate profile for phenylboronic acid is 

an example o f a m ore generally occurring phenomenon, we similarly studied the effect o f 

pH on the oxidative hom ocoupling reaction o f a series o f arylboronic acids o f different 

pKas. A pH-rate profile showing a clear maximum was found for all arylboronic acids
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tested with the exception o f  2i and 2j (see Figures S5a-h in Appendix 1) and the data are 

summarised in Table 2.1.

Table 2.1: Kinetic param eters for the oxidative homocoupling reaction o f arylboronic acidsa

------------------------------------------------------------------------------------------------- .j
substrate P^a optimum p r f >̂bs(max) /1 0  biaryl:phenol ratiod

min

„ following catalystoverall process ® .
lit1* expb aCl,vatron 10:11

g h g h

2b 9.3° 9.410.1 9.5± 0.1 9.6 8.9± 0.1 9.0 11.5± 0.1 1:1

2c 9.0 9.110.1 9.010.1 9.2 8.210.1 8.4 2.2 ±0.1 1:1

2a 8.8 9.010.1 8.910.1 9.2 8.410.1 8.4 3.7 ±0.1 1:1

2d 8.0 8.210.1 8.710.1 8.4 8.310.1 8.2 3.0 ±0.1 1:1

2e 7.7 7.710.1 8.310.1 8.2 8.010.2 8.0 2.7 ±0.1 2.3:1

2f 7.4C 7.410.1 7.810.1 7.6 8.010.1 7.8 2.7 ±0.1 2.4:1

2g 7.3° 7.910.1 7.8 8.010.1 7.8 0.85 ±0 .1 9:1

2h 8.110.2 8.8 48 ± 1

2i 8.1 No reaction at pH 8.6 for at least 24 h

2j 4.4 No reaction at a wide range of pHs (3.5 -  8.2) for at least 24 h e

a) Typical reaction conditions: 10.0 mM CTAB, 10.0 mM borate buffer at desired pH, 10.0 pM 3, 100.0 pM 2a-j, and at 

30 °C (for the kinetic traces see Figure S3a-h in Appendix 1)

b) In borate buffer and CTAB at 30 °C, see Figures S4a-g in Appendix 1.

c) deduced from Figure 2 r e f34

d) The ratios were determined by HPLC for the reaction mixtures after completion at optimum pH for the overall process 

(see Figures S6-20 in Appendix 1). 100% conversion for all reactions were obtained.

e) Phosphate buffer was used for pH lower than 7.0

f) Fore the pH-rate profiles see Figures S5a-h in Appendix 1 for the studied arylboronic acids.

g) From the fit to a Gaussian, equation 2.2

h) Maximum point in the experimental data (without the fit to a Gaussian, equation 2.2)

Table 2.1 shows that the optimum pH for the overall reaction o f the studied arylboronic 

acids 2a-2h is near the corresponding pK&. However, following catalyst activation the

optimum pH shifts slightly to the acidic side. These observations are discussed in more
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details later on in this Chapter. The ratio o f  the products biphenyl and phenol is 1:1 for the 

aerobic homocoupling reactions o f  2a-d, each at optimum overall pH. However 

biphenyliphenol ratios o f  2.4:1, 2.3:1 and 9:1 were observed for the aerobic homocoupling 

reactions o f 2e, 2 f and 2g, respectively, each at optimum overall pH. This means that the 

phenol formation reaction is slower than the biphenyl formation reaction by more than 

two-fold in the cases o f  2e and 2 f  and nine-fold for the reaction o f 2g. The product ratio 

for the reaction o f  2h was not analysed because the reaction failed to complete. Also, we 

were not able to follow the kinetics for the pH effect experiment after activation o f the 

catalyst for the reaction o f  2h because o f  precipitate formation at the end o f the reaction o f 

the second aliquot o f  2h. The aerobic homocoupling o f 3-pyridine boronic acid 2i was too 

slow to follow, if  it proceeded at all. Finally, the aerobic homocoupling o f 2j (which has a 

pA'a o f 4.4) was not achievable over a wide range o f pH which gives important information 

about the possible mechanism(s) for the reactions under our conditions {vide infra). The 

observed maximum pseudo-first-order rate constants (& obs(max)) for the overall processes o f 

the homocoupling reactions o f  2a-g follow the following trend 2h > 2b > 2a > 2d > 2e = 

2 f > 2c > 2g. The observed trend indicates that presence o f electron-donating groups 

enhances the reaction rate (2b), while steric effects decrease the reaction rate (2c), 

electron-withdrawing groups decreases the reaction rate (2d, 2e, 2 f and 2g). Although 

thiopheneboronic acid appears to show the highest reaction rate, the reaction does not 

proceed to completion and &0bs(max) therefore cannot be compared in a meaningful manner 

with the data for other boronic acids.
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2.3.9. Solvent kinetic isotope effect (SKIE), product ratio confirmation and kinetics 

using NM R

The homocoupling reaction o f  2a was also studied in D2O using CTAB and borate buffer 

at different pH. The kinetics o f  the reaction were studied using UV-Visible spectroscopy 

and the pH-rate profile is shown in Figure 2.11.
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Figure 2.11: pH* effect on fcobs for the homocoupling reaction o f 2a in D20  using 10.0 pM 3, 10.0 
mM CTAB and borate buffer pH 9.2 at 30 °C. experimental data (■), solid line is a fit to a 
Gaussian (eqn. 2.2)

Figure 2.11 shows that under our optimised conditions a bell-shaped pH-rate profile was 

again observed for the aerobic oxidative homocoupling reaction o f 2a in D20  using CTAB 

and borate buffer. The m aximum  o f  the pH*-rate profile in D20  is at 9.0 ± 0 . 1  as 

compared to an optimum pH in H 20  o f 8.9 ±0 . 1 .  The maximum observed rate constant 

decreases from 0.037 to 0.027 min"1. Although the decrease in maximum &obs is significant 

and is remarkably consistent with the difference in pHopt and pH*opt, the significance o f 

this maximum itself is critically dependent on further mechanistic interpretation {vide 

infra).
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The kinetics o f  the aerobic homocoupling reaction o f 2a were further studied using !H 

NMR in D2O at the optim um  pH* using 3 as (pre) catalyst and in CTAB and borate buffer 

at 37 °C (this tem perature was chosen to avoid precipitation in the reaction mixture since 

high concentrations o f  CTAB -  with a Krafft temperature o f 25 °C - were used). Product 

formation (biphenyl and phenol) and reactant (2a) disappearance were followed (Figures 

2.12a and b).
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Figure 2.12: Aerobic homocoupling reaction o f 10.0 mM 2a in D20 , using 10 mM 3 and 50 mM 
CTAB and borate buffer at pH* 9.0 and 37 °C, a) *H NMR spectra at different times and b) the 
calculated concentrations o f the biphenyl (A), phenol (•) and 2a (■) at different times from the !H 
NMR integrals.

Fig 2.12a shows the disappearance o f  !H NM R spectral peaks o f 2a and the appearance of 

]H NMR spectral peaks o f  biphenyl and phenol products for the homocoupling reaction of 

2a under our reaction conditions. Figure 2.12b shows that phenol formation is lagging 

behind biphenyl form ation in the beginning o f  the reaction, which is in agreement with the 

conclusion that the Pd11 entry route into the catalytic cycle route in Scheme 2.10 only 

forms biphenyl (vide supra). Following catalyst activation, an approximate 1:1 ratio o f 

biphenyl and phenol are produced, confirming that in the catalytic cycle the rates of 

formation o f biphenyl and phenol are similar. This, in turn, suggests that the reaction
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between phenylboronic acid and peroxide itself is fast, both compared to alternative 

peroxide decomposition pathways and compared to biphenyl formation.

2.3.10. P roduc t ra tio  confirm ation  and  kinetics using H PLC

Under our optimised conditions product formation and disappearance o f the reactants was 

also followed using HPLC for the homocoupling reaction o f 2a in 10.0 mM CTAB and 

borate buffer pH 9.2 using 2.5 p.M 3 at 37 °C (Figure 2.13).
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F ig u re  2 .1 3 : Concentrations o f biphenyl (■), phenol (•) and 2 a  (A) as a function of time.

It is clear from Figure 2.13 that the products biphenyl and phenol are formed in a 1:1 ratio.

2.3.11. Effect o f the  ca ta lyst concen tration  on the reaction ra te

Under our optimised conditions, we studied the effect o f the concentration o f (pre) catalyst 

3 on the observed rate constant for the homocoupling reaction o f 2a (Figure 2.14).
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Figure 2.14: Effect of concentration o f 3 on kobs for the homocoupling reaction o f 2a, in 10 mM 
CTAB and 10 mM borate buffer pH 9.2 at 30 °C.

Figure 2.14 shows that the reaction is first order in the catalyst, as expected based on the 

assumption that there is only one catalyst molecule involved in the catalytic cycle. The 

observation that the reaction is first order in 3 suggests that a monomeric Pd-complex is 

the active catalyst and that no higher order structures with different catalytic activity are 

formed at elevated concentrations o f  3 (the formation o f catalytically less active dimers 

etc. would lead to levelling o ff  o f  the plot o f  &0bs vs. [3] whereas formation o f more active 

dimers etc. would lead to and increase in the slope o f  &0bs vs. [3]). Nevertheless, we note 

that a mechanism involving a dimeric (or higher order) catalyst might also give rise to a 

first-order dependence on catalyst concentration if  the dimeric form o f the catalyst is 

stable with respect to the m onom er over the entire range o f catalyst concentrations studied.
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2.3.12. Effect o f surfactant concentration on the reaction rate

The concentration o f  the added surfactant was found to play a pivotal role on the reaction 

rate. Taking the hom ocoupling o f  phenylboronic acid, we performed the reaction using 

100 and 300 pM  o f  phenylboronic acid at different concentrations o f CTAB, in 10.0 mM 

borate buffer pH 9.2 and 10.0 pM  o f  3 (Figure 2.15).
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F ig u re  2 .1 5 : Effect o f CTAB concentration on the observed rate constant for the reaction of 100 
pM 2 a  (■) and 300 pM 2 a  (• ) , using 10 pM 3 , at pH 9.2 and 30 °C.

Figure 2.15 shows a rate-enhancing effect o f the added surfactant which diminishes at 

higher surfactant concentrations. This behaviour is typical for second (or higher) order 

reactions in micellar solutions. Initially an increase in kobs is observed due to the reactants 

being brought together in the micelles. The subsequent decrease in Â bs is the result o f 

dilution o f reactant m olecules over increasing numbers o f micelles with increasing 

surfactant concentration.25 Increasing the concentration o f 2a leads to a decrease in £0bs 

and shows a m aximum  at higher CTAB concentration, which suggests more micelles are
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needed for full binding at the higher concentration o f phenylboronic acid. The decrease in 

&obs compared to the case o f  using 0.1 mM 2a might be due to the increasing ratio o f 

dimerisation and/or trim erisation o f  2a in the hydrophobic micellar core {vide supra). 

These dimers/trimers are assumed to be less reactive towards the aerobic homocoupling 

reaction; they have to hydrolyse to the corresponding monomeric boronic acids and can 

only then undergo homocoupling.

2.3.13. K nocking ou t the  cataly tic  cycle

The presence o f  O2 in the reaction medium is required for the reaction to occur via the 

palladium peroxo species and as such is the soul o f  the catalytic cycle. The saturation 

oxygen concentration in aqueous CTAB solutions at 30 °C and ambient atmospheric 

conditions is 0.30 mM .35 W e studied the reaction in the absence o f O2 (by freeze-pump- 

thaw degassing the reaction mixture before addition o f 2a), and we found that the reaction 

rate decreases significantly in the absence o f  oxygen (Figure 2.16).
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Figure 2.16. Absorbance o f the reaction mixture versus time for 0.1 mM 2a, 27.0pM 3, in 10.0 
mM CTAB and borate buffer pH 9 at 30 °C, in the absence o f 0 2 (under N2 atmosphere).
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Figure 2.16 shows that in the absence o f  oxygen, the rate o f  the reaction is higher during 

the first stage o f  the reaction (approximately 30 minutes) than during the second stage. 

This behaviour is opposite to the induction period observed in the presence o f oxygen 

which indicates that product formation through the Pd11 pathway (Scheme 2.10 first step) is 

now faster than subsequent Pd°-catalysed oxygen-driven reaction. In fact, the Pd°-cycle 

should not occur in the absence o f  oxygen and the reaction should not go to completion. 

We attribute the slow reaction during the second stage to oxygen leaking into the cuvette 

with oxygen transfer now being the rate limiting step.

2.3.14. H om ocoupling using C u(O A C ) 2  as ox idant

The homocoupling o f  2a using 3 as the catalyst, but using an alternative oxidant, was 

studied by freeze-pump-thaw degassing the mixture o f CTAB, borate buffer pH 9.2 and 3 

after which Cu(OAC )2  was added together with 2a and the reaction was followed using 

UV-Visible spectroscopy (Figure 2.17).
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Figure 2.17. Absorbance o f the reaction mixture versus time o f 0.1 mM 2a, 10.0 pM 3 in 10.0 
mM CTAB and borate buffer pH 9.2 at 30 °C, using 0.1 mM Cu(OAc)2 as an oxidant, 
experimental data (dotted line), solid line fit to the pseudo-first-order rate law (equation 2.1)
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Figure 2.17 shows that the homocoupling o f 2a using Cu(OAc)2  under the same optimised

presence o f  Cu(OAc ) 2  and the absence o f  oxygen the homocoupling reaction proceeds

Addition o f  the oxidant even in the presence o f dissolved oxygen (without ffeeze-pump- 

thaw degassing the reaction m ixture) results in the reaction proceeding more slowly by 

approximately two-fold under otherwise identical reaction conditions. The decrease in k0bS 

upon addition o f  extra oxidant is attributed to competition between the Pd(0)-peroxo cycle 

and the Pd(II) cycle; as soon as the Pd(0) catalyst is regenerated during reductive 

elimination, it can react either with dioxygen (leading to quick catalytic turnover) or it can 

be oxidised by Cu(OAc) 2  (leading to slower turnover, at least at pH 9.2).

2.3.15. pJTa o f 3 and  fo rm ation  o f an  aqua  palladium  complex

Palladium(II) complexes can ex-change weakly coordinated ligands with water molecules 

when they are placed in hydrous or aqueous media (See Chapter 1). As a result, they form 

aqua complexes which are more soluble in water and undergo an acid/base equilibrium. 

Based on the literature (discussed in Chapter l ) , 36'43 the formation o f a Pd-aqua-complex 

from 3 is possible (Scheme 2.13) although we do not have direct evidence to confirm its 

formation.

conditions as for aerobic conditions proceeds slower. Therefore, we conclude that in the

mainly via the Pd11 pathw ay and at a lower rate (more than ten-fold slower).

/ / /
5? s s

Pd nH 20  nCI' 

n = 1 o r 2
h 2o '  ' o h 2

Scheme 2.13
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However, we have measured the extinction coefficient o f 3 (or its derivatives) using UV- 

Visible spectroscopy as a function o f  pH (Figure 2.18).
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F ig u re  2 .1 8 : Extinction coefficient (fi) at 273 nm versus pH for 27.0 pM 3  in 10.0 mM CTAB 
and 10.0 mM borate buffer at 30 °C, (■) experimental data and (solid line) fit in terms of 
sigmoidal equation 2.3.

Figure 2.18 shows a sigmoidal dependence o f  € with pH, suggesting that 3 has a pKa o f  8.0 

± 0 . 1  (calculating by fitting sigmoidal equation 2.3 to the data) in aqueous solution of 

borate buffer and CTAB.

£  obs —
1

i+iopH-p*« x g . +
f  jqPH-p*. >

i+iopH-p*« (2.3)

Where variables are defined as before, ebbs, and 6 b are the observed, acidic and basic 

extinction coefficient o f  complex 3, respectively.

The calculated pKa from Figure 2.18 might be for protonation and deprotonation o f the 

formed aqua complex from 3 (Scheme 2.14). Protonation on the bisimidazole supporting 

ligand o f complex 3 is unlikely; although imidazole and imidazole-H+ have pA^sof 14.58 

and 7 .1 , respectively,44, 45 one o f  the nitrogen atoms (unmethylated nitrogen) is already
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engaged in a coordination bond with the Pd atom and protonation o f  the other nitrogen 

atom (the pyrrole-like m ethylated nitrogen) is thermodynamically unfavourable because it 

leads to the loss o f  the arom aticity in the imidazole ring (protonated methylimidazole has 

a very low pKa o f  around -4). This indicates that under our conditions (pH 5-10) the 

methylated nitrogens o f  3 rem ain deprotonated.

/
S

+ HoO

IV

♦ OH- —  O f / i
'p d /  ♦ ' “Pd

h / o '  o h 2 h 20 '  'o h

/  </S S

* «  —  < x s P
'V d ^  Pd

+ H ,0

/
HO OH2 HO OH

/  Js s

\  /
, P d .

X = Cl or Br

\  /  
Pd

x "  no h 2 X O H

/s
/s

+ 2H 20    C T P  + Cl- + 2H30*

N. X  ,N

\  /  
Pd\  /

Pd
X X X 0 H

X = Cl o r Br

Schem e 2.14. Possible acid base equilibria o f  the aqua-complex o f 3
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Considering that the pKa o f  palladium aqua complexes carrying a single positive charge is 

typically in the range betw een 7 and 8  (See Chapter 1), the most likely (de)protonation 

events corresponding to  the observed pKa o f  8  are reactions II and III in Scheme 2.14. 

Although reaction IV cannot be ruled out, it would be rather a coincidence if this 

equilibrium were to give rise to an apparent pKa so similar to typical values for palladium- 

aqua complexes.

We believe that the acid/base equilibrium for the catalyst together with the pH-dependent 

form o f 2a are the cause for the bell-shaped pH-rate profile observation (vide infra).

2.4. Possible m echanism s o f the  oxidative hom ocoupling reaction o f arylboronic acids

2.4.1. C atalyst ac tivation .

Our kinetic data clearly shows that the aerobic oxidative coupling reaction o f arylboronic 

acids involves an induction period. During the induction period, Pd11 species 3 (or one o f 

its derivatives1) is reduced to (formal) Pd° species 4 in a first turnover which couples two 

molecules o f arylboronate 2 (Scheme 2.15).

1 T h e  Cl l ig a n d s  o f  c o m p le x  3  m ig h t  u n d e r g o  e x c h a n g e  w ith  t h e  Br c o u n t e r  ion  o f  CTAB, w ith  OH ', o r  it m ig h t 

b e  r e p la c e d  by H 20 .

2ArB(OH)3- 2 X'
2

X' = Cl', Br, "OH, H20  or combinations of these

Schem e 2.15
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The proposed requirement for the boronate rather than the boronic acid form of 2 stems 

from the slightly shifting optimum pH after activation o f the catalyst (the catalytic cycle 

only) to the acidic side (see Table 2.1). This behaviour is less pronounced for arylboronic 

acids with electron- withdrawing group substituents.

2.4.2. Involvement o f molecular oxygen

Oxidative addition o f  molecular oxygen (dissolved in the reaction medium) to the formed 

Pd°-complex forms peroxo-Pdn-complex 5 and starts the catalytic cycle (Scheme 2.16).

The peroxo-Pdn-complex is the key intermediate in the catalytic cycle o f  aerobic oxidative

01
homocoupling reactions o f  arylboronic acids as it was proposed by Adamo et al. The 

peroxo complex could hydrolyse in the presence o f water to form hydroxy-hydroperoxo- 

Pd11 complex 6  which has a pH-dependent protonation state (Scheme 2.16).

0+2H2.  N

t  H 00^ ^

HO N

>d° — ^ |  > a »  ~ / P 'd 11 .
/  ' m/  -HoO H O ^  V  -H

or

5 6 HOO. N

h2ct

Scheme 2.16

2.4.3. Bell-shaped pH-rate profile

The key observation o f the bell-shaped pH-rate profile for the reaction under our 

conditions made us conclude that one o f  the reactants or intermediates has to be present in 

its acidic form and one (not necessarily different) reactant or intermediate has to be
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present in its basic form. Therefore, together with literature information, four different 

mechanisms are possible.

2.4.3.1. Acidic and basic forms of arylboronic acid are required in the same step

First, the bell-shaped pH-rate profile could be the result o f  requiring arylboronic acid and 

arylboronate anion in a pre-equilibrium followed by a rate-determining step, as 

exemplified using a suitably m odified version o f  the mechanism proposed by Adamo et 

al?x (Scheme 2.17).

i > 6  * O C

° \  / N 

HO, '° '  XN 

B'OH

B-O H
OH

intermediate

S ch em e 2.17

This possibility gives rise to rate equation 2.4.

d[mtermed1ate]= ^  .[PdcatalySt].[ArBAJ.[A rB A b] 
at

(2.4)

Where [Pd catalyst], [ArBAa], [ArBAb] and [intermediate] are the concentrations o f Pd- 

catalyst, acidic form o f  arylboronic acid, basic form o f arylboronic acid and intermediate 

respectively, kobs is the observed rate constant for the reaction, and / is time.

Equation 2.4 predicts second-order dependence o f the reaction rate on ArBA concentration 

and our experimental data do not show any second-order behaviour in ArBA (Figure 2.5). 

Also, the observed optim um  pH (for the catalytic cycle only) is different from the pKa for
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the reaction o f  arylboronic acids whereas a mechanism such as that in Scheme 2.17 would 

be accompanied by an exact match between optimum pH and pKa. The observations 

together make this m echanism  unlikely for the reaction.

2.4.3.2. Acidic and basic forms o f arylboronic acid are required in different steps in 

the catalytic cycle

Second, the bell-shaped pH-rate profile could suggest that both acidic and basic forms of 

the arylboronic acid are needed, but in different reaction steps o f the catalytic cycle. A 

difference in the pKa and optimum pH in such a mechanism is not unexpected. Based on 

this proposition one can suggest that the maximum in the pH-rate profile for the aerobic 

oxidative homocoupling reaction o f  arylboronic acids is the result o f the boronic acid 

being required in its acidic form in the first transmetalation whereas it is required in its 

basic form in the second transmetalation (this suggestion is mainly based on Adamo’s 

proposed mechanism 21 and ignores the aci<Tbase equilibria o f  the catalyst). The difference 

between the two transm etalation events could stem from the direct involvement o f oxygen. 

The kinetic consequences o f  the difference between the two transmetalation steps are 

illustrated using a sim plified kinetic scheme (Scheme 2.18).
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ArB(OH)2 and  0 2

'1,max

/N
^ P d 'l R

l2,max

Schem e 2.18

Kinetic equation (2.5) is derived for Scheme 2.18 using steady state approximation and 

shows the observed dependence o f &obs on the pH.

*.bS=
1c 1c 1,max 2,1

W 1+iop*‘‘pH) +W 1+iopH"p,:' )
[Pd,J (2 .5 )

Where variables are as defined before, k\ max and £2;max are the second-order rate constants 

for the two reaction steps in Scheme 2.18, respectively, pXa is the acid dissociation 

constant for corresponding arylboronic acids, and [Pdtot] is the total concentration o f the 

Pd catalyst (for the full derivation o f equation 2.5, see section A .I . 8  in Appendix 1).

In terms o f  Scheme 2.18, the rate-determining step for the catalytic cycle at low pH 

(excess arylboronic acid) is the step involving the arylboronate, whereas at high pH

(excess boronate), the step involving the boronic acid is rate determining. As a corollary,

o
the resting state o f the catalytic cycle is pH dependent, viz. the Pd species is the resting

ii
state at high pH whereas the Pd species is the resting state at low pH (Figure 2.19a).
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Figure 2.19. a) Concentration o f Pd° and Pd11 intermediates as a function of pH, b) k0bS of the 
reaction after 2nd addition o f 0.05 mM 2a with 10.0 pM 3, as a function o f pH at 30 °C, 
experimental data (■) and fit to equation 2.4 (solid line).

Figure 2.19b shows the concentration o f  the two resting states as a function o f pH which 

gives a maximum at a pH around 8.4 for the aerobic homocoupling o f 2a from analysis o f 

our experimental data in term s o f  equation 2.5. The fit further provides £i,max a°d  fe.max 

values.

Similarly, one can analyse the rate as a function o f pH for the different arylboronic acids 

(Figure S21a-g in Appendix 1). Consequently, &i5maxand k2,max can be found from fitting 

equation 2.5 to the bell-shaped pH-rate profiles for different substituted arylboronic acids. 

Using the values for k i>mSK and &2 ,max, a Hammett plot can be constructed showing the 

substituent effect on the aryl ring o f  the boronic acids on the intrinsic rate constants k\>max 

and fo.max for two transmetalation steps (Figure 2.20).
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Figure 2.20. log(&x/A:H) as a function o f substituent constant a x for different arylboronic acids (2a, 
2b, 2d, 2e, 2f and 2g), where kx , kH = kUmax (■) and K, kH = k2,max (A).

Figure 2.20 shows that the &i>max is unaffected by the substituents on the aryl ring o f 2, 

whereas &2 ,max is strongly dependent on the type o f  the substituents on the aryl ring o f 2 . 

The negative slope (p value) in the Ham mett plot indicates a disappearance o f a negative 

charge or a development o f a positive charge in the transition state o f  the reaction (second 

transmetalation). Adamo et a l 2X have shown that the substituent effects on the overall 

conversion o f la  into lc  (Scheme 2.4) in CHCI3 and DMF follows the order 

ôbs(CN)> ôbs(H)> ôbs(OMe)- It was further argued that the observed substituent effects on the 

conversion o f la  to lc  can be separated into a substituent effect on the equilibrium 

between la  and lb  and a substituent effect on the rate constant for the conversion o f lb  

into lc . As the conversion o f  lb  into l c  involves a transmetalation, Adamo et al. assumed 

^cN<^H<^oMe because electron-donating substituents render the arylboronic acid m ore 

nucleophilic. The corresponding equilibrium constants for formation o f lb  then follow the 

order K c n » K ^ » K 0ut, which again is reasonable considering the analogous trend in
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acidity34 o f  substituted boronic acids. In our case, the overall transmetalation involving the 

arylboronic acid probably also includes both formation o f  the dative bond between the 

boronic acid and the palladium peroxo complex and nucleophilic attack on the palladium 

centre. The observed lack o f  variation o f  £i,max with a  is therefore not unreasonable.

The transmetalation corresponding to &2 ,max by the arylboronate can be assumed to involve 

a direct transmetalation, i.e. a direct nucleophilic attack on the palladium centre. 

Analogous to the argument by Adamo et al., the reactivity o f  the different arylboronates in 

this step are expected to follow the order Acn<^h<^omc [NOTE: this assumes that 

substituent effects on the nucleophile are larger than substituent effects on the Ar-Pd 

species]. This expectation is bom out in practice: for the step corresponding to &2,max, P is 

strongly negative. In this mechanism, the overall pH dependence o f the reaction is the 

result o f  the addition o f  the first molecule o f  arylboronic acid in its acidic form to the Pd- 

complex with the addition o f the second molecule o f  arylboronic acid in its basic form. 

Although Adamo’s proposal seems to fit well with our proposed kinetic Scheme (Scheme 

2.18), our kinetic data in D2O shows a slight shift in optimum pH* for the reaction o f 2a 

towards basic region, accompanied by a decrease in at optimum pH. For the above 

mentioned mechanism to be valid, using D2O as the solvent should not affect the value o f 

kobs compared to the reaction in H2O under the same conditions. In the absence o f proton 

transfer in the rate-determining step, a solvent kinetic isotope effect should appear as a 

shift o f the whole peak o f  pH-rate profile (reflecting only the different pKa in D2O). For 

this reason the abovementioned mechanism is also unlikely to be correct for the reaction 

under our conditions.
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2.4.3.3. A specific combination o f protonation states of the catalyst (intermediates) 

and arylboronic acids are required in the rate-limiting step.

The bell-shaped pH-rate profile may also be the result o f a combination o f (de)protonation 

equilibria for catalyst (or, better, intermediates on the catalytic cycle) and arylboronic 

acids. Such a mechanism takes into account that the (pre) catalyst 3 has a pKa o f 8.0 in 

aqueous CTAB solution (vide supra). Several o f the possible intermediates within the 

catalytic cycle are likely to have properties similar to those o f  3 and are therefore likely to 

be involved in acichbase equilibria. For example, peroxo Pd-complex 5, which hydrolyses 

easily in the presence o f water , 46 forms intermediate 6 a which is likely to be in 

equilibrium with 6 b (Scheme 2.19, Cf. Scheme 2.16). Similarly, the protonation state o f 

intermediate 8  is likely to be pH dependent in a similar manner as 3 (Scheme 2.19, Cf. 

Scheme 2.14).

i
o
m

C

6b 6a

ArAr ^  
1 0

^  A rB (O H )2 o r  A rB (O H )3- 
2

^  H03.nB(0H)2

BO

(H O )2BO,

-  h 2o

H O nB (O H )2

A rB (O H )2 o r  A rB (O H )3‘ 8 a  
2

8b

Scheme 2.19
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For these possible mechanism(s) the pATas o f intermediates 6  and 8  are not known but we 

expect them to be close to the p£a o f  the aqua-derivative o f complex 3 (Figure 2.18) which 

is around 8 . Accordingly, a third and a fourth possible mechanism can be proposed.

2.4.3.3.I. The basic form o f the arylboronic acid is required together with the acidic 

form of a catalyst (intermediate) in the rate-limiting step.

Third, the bell-shaped pH-rate profile could be the result o f  the rate-limiting step involving 

the acidic (aqua) form o f  an intermediate on the catalytic cycle such as 6 a or 8 a and the 

basic form of PBA (Scheme 2.20).

ArB(OH)3- H 0 3_nB (0H )2

j x >
7

Either / pd  or w s  )      (HO)2BOtuner HO SN/  H2 °  W

6 a

ArB(OH)3- B(OH)4‘ 
2

Or ? X " )  V  J  . " w " )
H20  NT A r' V

8 a  9

Scheme 2.20

For a rate-determining step according to scheme 2.20, the rate equation would be one of 

the following equations.

dt7] , r r  m ,, (2-6a)^  = t obs[6 a][2 ]b

^  = i obs[8a][2 ]b (26b)

Where the variables are as defined before, [7], [6 a], [9], [8 a] and [2]b are the molar 

concentrations o f 7, 6 a, 9, 8 a, and the basic form o f 2, respectively.
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From equations 2.6a and b it is clear that the reaction is first-order in 2  and the catalyst 

(active species 6 a or 8 a). Although our kinetic data do not show first-order dependence in 

2 , we attributed that to the complexity in the micellar medium {vide supra). Equations 2.6a 

and b are in agreement with our bell-shaped pH-rate profiles for the reaction if the pH 

dependence o f [6 a] or [8 a] and [2 ]b  is explicitly incorporated. In this mechanism, the 

observed bell-shaped pH-rate profile is the result o f the coincidental similarity in the pATa 

o f the boronic acids used and the palladium complex. Using an arylboronic acid which has 

a pK& far below the assumed pATa o f  the catalytic intermediates could therefore provide 

further confirmation o f  this mechanism because a wide plateau in the pH-rate profile is 

expected if this mechanism is true. For this reason we have tested jV-methylpyridinum-2- 

boronic acid 2j which has a pKa o f  4.4 and we observed no reaction over a wide range o f 

pH. This observation appears to suggest that this mechanism is unlikely for the reaction 

under our conditions. Care has to be taken, however, with this interpretation o f the 

observed lack o f reactivity o f  2 j {vide infra).

2A.3.3.2. The acidic form  o f  the  a ry lboron ic  acids is requ ired  together with the basic 

form  of a  cata ly tic  in te rm ed ia te  in the rate-lim iting step.

Fourth, the bell-shaped pH rate profile could be the result o f  the rate-limiting step 

involving the basic (hydroxo) form o f  catalytic intermediate 6 b or 8 b and the acidic form 

of 2 (Scheme 2.21).
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Either

ArB(OH )2 H 0 3.nB (0H )2 .  „

o. A  \  j  y *  )
P d ' ^  . \ — ^ --------   (HO)2BOn N 'y V
6 b 7

ArB(OH )2 B(OH)3

0 . > 0  X >
8 b 9

Scheme 2.21

For reaction according to Scheme 2.21, the rate equation would be one o f the following 

equations.

d[7] (2.7a)
~ ~ T ~ =  o b s t  I t  l aat

^ g l = *obs[8b][2]a
d' (2.7b)

Where the variables are as defined before, [7], [6 b], [9], [8 b] and [2]a are the molar

concentrations o f 7, 6 b, 9, 8 b, and the acidic form o f 2, respectively.

The same arguments discussed in the previous section regarding equations 2.6a and b and

our kinetic data are applicable for equations 2.7a and b as well. Equations 2.7a and b

reproduce our pH-rate profile displaying an optimum pH, supporting the idea that the

basic form o f an intermediate on the catalytic cycle is required in combination with the

acidic form o f the arylboronic acids for the rate-limiting step (one o f the transmetalation

steps). This possibility appears to be further supported by the fact that no reaction was

observed (over a wide range o f  pH) using 2j (which has a pKa o f 4.4 far below the

assumed pATa o f  the catalytic intermediates). For this mechanism, the low pJ^a o f the

boronic acid means that the sigmoidal curves for both the required catalyst intermediate(s)
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and the acidic form o f 2j do not overlap at any pH to allow the reaction to occur (Figure

2 .21).

- • 6b or 8b 
 2] acUto form

1.0x10'

8.0x10'

\  6.0x10'
"D
O
f  4.0x10'

2.0x10'

0 .0 -

2 64 8 10

PH

Figure 2.21. Hypothetical data for the concentration o f Pd11 intermediate(s) 6 b or 8 b (dotted line) 
and the acidic form of 2j (solid line) as a function o f pH.

From Figure 2.21 we conclude that the homocoupling reaction is expected to be very slow 

if the pÂ a o f the boronic acid is far below the pK& o f  the catalyst (or catalytic 

intermediates) for a mechanism involving the hydroxo-form o f the palladium catalyst and 

an arylboronic acid.

2.4.3.3.3. Kinetic models for reaction according to Schemes 2.20 and 2. 21.

Our kinetic data can be analysed using the following equations based on Schemes 2.20 and

2 .2 1 , respectively.

k = __________ K [Pd]10,_________
o b s  [ ( 1  + 1 0 p K , | ™ r p H  ) ( 1  + 1  o p H “ pA r* <,,‘' > ) ]

k = __________ MPd],ot_________
obs [ ( 1  +  1 QP^»(W)-PH |q P h-p*.(™) (2 .8 b)
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Where the variables are as defined before, p ^ p b a )  , P^a(Pd) are the acidity constants for 

PBA and the Pd catalyst (intermediate), respectively, fa and fa are the intrinsic second- 

order rate constants for the mechanism s in Schemes 2.20 and 2.21, respectively.

Equations 2.8a and b are used to analyse our experimental data displaying the bell-shaped 

pH-rate profile after addition o f  the second aliquot o f PBA (i.e. for the catalytic cycle only 

- Figures 2.22a and b)

0 .20-1 0 .2 0 1

0.15- 0.15-

|  0 .1 0 - 0 . 1 0 -

I

0.05- 0.05-

0.00 0.00
108 97 9 107 8

pH pH

Figure 2.22. fabs for the homocoupling reaction o f after the 2nd addition o f 0.05 mM 2a with 10.0 
pM 3 as a catalyst as a function o f pH at 30 °C, experimental data (■) and solid line a) fit to 
equation 2 .8a and b) fit to equation 2 .8b

By fitting equations 2.8a and 2.8b to the experimental data in Figures 2.22a and b (at fixed 

p^a(PBA) and [Pd]tot) the values o f  fa and fa can be determined for the homocoupling 

reaction o f 2a under our reaction conditions. A value for p ^ a(Pd) can be determined from 

the fit as well. Similarly one can find the values for fa, fa and p-K^pd) for other substituted 

arylboronic acids (see Figures S22a-g and S23a-g in Appendix 1). The fits (for both 

mechanisms) for the studied arylboronic acids give values o f pX^pd) o f around 8  and 

different values o f fa and kb. The value for pi^Pd) is remarkably close to the anticipated 

value. Using the values o f  fa, fa, a Hammett plot can be constructed showing the 

substituent effects on the reaction rate constants (Figure 2.23).
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Figure 2.20. log((^b)x/(^b)H) (A) or log((£a)x/(&a)H) (■) as a function o f substituent constant a x for 
different arylboronic acids (2 a, 2 b, 2 d, 2 e, 2 f  and 2 g), where fa and fa are the intrinsic second 
order rate constants for the reactions in Scheme 2.20 and 2.21, respectively.

Figure 2.20 shows the substituent effects on the intrinsic rate constants fa and fa for the

homocoupling reaction o f substituted arylboronic acids under our conditions for the two

possible reaction mechanisms (i.e. according to equations 2.8a and b). The slope (which

gives the p  value) in the case o f  an acidic Pd intermediate reacting with basic PBA

(Scheme 2.20) is more negative than the p  value if  one assumes reaction involving a basic

Pd intermediate and acidic PBA (Scheme 2.21). The negative p  in both cases indicates the

acceleration o f the rate o f  the reaction with the introduction o f electron-donating groups.

This is in fact in agreement with the increase in maximum fabS for the reaction under our

conditions (see Table 2.1) but the effect is more pronounced for the system assuming the

rate-determining step to involve acidic catalyst, i.e. an aqua complex, and basic PBA.

The fact that no reaction was observed for 2j under our reaction conditions needs to be 

reconsidered in light o f  the Hammett plots (Figure 2.20). Our initial interpretation that the 

lack o f reactivity o f 2 j  indicated that arylboronic acids in their basic forms do not react
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with the acidic Pd complex is unwarranted. Since 2j has a high a  value (estimated to be 

1.6 on the basis o f the pKa o f  2j o f  4.4), its intrinsic reactivity as quantified by ta is 

predicted to be very low i.e. log((ta)x/(ta)ii) or log((ta)x/(ta)H) will be very small 

compared to other boronic acids. This provides an alternative explanation for the observed 

lack o f reactivity o f 2j, viz. that the intrinsic reactivity o f  2j is too low. The lack o f 

reactivity o f 2 j therefore does not necessarily provide information on the required 

protonation states o f the boronic acids and the intermediates on the catalytic cycle.

We note that Adamo’s21 suggestion o f  the decrease o f the intrinsinc rate constant o f the 

transmetalation step with the presence o f  electron-withdrawing groups is in agreement 

with our observations.

Finally, both the mechanism in Scheme 2.20 and the mechanism in Scheme 2.21 can, in 

principle, account for the observed solvent kinetic isotope effect. If  the pATa-shift upon 

going from H2O to D2O is different for the palladium complex and the arylboronic acid, 

the optimum pH will change, but the maximum tabs will change as well. The solvent 

kinetic isotope effect may in fact allow us to distinguish between these two mechanisms, 

see Chapter 5).

In summary, our kinetic data does not currently allow us to distinguish between the 

mechanisms in Scheme 2.20 and 2.21.

Mechanism 2.21 is known to work in DMF and chloroform (in a Suzuki coupling) . 47 The 

mechanism explains the bell-shaped pH-rate profile, the observed SKIE and the 

observation that 2j does not react. Similarly, it is tempting to see this mechanism as fitting 

with the observation that trifluoroborate does not react (see Chapter 5). The involvement 

o f the basic form o f  Pd complexes i.e. (L)nPd-OH (L = PPh3) with the acidic form o f

87



Homocoupling of arylboronic acids Chapter 2

boronic acid in the transmetalation step for Suzuki cross-coupling reaction was also 

proposed by Amatore et a l 47 who showed that the boronate ion retards the transmetalation 

even when (L)nPd-X (X= I, Cl or Br) intermediate was used in DMF solvent. They have 

observed a bell-shaped profile for the effect o f OH' concentration on the reaction rate o f 

the transmetalation step. The authors have attributed the increase in the rate to the 

formation o f (L)„Pd-OH intermediate from (L)nPd-X, whereas the decrease in the rate was 

due to the formation o f unreactive arylboronate ArB(OH)3" species. However, Mechanism 

2.20 cannot be excluded based on the kinetic data. It may even be that Mechanism 2.20 

only contributes to reactivity in aqueous solutions where the formation o f the required 

charged species is facilitated by the high solvent polarity. Mechanism 2.20 would also be 

in agreement with the suggestion o f  Ogo et al. 48 who claim that boronate reacts with Pd- 

aqua complex in water. We note, however, that O go’s conclusion is critically dependent 

on the assumption that tetraphenylborate reacts as an analogue o f arylboronates.

Overall, we currently favour the mechanism in Scheme 2.21 and we therefore propose a 

catalytic cycle for the aerobic homocoupling reaction o f  arylboronic acids under our 

conditions in which one o f  the transmetalation steps is the rate-limiting step (Scheme

2 .21).
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Schem e 2.22

In Scheme 2.22 intermediates 6 b and 8 b are in their basic (hydroxo) forms which favour 

interaction with the acidic forms o f  the arylboronic acids. Therefore, the bell-shaped pH- 

rate profile is the result o f  one o f  the transmetalation steps in Scheme 2.22 being the rate- 

limiting step. Coincidentally, the reason why the arylboronic acids interact with the 

palladium complex (Pd-OH) even in the presence o f an abundance o f water molecules in 

the aqueous reaction mixture is related to the pKa o f  palladium-aqua complex o f around 8 , 

suggesting that Pd-OH is considerably more nucleophilic than water which has pKa around 

14.
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2.5. Conclusions

[Pd(bimsulfide)Cl2] is a good and stable (pre) catalyst for kinetic studies o f the aerobic 

oxidative homocoupling reaction o f  arylboronic acids under aqueous conditions. The 

reaction rate increases using micelles but the effect diminishes at higher surfactant 

concentrations because o f  dilution o f  the reactants over more micelles. The catalysis 

involves an induction period during which two molecules o f 2  (possibly in the basic form) 

are coupled to form the biaryl product and reduce Pd11 to Pd° (providing entry to the 

catalytic cycle). Running the reaction in the absence o f  air (and thus in the absence o f O2) 

reduces the reaction rate to a large extent which confirms the key role o f O2 as an oxidant 

for the catalyst to form a peroxo-Pd complex 5 which is consistent with the literature. 

Using Cu(OAC )2  as an oxidant instead o f O2 (air) reduced the reaction rate which again 

confirms the importance o f  O2 in the reaction. We observed a surprising effect of 

phenylboronic acid concentration on the reaction rate that we believe is mostly due to 

dimerisation and/or trimerisation o f 2 a in the micellar hydrophobic core (although we do 

not have any evidence to confirm that). The observed rate constant for the reaction, £obs, 

increases linearly with the catalyst concentration indicating that the reaction is first-order 

in the catalyst. Presence o f  electron-donating groups increases the reaction rate, and steric 

factors (in the case o f  2-MeOPBA) decrease the reaction rate. We observed bell-shaped 

pH-rate profiles for the aerobic homocoupling reactions o f  different arylboronic acids 

using 3 under our reaction conditions. The bell-shaped pH-rate profiles made us explore 

four possible mechanisms for the reactions. The most promising mechanism involves one 

o f the transmetalation reactions as the rate-limiting step o f  the reaction involving the basic 

form o f one o f the intermediate palladium complexes on the catalytic cycle reacting with 

the acidic form o f  the arylboronic acid. However, we cannot rule out a mechanism
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involving a transmetalation step involving the acidic form o f  a catalytic Pd-based 

intermediate with the basic form o f  the arylboronic acid.

2.6. Experimental 

2.6.1. Equipment

JASCO V630 and V650 UV-Visible spectrophotometers were used to monitor reactions 

by either time resolved absorption (spectra) or parallel kinetic measurements. Both 

machines were equipped with a Peltier thermostated cell holder to control the temperature. 

A HANNA pH211 microprocessor pH meter equipped with a VWR 662-1759 glass 

electrode was used for determining the pH o f  solutions. *H NMR spectra were recorded in 

D2O on a Bruker spectrometer (400 M Hz). HPLC analysis was carried out using an 

Agilentl200 instrument with a ZORBAY (Eclipse XDB-C18 4.6X150 mm, 5 pm) 

column. W ater was purified using an ELGA option-R 7BP. Mass spectra were recorded 

using Waters Micromass LCT Premier M ass Spectrometer.

2.6.2. Chemicals

All chemicals were commercially available (Acros, Alfa Aesar, Aldrich, Fisher Scientific, 

ICT, and Maybridge) and used as purchased without further purification, apart from 

bis(imidazol-2 -yl)methylmethane palladium chloride [Pd(bimsulfide)Cl2] which was 

prepared in the group o f  Prof. Cavell at Cardiff university with an estimated purity o f 98- 

9 9 % (unpublished results), and l-methylpyridinium -2 -boronic acid which was prepared 

according to literature procedures , 49 'H-N M R (D2O) 8  2.68 (s, 3, SO2CH3), 4.25 (s, 3, *N- 

CH3), 7.9 (t, 6.9 Hz, 1, Py-H), 8 . 6  (dd, 6.1 Hz, 7.8 Hz, 1, Py-H), 8 . 8  (s, 1, Py-H); l3C

91



Homocoupling of arylboronic acids Chapter 2

NM R (D2O). 8  38.57, 48.07, 127.35, 145.54, 148.83, 149.71; mass spectrum, m/e 138.07 

(M*). Acetonitrile and deionised water were used as solvents for the preparation o f stock 

solutions. A 1:1 mixture o f  acetonitrile and deionised water was used as a solvent for the 

preparation o f all arylboronic acid and phenol stock solutions apart from 1 -methyl- 

pyridinium-2-boronic acid (which was prepared in deionised water alone). Acetonitrile 

was used to prepare Pd-catalyst and precatalyst and biaryl (authentic standards) stock 

solutions. Deionised water was the solvent for all other stock solutions.

2.6.3. Typical kinetic experim ents

2.6.3.1. K inetic m easurem ent using UV-Visible spectroscopy

2.6.3.1.1. T im e resolved abso rp tion  p eak  m easurem ents

Reactions were carried out in 1.00 cm pathlength stoppered quartz cuvettes (Hellma) 

holding approximately 1.00 cm 3 o f  headspace (i.e. under aerobic conditions), at 30 °C. 

Typical concentrations were 100 jiM  for arylboronic acids and a required amount o f the 

catalyst. Product formation (biaryl and phenol) was followed through changes in UV- 

Visible absorbance with time at a selected wavelength where maximum changes in 

absorbance occurred, which has been selected through UV-Visible time resolved 

absorption spectra measurement for the reaction o f each arylboronic acid (250.0 nm for 

2a, 269.0 nm for 2b, 242.5 nm for 2c, 280.0 nm for 2d, 302.0 nm for 2e, 247.5 nm for 2f, 

324.0nm for 2g, and 305.0 nm for 2h.).

Typically in a 1.0 cm pathlength cuvette and to a total volume o f 2.5 mL, the required 

reagents (CTAB, K2CO3 or borate buffer, and catalyst) were mixed by pipetting the 

desired amount from the concentrated stock solutions. The cuvette was allowed to
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thermally equilibrate for about 5-10 minutes. Subsequently, the required amount o f 

arylboronic acid was added to the reaction mixture from a concentrated stock solution. 

The kinetics were m onitored by measuring the time resolved absorption peak. Reversing 

the order o f addition o f  arylboronic acids and the catalyst did not affect the kinetic 

measurements. W hereas the reactions are clearly not (pseudo) first-order, observed rate 

constants kabs were determ ined from plots o f  absorbance as a function o f time, using the 

pseudo first-order rate law (equation 2.1). Consequently all rate constants are expressed as 

observed pseudo-first-order rate constants.

2.6.3.1.2. Parallel kinetic m easurem ents

Parallel kinetic m easurem ents at fixed wavelength were performed using a 6 -cuvette cell 

changer using a JASCO V-650 UV-Visible spectrometer at constant temperature 

following the abovem entioned procedure. Effects o f  the base concentration, pH, buffer 

concentration, CTAB concentration, catalyst concentration, and arylboronic acids 

concentration were all studied by UV-Visible parallel kinetic measurements.

2.6.3.1.3. Kinetics using NM R

An aqueous (D 20 )  solution containing 50 mM CTAB, 50 mM borate buffer (pH 9.0), 10 

mM phenylboronic acid and 10 jiM Pd(bimsulfide)Cl2 were mixed in a small capped 

container and kept at 37 °C (water bath). ’H NM R spectra were recorded by taking 

aliquots o f the reaction m ixture into NM R tubes at different time points. The appearance 

o f products (biphenyl and phenol) and disappearance o f reactant (phenylboronic acid) 

were followed with tim e by following the increase/decrease o f the integration o f the
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related 'H-NM R peaks. !H-NM R (D20 )  5 7.72 (d, 7.72 Hz, 2, PBA), 7.56 (d, 7.76 Hz, 4, 

PhPh), 7.37 (t, 7.5 Hz, 4, PhPh), 7.28 (t, 7.31 Hz, 2, PhPh), 7.21 (m, 3, PBA), 7.07 (t, 7.78 

Hz, 2, PhOH), 6.79 (d, 8.08 Hz, 2, PhOH), 6.65 (t, 7.29 Hz, 1, PhOH),

2.6.3.1.4. Kinetics using HPLC

In a small capped container, an aqueous solution containing 10 mM CTAB, 10 mM borate 

buffer (pH 9.2), 0.1 mM phenylboronic acid were mixed at 35 °C (the temperature was 

controlled by flowing a constant stream o f  warm air into the auto-sampler compartment of 

the HPLC instrument and temperature was monitored by a thermometer). The required 

amount o f  Pd(bimsulfide)Cl2 was added and the reaction kinetics were followed by 

recording HPLC chromatograms as a function o f  time. The appearance o f products 

(biphenyl and phenol) and the disappearance o f  reactant (arylboronic acids) were 

monitored over time, through measuring the area under the peak for each substance

2.6.4. pifa measurements

The UV-Visible spectra o f  arylboronic acids or Pd(bimsulfide)Cl2 were recorded in CTAB 

and borate buffer at different pH using a JASCO UV-Visible V-650 spectrometer. The 

absorbances at a fixed wavelength were plotted against pH and the pKa was determined 

through data analysis in terms o f  a sigmoidal curve.

2.6.5. Product analysis and calibration graphs by HPLC

Product distributions in the coupling reactions o f  the arylboronic acids were analysed 

using HPLC using the following HPLC method. 1) solvent gradient o f 95% water and 5%
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acetonitrile (for 4-COOHPBA the solvent gradient was 65% water, 30% trifluoroacetate 

(0.02% concentration) and 5% acetonitrile) with a gradient time table 5.0 minutes 100% 

(50% for 4-COOHPBA) acetonitrile and 9.0 minutes 100% (80% for 4-COOHPBA) 

acetonitrile, 2) solvents flow rate was 1.0 mL / min, 3) column temperature was 40 °C, 4) 

the spectra detection wavelength was 254 nm with a band width o f 50 nm for PBA and 2- 

MeOPBA, 254 ± 70 nm for 4-AcOPBA and 4-MeOPBA, 270 ± 50 nm for 4-COO PBA, 

284 ± 70 nm for 4 -NO2PBA, 5) 60 j iL  o f  the reaction mixture was injected and 6) 1.0 

minute o f post time and 10 minutes o f  stop time were allowed. To quantify the amount o f 

the products in the reaction mixtures, calibration graphs in the concentration range from 

0.025 mM to 0.2 mM were generated using commercially available standards (see Figure 

S6-20 in Appendix 1).
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A bstract

We have synthesised m onodisperse Pd-CTAB nanoparticles (NPs) with an average size of 

3.0 ± 0.1 nm. Pd-CTAB NPs are good catalysts for the aerobic oxidative homocoupling 

reaction o f phenylboronic acid (PBA) in aqueous micellar media, giving good pseudo- 

first-order kinetics and also reducing phenol by-product formation compared to the use of 

a molecular Pd catalyst. A bell-shaped pH-rate profile was observed using Pd-CTAB NPs, 

which is in line with our previous observation using molecular Pd-catalysts. The reaction 

was first-order in Pd-CTAB NPs. The effect o f  phenylboronic acid concentration on the 

observed reaction rate constant was observed to show mixed second-order kinetics (at low 

PBA concentration) and first-order kinetics (at high PBA concentration). The combined 

observations provide some insights into the possible mechanism(s) o f the reaction under 

our conditions, with strong similarities to the possible mechanisms for catalysis by 

molecular complexes. The key conclusion is that the activity o f  catalytic centres is 

modulated through (de)protonation and is thus pH dependent.
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3.1. Introduction

3.1.1. Palladium nanoparticles (Pd NPs)

Metal nanoparticles (NPs) have been known for more than two millennia and transition- 

metal NPs have been used since the 1970s in catalysis.1'3 However, since the last decade, 

catalysis using metal NPs has gained dramatic interest and offered promising solutions for 

carrying out reactions efficiently under “greener conditions”, i.e. mild and 

environmentally benign conditions.4 NP catalysis is described as a frontier between 

homogeneous and heterogeneous catalysis and often referred to as “semi-heterogeneous 

catalysis”.5 Usually NP catalysts are prepared from a metal salt, a reducing agent, and a 

stabiliser. Possible nanoparticle stabilisers include dendrimers, specific ligands, ionic 

liquids, surfactants, proteins, membranes, carbon nanotubes, polymers and a variety o f 

oxides.6'8

Because o f the popularity o f  Pd chemistry, the synthesis o f  Pd NPs is increasing, using a 

variety o f Pd precursors and stabilisers. For example, Gittins and Caruso9 have used 

Na2PdCU and (4-dimethylamino)pyridine to synthesise stable Pd NPs. They have shown 

that (4-dimethylamino)pyridine acts both as a phase transfer agent and as a stabiliser o f Pd 

NPs. Polymers have been regularly used as stabilising agents for Pd NPs, with the most 

commonly used polymer being poly-(A-vinyl-2-pyrollidone) (PVP). However, many other 

polymers have been used to stabilise Pd NPs including, polyurea,10 polysilane,11 

polyacrylonitrile or/and poly-(acrylic acid),12 polysiloxane,13 oligosuccharides,14 poly

ethylene glycol).15 Dendrimers have also proven to be good stabilisers for Pd NPs.16,17 

Furthermore, surfactants and micelles have been commonly used as Pd NPs stabilisers for 

Pd NPs. For instance, Yang et al.[S have used sodium dodecylsulfate (SDS) as a stabiliser 

for Pd NPs. Tan et a l}9 have synthesised monodisperse water soluble Pd-CTAB NPs by 

light decomposition o f  Pd(PPh3)4  in aqueous CTAB solution without need for a reducing
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agent. Using U V -V isible spectroscopy, high resolution transmission electron microscope, 

energy dispersive X-ray analysis and powder X-ray diffraction methods to confirm the 

size and morphology o f  the formed NPs, they have found that face-centred-cubic (fee) Pd- 

CTAB NPs o f  different sizes (2.5, 5 and 10 nm) were formed by simply tuning the 

concentration o f  CTAB-micelles. In other work, Fan and coworkers20 demonstrated for the 

first time that nearly m onodisperse single-crystalline palladium (Pd) nanocubes and 

nanodendrites could be prepared in aqueous solution at room temperature. The authors 

utilised the equilibrium between the dissolution and precipitation o f the Pd-CTAB 

complexes in the synthesis o f  the NPs. M oreover, they have found that addition o f foreign 

halide ions (C f and Br ) can be used to tune the morphology o f the obtained Pd 

nanocrystals. Furthermore, the form ation o f  the single-crystalline pure Pd structures with 

fee crystal lattice was confirmed by selected area electron diffraction (SAED) and X-ray 

diffraction (XRD) techniques. Recently, Lee et al.21 demonstrated the effect o f changing 

the injection sequence o f  CTAB and the reducing agent on the morphology o f  formed Pd- 

CTAB NPs from K2 PdCU in aqueous media.

Furthermore, bimetallic core-shell Au-Pd NPs stabilised by polymers were developed by 

Toshima’s group 22 24 For example, core-shell Au-Pd NPs stabilised by PVP have shown 

enhanced catalytic activity com pared to the corresponding single metallic Pd NPs 

stabilised by PVP 25 The synthesis and catalytic activity o f bimetallic Pd NPs will be 

discussed in more detail in Chapter 4.

3.1.2. Pd-nanopartile-catalysed Suzuki cross-coupling and oxidative homocoupling of  

arylboronic acids

Because o f  the reputation o f  Pd as one o f  the most efficient and frequently used metals in 

catalysis, and especially in C-C bond formation (e.g. the Suzuki reaction), there has been
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immense interest in the use o f  Pd NPs in catalysis.4,5’26 Various Pd NPs have been used to 

catalyse Suzuki-Miyaura reactions. For instance, Han and coworkers27, 28 have used 

ligandless Pd NPs generated in situ in polyethylene glycol (PEG-400) for Suzuki cross

coupling reactions under mild conditions. They have shown that arylboronic acids 

promote the formation o f  the NPs by acting as a reducing agent for the Pd11 salt. The 

authors also observed that the in situ generated NPs were more efficient than pre-prepared 

NPs for the reactions under the same conditions. Desmarets et al?9 have synthesised Pd 

NPs o f ca. 25 nm particle size by reducing PdC h and stabilising the NPs using Af,A"-bis(4- 

methoxyphenyl)-(l,T-binaphthyl)-4,4 -diamine (naphthidine) in dioxane. The formed NPs 

have shown good catalytic efficiency towards a Suzuki reaction using dioxane as a solvent 

at 80 °C. Moreover, Diallo et al.30 have used Pd NPs stabilised by dendrimers for a 

Suzuki reaction using a H 20 /E t0H  m ixture as solvent. Gallon et al?1 have developed Pd 

NPs supported on polyaniline nanofibers as good catalysts for Suzuki reactions in water. 

Unfortunately, most o f  the abovementioned procedures involve the use o f expensive 

ligands or supports for the NPs, the use o f  organic solvents, or the reaction rate was low. 

Nevertheless, Saha et al?2 have developed a fast, simple, and environmentally friendly 

one-pot Suzuki reaction protocol using Na2PdCl4, SDS surfactant, K3PO4 and water as a 

solvent. The reactions were conducted under aerobic ligand-free conditions. They have 

shown that the catalysis occurred through in situ generated Pd° NPs stabilised by SDS and 

K3PO4. The average size o f  the produced NPs was measured using TEM by taking an 

extract o f the reaction m ixture at the end o f the reaction, and it was found to be in the 

range o f 6-8 nm. The authors demonstrated easy recovery and reusability o f up to three 

runs o f the catalyst. Prastaro et al?3 ha ve prepared water-soluble spherical palladium 

nanoparticles stabilised w ithin the cage o f  a DNA-binding protein from starved cells o f a
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thermophilic bacterium “Thermosynechoccus elongatus” (Te-Dps) (Pd NP/Te-Dps). The 

average size o f these NPs was 3.5 ± 0.5 nm from TEM images; they also observed that 

part o f the Pd metal was on the surface o f  the protein. Prastaro et a l demonstrated that 

these NPs can be used as catalysts for the Suzuki-Miyaura cross-coupling reaction under 

aerobic phosphine-free conditions in aqueous media at 100 °C. In other work, Sawoo et 

al.15 have developed a cheap and readily available method for the synthesis o f spherical Pd 

nanoparticles with an average size o f  7-10 nm by a novel reduction o f Pd11 using a Fischer 

carbene complex and utilising poly ethylene glycol (PEG) as stabiliser and water as a 

solvent. They have found that PEG wraps around the nanoparticles to provide stabilisation 

and prevents agglomeration o f  the Pd metal. The size o f  the formed nanoparticles was 

controlled by tuning the PdrPEG ratio. The authors have demonstrated that the formed 

water-soluble Pd-PEG NPs provide an efficient catalytic system for Suzuki, Sonogashira, 

and Stille reactions using water as the only solvent. The reactions were performed under 

mild conditions without any necessity for excluding air from the reaction mixture (i.e. no 

inert atmosphere is required).

In addition, as discussed in Chapter 2, different homogeneous34'38 and heterogeneous39,40 

palladium catalysts have been used to  catalyse oxidative homocoupling reactions o f 

arylboronic acids. However, to the best o f our knowledge, there are few reports on the 

homocoupling reaction o f  arylboronic acid using Pd NPs. For example, Willis et al.41 have 

synthesised Pd11 NPs o f  15 nm average size, supported on C e0 2, T i0 2, S i0 2 and Z r0 2 

surfaces. The synthesis was carried out by deposition-precipitation o f Pdn(NC>3)2  on the 

surface o f C e 0 2, T i0 2, S i0 2 and Z r0 2. These (solid) NPs showed reasonable 

(heterogeneous) catalytic reactivity towards homocoupling reaction o f  phenylboronic 

acids in toluene at 60 °C under anhydrous conditions. The selectivity towards biphenyl
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formation was 75% with the production o f  benzene and phenol by-products. The authors 

have suggested that individual Pd atoms leaching out from the solid NPs were the cause of 

the catalysis. Prastaro et al.42 have used the abovementioned system consisting of 

palladium nanoparticles (Pd° NPs) stabilised primarily within a protein cavity as a 

(homogeneous) catalyst for the synthesis o f  symmetrical biaryls from arylboronic acids 

and also from potassium aryltrifluoroborate in water under aerobic and phosphine-free 

conditions.

Furthermore, Au NPs have been used as a catalyst to perform aerobic oxidative 

homocoupling o f arylboronic acids.41, 43, 44 Our attempts at catalysis using Au-based 

systems (Au NPs and Au-Pd core-shell NPs supported by a polymeric shell) are described 

in Chapter 4.

3.1.3. Possible mechanisms o f Pd-nanoparticle-catalysed C-C coupling reactions 

(Suzuki reaction and oxidative coupling o f arylboronic acids)

Despite the fact that Pd NPs have been used to a great extent in the Suzuki coupling 

reaction and in one instance even in the oxidative homocoupling o f arylboronic acids, 

there are no detailed mechanistic studies explaining the exact catalytic role o f the Pd NPs. 

However, some efforts have been made to describe the catalytic role o f the Pd NPs and 

these efforts are briefly reviewed here.

For the Heck reaction involving Pd-nanoparticles a mechanism has been proposed 

involving Pd atom escape (leaching) from the Pd NPs and recombination after catalysis.4, 

45 This mechanism(s) could also apply to catalysis o f  the Suzuki-Miyaura reaction. 4> 30 For 

instance, studies by Biffis’ group46 and by Liu and Hu47 attribute the catalytic activity o f 

microgel- and polymer-encapsulated Pd NPs, respectively, in the Suzuki reaction to 

leaching Pd° species. There are two hypotheses explaining the leaching o f Pd atoms or
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ions from the surface o f  the Pd NPs. The first hypothesis was formulated suggesting that 

the leaching occurs after the oxidative addition o f  the aryl halide to the Pd° NPs in which 

case the X -Pdn-Ar com plex escapes from the surface o f  the NPs and leaches out into the 

solution. At the end o f  the catalytic cycle the reduced Pd° atoms will be redeposited on the 

surface o f  the NPs (Scheme 3 .1).4

Ar-Ar'

discrete Pd°

Ar'— P d " -L

or Ar-Ar' + Pd(0) nanoparticle

reductive
elimination

X B (O H )2

Ar’-B (O H )2

transmetalation

Ar
L—P d " -X

discrete Pd11 species

Oxidative
insertion

chemical
etching

Scheme 3.1 reproduced from re f '

The second hypothesis suggests that Pd atom  leaching occurs without involvement o f  the 

aryl halide (Scheme 3.2). For exam ple, Arai and cow orkers’ studies45,48 o f  Heck reactions 

using Pd-NPs show that the reduced Pd species are more easily leached out into the 

solvent compared with the oxidised species .48

However, Gaikwad et al. have suggested that both Pd° atom and Pd11 ion leaching is likely 

to occur sim ultaneously and both types o f  leaching together are responsible for the 

catalysis in the Suzuki reaction .49
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a
reductive
elimination

Ar-Ar'
+

"Pd°" 
discrete Pd° 

species

Leaching

Q  + Pd° 

Pdn-i

or Ar-Ar' + Pd° nanoparticle

Ar-X

O
P d n - 1

Oxidative
insertion

Ar
Q  + X -P d "  

P d n -1

Ar + 
A r '-P d "

transmetalation 

XB(O H)2 Ar'-B(OH)2

Scheme 3.2 reproduced from r e f48 

On the other hand, Lee and cow orkers50 have provided evidence that the Suzuki coupling 

occurs heterogeneously, at the surface o f  PVP-stabilized Pd° nanoparticles. X-ray 

absorption spectroscopic studies o f  catalytically-active palladium nanoparticles during a 

Suzuki-Miyaura cross-coupling reaction revealed that the nanoparticles were stable under 

the reaction conditions, and that cross-coupling involved the direct participation o f surface 

palladium defect sites in the catalytic cycle (Scheme 3.3). Selective chemical and 

structural poisons provided further evidence for a heterogeneous active site.

A r '- I  * A r2 B < O H )2 A r ' - A r 2
V8 nm

A r 1-! ♦  A r ^ - B f O t t ) ;  A r ' - A r2 

Scheme 3.3 taken from re f50
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To the best o f our knowledge, there is no report explaining the mechanism of 

homocoupling o f arylboronic acids using Pd NPs. However, Prastaro et al.5] have hinted 

(without details) that the reaction proceeds through a Pd-peroxo complex under aerobic 

conditions based on the proposal by Adamo et a l3*’52 for molecular Pd catalyst.

3.1.4. Aims

We aim to synthesise a stable catalytically-active system consisting o f  water-soluble 

monodisperse spherical Pd-CTAB NPs. UV-Visible spectroscopy and transmission 

electron microscopy (TEM) will be used for the characterisation o f the prepared NPs. We 

use these NPs as catalysts for kinetic and mechanistic studies o f micelle-assisted aerobic 

oxidative homocoupling reactions o f  phenylboronic acid in aqueous media.

3.2. Results and discussion

3.2.1. Synthesis o f Pd-CTAB nanoparticles

Pd nanoparticles are o f  interest for our oxidative coupling reaction o f arylboronic acids on 

the basis o f their successful use in the Suzuki coupling reaction. We took a simple 

approach19, 20 to synthesise nearly monodisperse spherical Pd-CTAB nanoparticles in 

water at 30 °C using PdC h as a source o f  Pd and NaBPU as a reducing agent (Scheme 3.4)

PdCI2 + 2HCI -------------- ► H2PdCI4

NaBH
H2PdCI4 + C TA B ---------------- -— »- Pd°-CTAB NPs

stirring, 30 °C

Scheme 3.4

The formed Pd-CTAB NPs were characterised using transmission electron microscopy 

(TEM) and UV-Visible spectroscopy (Figures 3.1a and b).
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600

x / n m
800 1000

F ig u re  3.1: a) TEM image for Pd-CTAB nanoparticles, b) UV-Visible spectra o f 0.25 mM H2PdCl4 
in 8.0 mM CTAB (solid line) and 0.25 mM (Pd-content) Pd-CTAB NPs (dotted line).

Figure 3.1a (TEM image) shows m onodisperse spherical Pd-CTAB NPs (black dots) with 

an average size o f  3.0 ±  0.1 nm. Figure 3.1b shows the disappearance o f the UV-Visible

Pd° (the height o f  the peak at 223.5 nm is an artefact).

3.2.2. Kinetics of the hom ocoupling reaction of PBA using Pd-CTAB nanoparticles

Using UV-Visible spectroscopy, we have followed the kinetics o f  the reaction o f  0.1 mM 

PBA in the presence o f  8.0 m M  CTAB, 10.0 mM  borate buffer and ca. 0.1 mM (in terms 

o f Pd content) Pd-CTAB N Ps (the concentration o f  CTAB is 8.0 mM in the Pd-CTAB NP 

preparation) (Scheme 3.5) (Figure 3.2).

peaks at 223.5 and 307.0 nm for HfePdCU which is an indication o f the reduction o f Pd11 to

OH

B (O H )2
Pd-C TA B  NPs ; Borate buffer 

30 °C , Air

H 20  /  CTAB

Scheme 3.5
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Ec
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t /  min

F ig u re  3 .2 : The absorbance o f the reaction mixture o f ca. 0.115 mM Pd-content in Pd-CTAB NPs 
in 8.0 mM CTAB, 10.0 mM borate buffer pH 8 .8, and 0.1 mM Pd-CTAB NPs as catalyst at 30 °C 
versus time (dotted line), solid line fit to the (pseudo) first order equation (equation 2.1 in Chapter 
2).

Figure 3.2 shows that the homocoupling reaction o f  phenyl boronic acid using Pd-CTAB 

NPs follows the pseudo first-order rate law.

The product ratio for the reaction was found to be 3:1 biphenyliphenol by HPLC (see 

Figure S2.1 in Appendix 2 ), which corresponds to a reduction o f  the production o f phenol 

by 3 times compared to using m olecular Pd catalyst 3 (Chapter 2) under similar conditions.

The Pd-CTAB NPs stability was tested and it was found that they stay stable over at least 

one week without changing their catalytic activity towards the oxidative homocoupling of 

PBA (Figure 3.3).
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0.06

0 .0 4 -

■* 0 .0 2 -

0.00
0 42 6 8

t / days

Figure 3.3: Pd-CTAB NPs catalyst activity represented by kobi versus NP storage time for the 
reaction o f 0.1 mM of PBA using 0.1 mM Pd-content in Pd-CTAB NPs in 8.0 mM CTAB and 10. 
mM borate buffer pH 8.8 at 30 °C.

Figure 3.3 shows the stability o f the catalyst over a period o f 7 days.

3.2.2.I. Effect of pH on A:0bs of the homocoupling reaction using Pd-CTAB NPs

We have studied the effect o f  pH on k0bs for the homocoupling reaction o f phenylboronic 

acid using borate buffer (Figure 3.4).

0 .0 6 -

0 .04 -

'c
E

01ao
0.0 2 -

0.00
9.0 9.5 10.07.5 8.58.0

pH

Figure 3.4: Effect of pH on kobs for the reaction o f 0.1 mM PBA, in 8.0 mM CTAB and 10.0 mM 
borate buffer using 0.115 mM Pd-content in Pd-CTAB NPs at 30 °C, (■) experimental data, solid 
line fit to Gaussian (eqn. 2.2).
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Figure 3.4 shows a bell-shaped pH-rate profile for the homocoupling reaction o f PBA 

using Pd-CTAB NPs, w ith a maximum in ko^at pH close to the pKa o f PBA. This finding 

is in line with our previous results using a molecular Pd catalyst (see Chapter 2), which 

suggests different possibilities regarding the mechanism(s) o f the reaction (vide infra).

3.2.22. Effect o f PBA concentration on £0t»

We have studied the effect o f  [PBA] on &0bs for the reaction using 10 mM borate buffer 

and 0.1 mM Pd-CTAB NPs at pH 8.8 and 30 °C (Figure 3.5)

0.08

0.06-

0.04

0 .0 2 -

* * i

0.0 0.1 0.2 0.3
[PBA] /  mM

0.4 0.5

Figure 3.5: Effect of PBA concentration on kobs for the aerobic oxidative homocoupling reaction 
of 0.1 mM PBA using 0.115 mM Pd-content in Pd-CTAB NPs in 8.0 mM CTAB and 10 mM 
borate buffer pH 8.8 at 30 °C.

Figure 3.5 shows that the reaction follows second-order kinetics when the PBA 

concentration is less than 0.2 mM but follows first-order kinetics at higher PBA 

concentrations. However, the reactions give reasonably good fits to pseudo-first-order 

kinetic equation 2.1 at all PBA concentrations (see Figures S2.2a-j in Appendix 2). This 

suggests that deviation from pseudo-first-order kinetics is not obvious from the kinetic fits. 

However, the mixed second- and first-order behaviour is in agreement with a kinetic
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scheme involving a pre-equilibrium in which a first molecule of PBA binds to the surface 

of the NP (or leaches a Pd atom) followed by a rate-determining step involving a second 

molecule of PBA (Scheme 3.6).

O  + PBA
NPs or leached Pd k--1

| + PBA » p +
NPs or leached Pd

Scheme 3.6

Solving the kinetic equations of Scheme 3.6 using the steady state approximation results in 

rate equation 3.1.

d[p] fc,*2[PBA I  (31)
At +(t,[PBA]

Where k\, k.\ and &2 are intrinsic rate constants as defined in Scheme 3.6, [P] is product 

concentration, and [PBA] is the phenylboronic acid concentration. For the full derivation 

of equation 3.1 see section A2.3 in Appendix 2. At low PBA concentration &2[PBA] in the 

denominator is much less than k.\ and therefore the term A:2[PBA] is negligible and 

equation 3.1 simplifies to equation 3.2.

d[p] £ |£2[PBA]2

At k ,  k l

Hrnl Where’ i  = k°k
then a E l  = ^ bs[PBA]2 (3.2)

Equation 3.2 shows that at low [PBA] the reaction is second-order in PBA.

However, at high PBA concentration k.\ in the denominator is much smaller than &2[PBA], 

therefore k.\ is negligible and equation 3.1 simplifies to equation 3.3.
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At iJ P B A ] k2 ob!

then ^  = £obs[PBA] (3.3)
at

Equation 3.3 shows that at high [PBA] the reaction is first-order in PBA for the 

mechanism summarised in Scheme 3.6.

3.2.2.3. Effect o f Pd-CTAB NP concentration on k0t,s for the homocoupling reaction of 

PBA

We have studied the effect o f  [Pd-CTAB NPs] on &0bs for the reaction o f  PBA using 10 

mM borate buffer at pH 8.8 at 30 °C (Figure 3.6).

0 .08

0 .0 6 -

E 0 .0 4  -

0 .0 2 -

0.00
0.120.080 .0 40.00

[Pd-CTAB NPs] / mM

Figure 3.6: Effect o f Pd-content in Pd-CTAB NPs concentration on kobs of the aerobic oxidative 
homocoupling reaction o f 0.1 mM PBA using 8.0 mM CTAB and 10.0 mM borate buffer pH 8.8 at 
30 °C.

Figure 3.6 shows that the reaction is first-order in Pd-CTAB nanoparticles. This indicates 

the involvement o f one catalyst active species (vide supra) in the rate-limiting step o f the 

reaction.
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3 .2 .2 .4 .  Effect o f borate buffer concentration on &0bs of the reaction

We have studied the effect o f  borate buffer concentration on ôbs for the reaction o f 0.1 

mM PBA using 10 mM borate buffer at pH 8.8 and at 30 °C (Figure 3.7).

0.04

0 .0 3 -

•jE 0.02-

0.01 -

0.00
4010 20 300

[borate buffer] / mM

Figure 3.7. Effect o f borate buffer concentration on the Ar0bS o f the reaction of 0.1 mM PBA using 
0.07 mM Pd-content in Pd-CTAB NPs, 8.0 mM CTAB at pH 8.8 and 30 °C.

Figure 3.7 shows that kobS for the homocoupling reaction o f  PBA using Pd-CTAB NPs 

decreases slightly with increasing borate buffer concentration. This behaviour, again, 

mimics the behaviour o f  our molecular catalyst (Chapter 2). Clearly, buffer catalysis does 

not occur and the slight decrease might be the result o f  small changes in ionic strength 

(which was not held constant).

3 .2 .2 .5 .  Possible mechanism(s) for the reaction

Based on our kinetic data and in line with the proposed mechanisms for the Suzuki- 

Miyaura cross-coupling reaction using Pd NPs (vide supra), catalysis might occur at the 

surface o f  the NPs or after leaching o f Pd atom and/or ions. The possible pathways for
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catalysis are: a) on the surface o f  the NPs in general, b) at so-called defect sites o f the NP 

surface, c) on leached Pd atom/ions, d) on Pd-atoms and/or ions which were removed from 

the NP after the oxidative addition step (addition o f molecular O2) and/or e) Pd-atoms 

and/or ions removed from the NP surface through the first transmetalation step.

In all possible catalysis pathways, and in agreement with our findings in Chapter 2 and in 

Adamo’s work38, a peroxo-Pd11 intermediate is likely to be formed through an oxidative 

addition step by (dissolved) molecular oxygen to Pd°-CTAB NPs either on the surface o f 

the NPs or through reaction with a leached Pd° atom. The peroxo-Pdn-complex likely 

undergoes hydrolysis in the presence o f  water to form a OH-Pdn-OOH complex which is 

likely to be involved in acid/base equilibria as observed in Chapter 2 and therefore lead to 

pH-dependent behaviour in aqueous media. The bell-shaped pH-rate profile makes us 

suggest the same possible scenarios regarding the mechanisms(s) o f the transmetalation 

steps as discussed in Chapter 2. Consequently, reductive elimination forms the product 

biphenyl.

As we have mentioned in Chapter 2 the by-product phenol forms as a result o f the reaction 

o f peroxide (which is assumed to be formed within the catalytic cycle) with phenylboronic 

acid. The formation o f less phenol by-product compared to the same reaction under the 

same conditions using the molecular Pd catalyst in Chapter 2 might be due to less 

hydrogen peroxide formation within the catalytic cycle. The change in the kinetic-order 

from 2nd to 1st order suggests the presence o f  a pre-equilibrium reaction involving PBA 

before the rate-limiting step(s) o f  the reaction (Scheme 3.6). The first transmetalation 

involves an equilibrium reaction between a molecule o f PBA with a molecule o f the 

catalyst to form an intermediate. This intermediate then reacts with another molecule o f 

PBA to form another intermediate which then leads to the formation o f the products by 

reductive elimination.
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The bell-shaped pH-rate profile is a result o f  either the acidic form o f  boronic acid needed 

in one step and the basic form in the other, or the catalyst is pH dependent and possibly 

has a pKa slightly lower than the pKa o f  PBA which leads to the contribution o f acidic 

form o f PBA and the basic form o f  the catalyst in the rate determining step. No Pd-black 

was observable at the end o f  the reaction which suggests that the reaction proceeds on the 

surface o f NPs or the leached Pd atom s were redeposited on the NP surface, which then 

leads to the formation o f  bigger N Ps (Ostwald ripening). However, we do not have any 

evidence confirming Ostwald ripening to occur during/after the catalysis. The Br counter 

ion o f surfactant could possibly bind to the Pd atoms after being oxidised to Pd11 (either on 

the surface or after leaching) this m ight be partly responsible for the bell-shaped pH-rate 

profile behaviour.

Finally, the observation that the Suzuki-M iyaura cross-coupling reaction has been 

successfully catalysed by Pd N Ps50 suggests that if  the reaction occurs on the surface o f 

the nanoparticles, the reaction is restricted to individual Pd atoms or ions. If  aryl groups 

were free to move across the NP surface, more homocoupling products (of both aryl halide 

and aryl boronic acid) would have been expected.

3.3. Conclusion

We have followed a simple approach to synthesise monodisperse Pd-CTAB nanoparticles 

o f size 3.0 ± 0.1 nm. These Pd-CTAB NPs were found to be a good catalyst system for the 

aerobic oxidative hom ocoupling reaction o f  PBA, giving good pseudo-first-order kinetics 

and also reducing the ratio o f  the phenol by-product formation compared to the use o f the 

molecular Pd catalyst discussed in Chapter 2. The observed effect o f phenylboronic acid 

concentration on the reaction rate using Pd-CTAB NPs indicates mixed second-order (at 

low concentration) and first-order (at high concentration) kinetics. This behaviour suggests
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the existence o f a pre-equilibrium binding event involving a first molecule o f PBA before 

the rate-determining step o f  the reaction, which involves a second molecule o f PBA. The 

reaction was first-order in Pd-CTAB NPs suggesting involvement o f one NP or leached Pd 

atom/ion in the rate-limiting step o f  the reaction.

Based on our kinetic data and in light o f  published proposals for the mechanism of the 

Suzuki cross-coupling reaction catalysed using Pd NPs we have no evidence to confirm 

that the catalysis occurs on the surface o f  Pd-CTAB NPs or via leached Pd-atoms/ions 

from the surface o f the NPs. In both cases (based on our previous findings and Adamo’s 

work38) a peroxo-Pd11 intermediate likely forms by an oxidative addition step by 

(dissolved) molecular oxygen. This peroxo complex undergoes hydrolysis in the presence 

o f water to form a (OH)-Pd-(OOH) complex, the protonation state o f  which is pH 

dependent. This behaviour, together with the pH-rate profile, suggests that both 

arylboronic acids are involved in the rate determining step in a way that either the acidic 

form of PBA is needed in the pre-equilibrium step and the basic form in the step following 

it or vice versa. Another possibility is that the active species o f the catalyst (OH)-Pdn- 

(OOH) has a pKa close to that o f  PBA which then favours the reaction to occur between 

the acidic form o f PBA and the basic form o f  the catalyst or vice versa.

3.4. Experim ental

3.4.1. Equipm ent

JASCO V630 and V650 UV-Visible spectrophotometers were used to monitor reactions 

by either time resolved absorption (spectra) or parallel kinetic measurements. Both 

machines were equipped with a Peltier thermostated cell holder to control the temperature. 

Reactions were carried out in 1.0 cm path length stoppered quartz cuvettes (Hellma) 

holding approximately 1.0 cm 3 o f  headspace (i.e. under aerobic conditions), at 30 °C. A
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HANNA pH211 m icroprocessor pH meter equipped with a VWR 662-1759 glass 

electrode was used for determining the pH o f solutions. HPLC analysis was carried out 

using an A gilentl200 instrument with a ZORBAY (Eclipse XDB-C18 4.6X150 mm, 5 pm) 

column. Water was purified using an ELGA option-R 7BP and a Milli-Q system 

(Millipore) water purifier. Transm ission electron microscopy (TEM) was performed using 

a JEOL JEM 1010 m icroscope operating at an acceleration voltage o f  100 kV.

3.4.2. Chemicals

All chemicals were comm ercially available (Acros, Alfa Aesar, Aldrich and Fisher 

Scientific) and used as purchased without further purifications. Acetonitrile and deionised 

water were used as solvents for the preparation o f stock solutions, 1:1 

acetonitrileideionised water m ixture was used as a solvent for the preparation o f 

arylboronic acids and phenol stock solutions. Acetonitrile was used to prepare the 

biphenyl (authentic standard) stock solution. Deionised water was the solvent for all other 

stock solutions.

3.4.3. Synthesis of Pd-CTAB nanoparticales

Monodisperse spherical Pd-CTAB nanoparticles with an average size o f 3.0±0.1 nm 

(determined by TEM ) were prepared by the addition o f  2.0 mL o f  100 mM o f a freshly 

prepared aqueous solution o f  NaBHU to a 48 mL aqueous solution containing 0.25 mM 

H2PdCl4  (10 mM stock solution prepared by completely dissolving 44.5 mg o f PdCl2 in 5 

mL o f 100 mM HC1 and 19 mL o f  deionised water) and 8.0 mM CTAB under magnetic 

stirring at 30 °C. The m ixture was allowed to stir for 1.0 h and the colour o f the 

homogeneous solution gradually changed from orange to dark brown which was
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interpreted together with UV-Visible spectra as an indication for the reduction o f Pdn to 

Pd°.

3.4.4. Typical kinetic experiments

3.4.4.1. Kinetic measurement using UV-Visible spectroscopy

3.4.4.1.1. Time resolved absorption peak measurements

Reactions were carried out in 1.00 cm pathlength stoppered quartz cuvettes (Hellma) 

holding approximately 1 cm3 o f  headspace (i.e. under aerobic conditions), at 30 °C. 

Typical concentrations were 100 jiM for arylboronic acids and a specified amount o f the 

catalyst. Product formation (biaryl and phenol) was followed through changes in UV- 

Visible absorbance with time at 250 nm because this is where maximum changes in 

absorbance occur. The procedure was as follows: The reaction reagents (CTAB, borate 

buffer, and catalyst) were mixed in a 1.0 cm pathlength cuvette by pipetting the desired 

amount from the concentrated stock solutions. The cuvette was allowed to thermally 

equilibrate for about 5-10 minutes. Subsequently, the required amount o f arylboronic acid 

was added to the reaction m ixture from a concentrated stock solution to give a total 

volume o f 2.5 mL. The reaction was monitored by measuring the time-resolved absorption 

peak. Reversing the order o f  the addition o f arylboronic acid and the catalyst did not have 

any effect on the kinetic measurements. The observed rate constants kQbS were determined 

from plots o f  absorbance as a function o f time, using the pseudo-first-order rate law 

(equation 2.1 Chapter 2) for analysis. Consequently all rate constants were expressed as 

observed pseudo-first-order rate constants.

3.4.4.1.2. Parallel kinetic measurements

Parallel kinetic measurements at fixed wavelength were performed using UV-Visible 

spectroscopy (JASCO V-650 spectrometer) using a six-cuvette cell changer at constant
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temperature following the abovementioned procedure. Effects o f pH, buffer concentration, 

catalyst concentration, and PBA concentration, were all studied by UV-Vis parallel kinetic 

measurements.

3.4.4.2. Product analysis and calibration graphs by HPLC

The same HPLC method as described in Chapter 2 was used to quantify the amount o f the 

products (biphenyl and phenol) in the reaction mixture, using the same calibration.
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Abstract

We have synthesised monodisperse bimetallic core-shell gold-palladium nanoparticles 

encapsulated in poly(A-isopropylacrylamide) shells ( Au@Pd@pNIPAM NPs) of different 

Au-core/Pd-shell sizes and morphologies (spherical with a Au core of 64nm and Pd shells of

4.0, 10.9, 10.8 nm and with a Au core o f 104 nm with a Pd shell of 9.9 nm; as well as rod

shaped Au cores of 48x23 nm carrying rocket-shaped Pd shells). Positive and negative Pd- 

pNIPAM nanocomposites were also successfully synthesised. The nanoparticles and 

nanocomposites were characterised using UV-Vis spectroscopy, transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) techniques. The transition 

temperatures (Tc) separating the swollen and collapsed states of the pNIPAM shells were 

found to be 308, 305 and 306 K for Au@Pd@pNIPAM NPs, positively and negatively 

charged Pd-pNPAM nanocomposites, respectively. The synthesised NPs and nanocomposites 

were tested as catalysts for the aerobic oxidative homocoupling reaction o f phenylboronic 

acid (PBA) in aqueous micellar solution. The reaction follows pseudo-first-order kinetics and 

displays a bell-shaped pH-rate profile. First-order reaction kinetics in the NPs and 

nanocomposites were observed. The reactions were first order in PBA using 

Au@Pd@pNIPAM NPs, but mixed second and first-order kinetics in PBA was observed 

using negatively charged Pd-pNIPAM nanocomposites. The effect of temperature on &0bs of 

the homocoupling of PBA is distinctly non-Eyring-like. The increase in &obs below Tc is 

followed by a sudden decrease upon increasing the temperature above the Tc. Further increase 

of temperature results in an increase in &obs again.
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4.1. Introduction

Metal nanoparticles and nanocomposites have gained considerable attentions, due to their

• • 1 2  • • 3application in many fields, such as catalysis, ’ photonics, electronics, optics, biomedicine, 

and biosensing.4 Catalysis using colloidal nanoparticles (NPs) of transition metals has been 

widely used in many types o f chemical transformations, including C-C bond-forming 

reactions, and in particular the Suzuki-Miyaura and Heck reactions. 5 The applications of NPs 

in catalysis have been motivated by the improvements in efficiency and selectivity of NP-

f\ 7catalysed reactions and also by the ease o f recovery and recyclability of the catalysts. * 

Improvements in catalytic efficiency are typically achieved by particle size optimisation and 

surface modification of the nanoparticles. In line with these developments, the synthesis and

7 Xcharacterisation of nanoparticles has dramatically advanced during the last two decades. ’ In 

general, nanoparticles can be synthesised with different morphologies and sizes, simply by 

changing synthesis conditions and tuning the structure of the stabilising agents.9 , 10 

Gold nanoparticles (Au NPs) have been around for millennia, although for much of this time 

they have been predominantly used in the work of artists and craftsmen due to their 

magnificent interactions with light to produce vivid visible colour. Nowadays, Au NPs are 

also popular amongst scientists to work with, due to their facile synthesis, long-term stability, 

and because they are condutive to surface-molecule (ligand) modifications. 11 In particular, Au 

NPs are perfect for the formation o f core-shell architectures, in which a layer of inorganic or 

organic material surrounds metal NPs. The introduction of shell around metal NPs has been 

investigated in terms o f improving the stability and the surface chemistry of the core 

nanoparticles, but also to access new physical properties that were not accessible from the 

nanomaterial alone. 12
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4.1.1. Synthesis of Au NPs

Variety of synthetic protocols has been used to synthesise Au NPs with different sizes and 

morphologies. For example, spherical Au NPs of a wide size range can be prepared in 

aqueous solutions o f the cationic surfactant cetyltrimethylammonium bromide (CTAB), 

through a seeded growth method where HAuCU is catalytically reduced by a mild reducing 

agent such as ascorbic acid, on preformed Au seeds.13, 14 Reducing capabilities similar to 

ascorbic acid have been reported for other organic acids such as salicylic acid, 15 which has the 

ability to reduce Au(III)-CTAB complexes to Au(I)-CTAB. However, reduction to Au(0) can 

only take place on catalytic metallic gold surfaces. Recently, Yavuz et al.16 have shown the 

reducing capability of the vinyl group toward HAuCU, in the presence of water, so that Au(0) 

NPs could be formed.

Encapsulating NPs within stimuli-responsive polymeric shells gives them additional merits,

• • • 17because such shells offer possibilities for external switching and manipulation. A common 

example of responsive material poly(AMsopropylacrylamide) (pNIPAM), which is a 

thermoresponsive polymer that undergoes a phase transition from a hydrophilic, water- 

swollen, state to a hydrophobic collapsed, state when heated above its lower critical solution 

temperature (LCST), which is about 32-34 °C in water. 18 The addition of cross-linkers and co

monomers affects the swelling/shrinking ratio of the microgels and also the responsiveness

« An « 00 07 o>1

towards different stimuli such as light, pH, ’ ionic strength ’ or temperature.

Contreras-Caceres et al.25, 26 have recently reported the growth of thermosensitive pNIPAM 

microgels on the surface o f gold nanoparticles. The synthesis was carried out using several 

steps, including the formation o f a first thin polystyrene layer, followed by pNIPAM
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polymerisation after the required purification. Although gold nanoparticle growth could be 

achieved within the microgel shell, this synthesis was restricted to spherical nanoparticle 

seeds, whereas for example nanorods (which display a much more interesting optical 

response) could not be properly incorporated. Simplification of the coating process and 

making it more widely general was therefore needed. Thus, the same group in another recent 

paper27 have published a novel procedure where butenoic acid is used both as a reducing 

agent and an a provider of vinyl functionality for the synthesis of Au NP in aqueous 

surfactant solutions, in the presence o f preformed Au seeds. Providing the particles with vinyl 

functionality was required for direct pNIPAM polymerisation on the NP surface, while 

avoiding complicated surface functionalisation steps. Butenoic acid has the ability to adsorb 

on Au NP surfaces (both spheres and rods) and replace CTAB molecules. This procedure has 

facilitated the smooth and homogeneous polymerisation of pNIPAM on the metal core. Also, 

the authors have shown that the improved stability of the nanocomposites and the porosity of 

the pNIPAM shell allows the subsequent reduction of metal atoms on the metal core, which 

was exploited for the overgrowth o f pNIPAM-encapsulated Au spheres and rods with both Au 

and Ag under mild conditions.

Bimetallic Au-Pd NPs o f different structures, such as core-shell, 28 inverted core-shell, 28 and 

alloy29 of different sizes and morphologies have been synthesised and intensively 

investigated. 2 8 ,30 Because o f their interesting catalytic activity, bimetallic Au-Pd NPs have 

been used as catalysts for many reactions e.g. acetylene hydrogenation, 31 direct hydrogen 

peroxide synthesis from H2 and O2 ,32 synthesis of vinyl acetate, 24 hydrodechlorination of 

trichloroethane33 and oxidation o f alcohols to aldehydes.34
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Au-Pd core-shell NPs o f different sizes and morphologies have been synthesised using 

successive3 5 ,36 and simultaneous2 8 , 3 7 , 38 reduction methods using different stabilising agents. 

The physical and chemical properties o f the bimetallic core-shell NPs depend on whether the 

core and the shell elements are chemically separated or intimately alloyed. 39

4.1.2. Au nanoparticles as catalysts

Au NPs have been used as catalysts in many organic transformations,40, 41 due to their 

remarkable catalytic activities. For instance, Yan Lu et al.42 have prepared spherical 

polyelectrolyte brushes (SPB), which are polystyrene cores surrounded by a dense surface 

layer of polyelectrolyte. The SPBs were used as carriers to incorporate metal NPs (such as Pd, 

Ag and Au). This catalytic system worked robustly, efficiently and in a “green” fashion in the 

hydrogenation of butyraldehyde in aqueous media at ambient temperature .4 3 ,44 However, SPB 

are “passive carriers”, i.e. they are not sensitive to external stimuli.

Carregal-Romero et al.45 have used Au@pNIPAM NPs as a catalyst in the electron-transfer 

reaction between hexacyanoferrate(III) and borohydride ions. The authors have demonstrated 

that the diffusion of reactants to the catalytic Au-cores was controlled by the thermosensitive 

pNIPAM network which acts as a “nanogate” that can be opened or closed to a certain extent. 

Interestingly, they have studied the effect o f the crosslinker on the thermal response, the 

polymeric density of the shell and the extent of the volume change, o f the Au@pNIPAM 

system and found that both temperature and composition of the shell affect the catalytic 

activity of the encapsulated gold nanoparticles. Finally, the authors have provided a 

mathematical model to reproduce the key features of the temperature-controlled catalysis, to
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confirm the effect o f the variation in diffusion rate through the shell of the NPs on the actual 

observed reaction rate.

Tsunoyama et a l46 have prepared and characterised Au NPs o f less than 2 nm particle size 

stabilised by poly(A^-vinyl-2-pyrrolidone) (Au:PVP NPs) by simple reduction of AuCLf with 

NaBH4 in the presence o f PVP. The catalytic activities of these NPs have been tested towards 

the aerobic oxidative homocoupling reaction o f phenylboronic acid (PBA) in water and in the 

presence of base. They found that biphenyl and phenol were formed as major and minor 

products of the reaction. The authors have proposed a catalytic cycle for the reaction (Scheme 

4.1). Initially, dissolved O2 molecules oxidatively add to the Au NP surface in a superoxo-like 

form. Two subsequent transmetalation steps involving the basic form of PBA to the partially 

oxidised Au NPs form phenyl-adsorbed Au NPs and boron peroxide. Finally, this 

intermediate reductively eliminates to form biphenyl and regenerate Au(0) NPs. The phenol 

byproduct is assumed to be formed from the reaction o f PBA with hydrogen peroxide arising 

from the reaction of peroxyboron and water.

Oxidation

PV P matrix

AuNI Au Nl

R eductive elim ination 
P h-P h

20H -, [(OH)2BO']2
P h  Ph

Au Nl
AuNPj

T ransm etalation
Ph-B(OH)3-

Scheme 4.1 reproduced from re f46

Transm etalation
Ph-B(OH)3-
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Gonzalez-Arellano et al.47 have demonstrated a widely applicable approach for the 

homocoupling of arylboronic acids using a series of homogeneous and heterogenised Au(III)- 

Schiff base-complexes as selective and general catalysts using xylene as a solvent and K2CO3 

as a base. They proposed a tentative mechanism for the reaction in which they assume that the 

oxidative addition does not occur on the gold complex, but the reaction follows two 

transmetalation steps o f phenylboronate without changing the oxidation state of the Au(III) 

complex. Subsequently, the biphenyl product was formed in the usual reductive elimination 

step. Recently, Chaicharoenwimolkul and coworkers48 have synthesised Au NPs (ca. 3 nm 

size, from TEM) stabilised by ligands containing ferrocene moieties. The authors observed 

that these Au NPs were not very efficient catalysts for the aerobic oxidative homocoupling of 

phenylboronic acids but instead were highly active towards demetalation o f ferrocenylboronic 

acids.

Willis et a l49 have deposited Au and Pd NPs with an average diameter of 10 and 15 nm, 

respectively, on different metal oxide surfaces, viz. CeC^, TiC>2 , ZrC>2 , and Si0 2 . A solution of 

HAuCl4or Pd(N 0 3) 2 was simply deposited-precipitated on the metal oxide surface.Th ey have 

used these NPs as heterogeneous catalysts for the oxidative homocoupling reaction of 

arylboronic acids under anhydrous conditions. They observed that, under the same reaction 

conditions, the supported Pd11 catalysts are less active than the supported Au111 catalysts. Also, 

the Pd catalysts show a selectivity o f about 75% towards biphenyl with formation of benzene 

and phenol as byproducts. However, when supported Au is used for the reaction, a selectivity 

of 100% towards biphenyl is obtained in all cases except when S i0 2is used as support. They 

have suggested that leaching o f Pd is the source of catalysis when using supported Pd NPs
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since the selectivity and reactivity was increased with increasing temperature. No leaching 

was observed using supported Au NPs. Finally, the authors have observed that the activity of 

the supported Au catalysts increases as the size of the crystallite support particles decreases 

and as the initial surface coverage o f OH groups in the supports increases.

As mentioned before Au and Pd NPs have been used separately as catalysts for both Suzuki 

coupling reactions and oxidative homocoupling o f arylboronic acids (vide supra and also see 

Chapter 3). However, to the best o f our knowledge, only one report, has been published using 

Au-Pd NPs as a catalyst for the Suzuki reaction,50 and no reports, so far, have been published 

for the oxidative homocoupling reaction of arylboronic acids using Au-Pd NPs as catalyst.

4.1.3. Aims

Due to the stability and remarkable features o f thermoresponsive Au@pNIPAM NPs and the 

widespread applications o f Pd catalysis, we aim to synthesise bimetallic core-shell Au-Pd NPs 

encapsulated in pNIPAM shells (Au@Pd@pNIPAM NPs), with different sizes and 

morphologies. Also, we are interested in the synthesis o f positively (+ve) and negatively (-ve) 

charged Pd-pNIPAM nanocomposites. The synthesised NPs and nanocomposites were tested 

as catalysts for the aerobic oxidative homocoupling reaction of PBA in aqueous micellar 

solution. Finally, the temperature effect of the nanoparticles and nanocomposites was studied.

4.2. Results and discussions

4.2.1. Synthesis of core-shell Au@Pd@pNIPAM NPs

We have followed the method developed by Contreras-Caceres et a l11 to synthesise spherical 

Au@pNIPAM NPs using a seeded growth protocol of preformed Au-CTAB seeds. The Au-
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C T A B  seeds o f  ca. 15 n m  s iz e  w e re  p re p a re d  b y  c itra te  re d u c tio n  o f  H A uC U . T he o v erg ro w th  

o f  th e  A u -C T A B  se e d s  to  ca . 6 4  n m  w a s  c a rr ie d  o u t v ia  b u te n o ic  ac id  red u c tio n  o f  H A uC U  in

the  fo rm ed  A u -N P s  th ro u g h  th e ir  c a rb o x y lic  g ro u p s. T h is  s tra teg y  p ro v id e s  th e  N P s  w ith  a  

v iny l g roup , w h ic h  is u s e d  to  e n c a p s u la te  th e  N P s  w ith  p N IP A M  she ll. T h e  en cap su la tio n  

p ro cess  o f  th e se  N P s  w ith  p N IP A M  w a s  a c h ie v e d  b y  re m o v a l o f  e x cess  C T A B , an d  add itio n  

o f  th e  N IP  A M  m o n o m e r , A ^A T -m eth y len eb isac ry lam id e  (B IS ) as a  c ro ss lin k e r  and  2 ,2 '-  

a z o b is (2 -m e th y lp ro p io n a m id in e )  d ih y d ro c h lo r id e  (A A P H ) as  a  c a tio n ic  in itia to r  u n d er N 2 

atm o sp h ere . T h e  U V -V is  N I R  sp e c tru m  fo r  th e  re su ltin g  A u -sp h e re (6 4  n m )@ p N IP A M  N P s is 

sho w n  in  F ig u re  4 .1 a  a n d  a  r e p re s e n ta t iv e  T E M  im ag e  is  sh o w n  in  F ig u re  4 .1b . The average 

Au-core size m easured from  T E M  w as 6 4 .0 ±  4 .0  nm .

Figure 4.1. a) U V -V is-N IR  spec trum  o f  0.09 m M  A u content in A u-sphere(64 nm )@ pN IPA M  in water 
at 25 °C and b) represen tative T E M  im age o f  A u-sphere(64 nm )@ pNIPAM .

F igu re  4 .1 a  sh o w s th e  s ig n if ic a n t  p la s m o n  b a n d  o f  A u -sp h e re (6 4  n m )@ p N IP A M  at 541 nm . 

T he  c o rre sp o n d in g  T E M  im a g e s  in  F ig u re  4 .1 b  sh o w  th e  e n c a p su la tio n  o f  th e  spherica l A u 

core  in  the  m id d le  o f  th e  s p h e r ic a l  p N IP A M  she ll.

C T A B  so lu tio n . A n  e x c e s s  o f  b u te n o ic  a c id  is u se d  to  a llo w  its  a d so rp tio n  o n  th e  su rface  o f

Xl  n m
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C oating  o f  th e  A u -c o re  w ith  P d  w a s  c a rr ie d  o u t in  C T A B  u s in g  d iffe re n t co n cen tra tio n s o f  

N a 2PdCU  as th e  so u rc e  o f  p a l la d iu m  an d  a sc o rb ic  ac id  (A A ) as th e  red u c in g  agent. T he 

C T A B  c o n c e n tra tio n  h a s  a  s ig n if ic a n t  e ffe c t o n  th e  c o a tin g  m o rp h o lo g y  o f  P d  o n  th e  A u

surface (F ig u res  4 .2 a -e ) .

Figure 4.2. R epresentative T E M  im age o f  A u-sphere(64 nm )@ Pd@ pN IPA M  synthesised using 0.09 
mM  (Au) in A u-sphere(64 nm )@ pN IPA M  N Ps, 0.04 mM  N a2PdCl4 and 2.0 m M  ascorbic acid in: a) 15 
mM  CTAB, b) 50 m M  C T A B , c) 100 m M  CTA B, d) 200 m M  CTAB and c) 300 mM  CTAB.
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F igure 4 .2  sh o w s th a t sy m m e tr ic a l c o a tin g  o f  P d  o n  th e  A u  co re  can  b e  ach iev ed  w h en  the 

C T A B  co n cen tra tio n  is  a ro u n d  3 0 0  m M .

A dd itio n a lly , th e  e ffe c t o f  N a 2 P d C l4 c o n c e n tra tio n  o n  th e  th ick n ess  o f  th e  P d  co a tin g  w as 

stud ied , an d  it w as fo u n d  th a t  in c re a s in g  [N a 2 P d C l4] fro m  0 .0 4  m M  to  0 .08  m M  in c reases  the 

Pd shell th ick n ess  u p  to  tw o  fo ld , h o w e v e r  fu r th e r  in c rea se  o f  [N a2P d C l4] does n o t a ffec t the  

coa tin g  th ick n ess  (F ig u re  4 .3 ).

Figure 4.3. R epresentative T E M  im age o f  A u_sphere(64 nm )@ Pd@ pN IPA M , synthesised using 0.09 
mM (Au) in A u-sphere(64 nm )@ pN IPA M  N Ps, 300 m M  CTAB and 2.0 mM  ascorbic acid using: a) 
0.04 mM N a2PdCl4, w ith a  resu lting  Pd shell th ickness o f  4.0 ±  1.0 nm, b) 0.08 mM  N a2PdCl4, with a 
resulting Pd shell th ickness o f  10.9 ±  2.0 nm  and c) 0.16 m M  N a2PdCl4, w ith a resulting Pd shell 
thickness o f  10.8 ±  2.0 nm .

T he in se ts  in  F ig u re s  4.3a-c sh o w  th e  ty p ic a l in te n s ity  c o n tra s t b e tw e e n  th e  A u  co re  and  the 

Pd  shell (due  to  th e  e le c tro n  s c a tte r in g  d iffe re n c es  b e tw e e n  b o th  m e ta ls ), c le a rly  rev ea lin g  the
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uniform coating for both geometries. The average core size and shell thickness from TEM 

images were measured using image tool software and were a Au-sphere of 64 ± 4 nm, with Pd 

shell thicknesses o f 4.0 ± 1 .0  nm, 10.9 ± 2.0 nm and 10.8 ± 2.0 nm resulting from the use of 

0.04 , 0.08 and 0.16 mM o f Na2PdCLtj respectively.

The UV-Vis NIR spectra o f the formed Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs 

compared to Au@pNIPAM NPs is shown in Figure 4.4.
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Figure 4.4. UV-Vis-NIR spectra o f Au-sphere(64 nm)@pNIPAM (ca. 0.5 mM Au) (solid line) and 
Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs (ca. 0.79 mM Au) (dotted line), in water at 25 °C.

Figure 4.4 shows the broadening o f the UV-Vis NIR plasmon band of Au NPs when they are

covered by a Pd shell.

The thermoresponsive properties o f the Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs core

shell systems were initially characterised by photon-correlation spectroscopy (PCS) both in 

water and CTAB (Figures 4.5a&b, respectively).

137



Au@ Pd@ pNIPAM  and P d-pN IPA M  N Ps Chapter 4

400-

350

|  300

of

250-

2 0 0 -

330320300 310

350

300 -

■" 250-

2 0 0 -

320 330290 300 310

Tl  K

Figure 4.5. Tem perature dependence  o f  the  hydrodynam ic diam eter (Dh) for A u-sphere(64 nm )@ Pd 
(10.9 nm )@ pN !PA M  N P s in; a) de ion ised  w ater and b) 10 m M  aqueous CTAB. (■) experim ental data, 
(solid line) fit to eq 4.2 (vide infra).

F igu re  4 .5 a & b  d isp la y  th e  v a r ia t io n  o f  th e  h y d ro d y n a m ic  d ia m e te r  (£>h) o f  A u -sp h e re (6 4  

n m )@ P d (1 0 .9  n m )@ p N IP A M  N P s  in  w a te r  w h e n  th e  te m p e ra tu re  w a s  v a r ie d  b e tw een  16 and  

60 °C  (2 8 9 -3 3 3  K ). W e ll-d e f in e d  v o lu m e  p h a s e - tra n s it io n  te m p e ra tu re s  ( Tc) a ro u n d  308  ±  1 K 

and  318 ±  4  K  w e re  d e te rm in e d  ( f ro m  th e  v a lu e  o f  AH/AS o b ta in e d  b y  fittin g  to  eq  4 .2  ( vide 

infra)) in  w a te r  an d  10 m M  C T A B  re s p e c tiv e ly . A t h ig h  te m p e ra tu re s , th e  p N IP A M  she ll is 

co m p le te ly  c o lla p se d , w h e re a s  a t  lo w  te m p e ra tu re s  th e  m ic ro g e l is  sw o lle n  (S ch em e  4 .2).

Scheme 4.2 taken from re f  45
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Figure 4.5b shows a broadening o f the transition temperature (and/or the presence of two 

successive transitions) caused by the presence of CTAB which we believe is the result of the 

decreased cooperativity o f the hydrophobic collapse of the pNIPAM shell. CTAB decreases 

the cooperativity of pNIPAM collapse by engaging in competing hydrophobic interactions 

with pNIPAM chains. Thermodynamically, this competition is characterised by a decrease in 

the enthalpy change AH  o f the hydrophobic interactions which drives the collapse of the shell. 

The experimental data can be analysed in terms of a mathematical model (equation 4.2) based 

on the assumption that the behaviour under study correlates linearly with temperature above 

and below the LCST or “collapse temperature” (Tc). The Tc itself is given by the temperature 

dependence of the equilibrium constant for the process underlying the collapse.

Where Kc is the equilibrium constant for the collapse-swelling process, AHc and ASC are the 

enthalpy and entropy o f the process, T  is the absolute temperature and R is the gas constant.

At Tc, Kc equals 1. As a result, Tc is given by the ratio AHc /ASC. The full behaviour as a 

function of temperature then becomes a weighted average over the low and high temperature 

behaviours (“low” and “high” with respect to Tc) as given through the equilibrium constant 

(equation 4.2).

Where “signal” is, for example the hydrodynamic diameter of the NPs (Z)h); both the 

behaviour at low temperatures (low_77_behaviour) and the behaviour at high temperatures 

(high_7’_ behaviour) can themselves be temperature dependent (equations 4.3a and 4.3b).

= exp(-(A/7C -  T • ASC )/(R- T)) (4.1)

signal = — —  
& 1+ K,c

high_r_behaviourlow T behaviour-+ (4.2)
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lo w T b eh av io u r = low offset + low slope * T  (4.3a)

(This gives linear behaviour below Tc)

high T behaviour = high offset + high slope * T  (4.3b)

(This gives linear behaviour above Tc)

The thermoresponsive zeta potential o f the Au-shpere(64nm)@Pd(10.9 nm)@pNIPAM NPs in 

water was also measured using PCS when the temperature was varied between 16 to 60 °C 

(Figure 4.6).

2 4 -

20 -

1 2 -

330320310300290

T / K

Figure 4.6. Temperature dependence o f the zeta potential for Au-sphere(64 nm)@Pd(10.9 
nm)@pNIPAM NPs in deionised water, (■) experimental data and (solid line) fit to eq 4.2.

Figure 4.6 shows a transition temperature of around 35 °C (308 K) between the collapsed and

swollen states o f the NPs, Also it is obvious from the values of the zeta potential that the

pNIPAM shells are positively charged. Analysis o f the experimental data in terms of eq. 4.1

gives the Tc similar to that o f DLS.
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Synthesis o f A u -sp h e re  (104 n m )@ p N IP A M  NPs

F u rth e r g ro w th  o f  th e  A u  c o re  in  A u -sp h e re (6 4  n m )p N IP A M  N P s  w a s  ach iev ed  u sin g  th e  

m e th o d  d e v e lo p e d  b y  R o d r ig u e z -F e m a n d e z  et al. 14 in  w h ic h  H A uC U  is ad d ed  to  the  A u- 

sp h ere(6 4  n m )@ p N IP A M  N P s  in  C T A B  so lu tio n  an d  a sc o rb ic  a c id  (A A ) is u se d  as the  

red u c in g  ag en t. T h e  U V -V is  N I R  sp e c tru m  o f  th e  fo rm ed  A u -sp h e re (1 0 4  n m ) is sh o w n  in  

F ig u re  4 .7 a  an d  a  re p re s e n ta t iv e  T E M  im a g e  is  sh o w n  in  F ig u re  4 .7b .

600 800  

\ l  nm

1000

Figure 4.7. a) U V -V is-N IR  spectrum  o f  0.5 m M  Au content in A u-sphere(104 nm )@ pNIPAM  in 
w ater at 25 °C. and b) rep resen ta tive  T E M  im age o f  A u-sphere(104±8.0 nm )@ pN IPA M .

T h e  U V -V is  sp e c tru m  in  F ig u re  4 .7 a  sh o w s th e  p la sm o n  b a n d  o f  A u -sp h ere (1 0 4  

n m )@ p N IP A M  N P s  a t 6 0 3  n m  w h ic h  is  c le a r ly  re d  sh if ted  c o m p a re d  to  th e  p la sm o n  b an d  fo r 

A u -sp h e re (6 4  n m )@ p N IP A M  w h ic h  w a s  c e n tre d  a t 540  nm . T h e  m e a su re d  av e rag e  co re  size 

from  T E M  im a g e s  w a s  10 4  ±  8 .0  n m  (m e a su re d  u s in g  im ag e  to o l so ftw a re ).

A u-sphere(104 n m )@ P d @ p N IP A M  N Ps

C o atin g  o f  A u -s p h e re (1 0 4  n m )@  p N IP A M  N P s  w ith  a  P d  sh e ll w as  ca rried  o u t u sing  the 

sam e a p p ro a c h  w h ic h  w a s  u s e d  fo r  A u -sp h e re (6 4  n m )@ p N IP A M  (vide supra) u sin g  0 .08  m M
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N a 2PdC U . A  re p re s e n ta t iv e  T E M  im a g e  an d  th e  U V -V is  sp e c tru m  (co m p ared  to  th e  spec trum  

w ith o u t P d  sh e ll)  fo r  th e  p ro d u c e d  N P s  a re  sh o w n  in  F ig u re s  4 .8 a  an d  b , re sp ec tiv e ly .

Figure 4.8. a) U V -V is-N IR  spectrum  o f  ca. 0.09 m M  A u content in Au-sphere(104 nm )@ pNIPAM  
(solid line) and ca. 0 .26 m M  A u  content A u-sphere(104 ±  8.0 nm )@ Pd (9.9 ± 1 . 9  nm )@ pNIPAM  
(dotted line), in w ater a t 25 °C and b) a  representative TEM  im age o f  Au-sphere(104±8.0 nm)@ Pd 
(9.9 ± 1.9 nm )@ pN IPA M .

F igure  4 .8 a  sh o w s th e  b ro a d e n in g  a n d  re d  sh if t f ro m  603 to  62 6  n m  o f  th e  p la sm o n  b an d  o f  

the  A u  N P s  w h e n  th e y  a re  c o v e re d  b y  a  P d  sh e ll (d o tte d  line). T h e  in se t in  F ig u re  4 .8 b  show s 

the typ ica l in te n s ity  c o n tr a s t  b e tw e e n  th e  A u  c o re  a n d  th e  P d  sh e ll (d u e  to  th e  e lec tro n  

sca tte ring  d if fe re n c e s  b e tw e e n  b o th  m e ta ls ) , c le a rly  re v e a lin g  th e  u n ifo rm  co a tin g . T he 

average  co re  s iz e  a n d  s h e ll  th ic k n e s s  f ro m  T E M  w as  m e a su re d  u s in g  im ag e  to o l so ftw are  to  

be a  A u-sphere o f  104 ± 8  nm  w ith  a Pd-shell o f  a thickness o f  9.9 ±  1.9 nm.

A u-rod@ P d@ pN IP A M  N P s

A u -ro d @ p N IP A M  N P s  w e re  sy n th e s is e d  u s in g  C o n tre ra s -C a c e re s  et al.21 p ro to co l. In itia lly  

A u rod  c o llo id s  a re  s y n th e s is e d  u s in g  th e  seed  m e d ia te d  sy n th e s is  re p o rte d  by  G u y o t-S io n n est 

et a l 5] T h e  e n c a p s u la t io n  p ro c e s s  b y  p N IP A M  is ca rr ie d  o u t u s in g  th e  ab o v em en tio n ed

1000

x  /  nm
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m ethod  fo r A u -sp h e re (6 4  n m )@ p N IP A M  N P s . T h e  U V -V is  sp ec tru m  o f  th e  fo rm ed  N P s is 

show n in  F ig u re  4 .9 a  a n d  a  re p re s e n ta tiv e  T E M  im ag e  is sh o w n  in  F ig u re  4 .9b .

Figure 4.9. a) U V -V is-N IR  spectrum  o f  0.04 m M  Au content in Au-rod(48x24nm )@ pN IPA M  in 
water at 25 °C. and b)representative TEM  im age o f  A u-rod@ pN IPA M .

T he U V -V is  sp e c tru m  in  F ig u re  4 .9 a  sh o w s th e  p la sm o n  b an d  o f  A u-rod(48x24 

nm )@ p N IP A M  N P s  a t 6 3 2  n m  w h ic h  h a s  c le a r ly  red  sh if ted  c o m p ared  to  p la sm o n  b an d s  fo r 

A u -sp h e re (6 4  an d  104 n m )@ p N IP A M  w h ic h  w ere  540  an d  603 n m , re sp ec tiv e ly . T he 

m easu red  a v e ra g e  c o re  s iz e s  f ro m  th e  T E M  im a g e  w ere  a  le n g th  o f  48  ±  5 n m  an d  a  w id th  o f  

24 ±  3 .0 n m  (m e a su re d  u s in g  im a g e  to o l  so ftw a re ).

600  800  

X /  nm

1000

C o atin g  o f  th e se  A u -ro d (4 8  x  2 4  n m )@  p N IP A M  N P s  w ith  a  P d  sh e ll w as  ca rried  ou t u sin g  

the  sam e a p p ro a c h  w h ic h  w a s  u se d  fo r  A u -sp h e re (6 4  n m )@ p N IP A M  (vide supra) u s in g  0 .32  

m M  N a 2P d C l4. A  re p re s e n ta tiv e  T E M  im a g e  an d  th e  U V -V is  sp e c tru m  (co m p ared  to  the  

spectum  fo r  th e  A u  n a n o ro d s  w ith o u t P d  sh e ll)  fo r  th e  p ro d u c e d  N P  a re  sh o w n  in  F ig u res  

4 .1 0 a  and  b , re sp e c tiv e ly .
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1000

Figure 4.10. a) U V -V is-N IR  spectrum  o f  0 .04 m M  Au content in Au-rod(48x24nm )@ pN IPA M  
(solid line), and 0.08 Au con ten t in A u-rod(48x24nm )@ Pd(rocket shape)@ pNIPAM  (dotted 
line), in water at 25 °C, and b) a represen tative T E M  im age o f  Au-rod(48x24nm  nm )@ Pd (rocket 
shape)@ pNIPAM .

F ig u re  4 .1 0 a  show s th e  re m a rk a b le  d is a p p e a ra n c e  o f  th e  U V -V is  N IR  p la sm o n  b an d  o f  A u- 

ro d  N P s (so lid  line) w h e n  th e y  a re  c o v e re d  b y  th e  P d  sh e ll (d o tted  line). F ig u re  4 .1 0 b  sh o w s a 

rep resen ta tiv e  T E M  im a g e  o f  th e  fo rm e d  A u-rod(48x24nm  nm )@ Pd (rocket shape)@ pNIPAM  

NPs. T he  in se t in  F ig u re s  4 .1 0 b  sh o w s  th e  ty p ic a l in ten s ity  c o n tra s t b e tw e e n  th e  A u  co re  and  

th e  P d  shell (due  to  th e  e le c tro n  s c a tte r in g  d if fe re n c e s  b e tw e e n  b o th  m e ta ls ) , c le a rly  rev ea lin g  

th e  ro ck e t-sh ap ed  c o a tin g  o f  th e  P d  o n  th e  A u  n a n o ro d  co re . W e w e re  n o t ab le  to  m easu re  the  

shell th ick n ess  fro m  T E M  u s in g  im a g e  to o l so ftw a re , b e c a u se  o f  th e  n o n -u n ifo rm ity  o f  th e  

g eo m e try  o f  th e  P d -sh e ll.

It is im p o rtan t to  m e n tio n  th a t  th e  p a lla d iu m  co n te n t is  u n k n o w n  in  a ll ty p e s  o f  th e  

sy n th es ised  A u @ P d @ p N IP A M  N P s . T h e  v a lu e s  o f  A u  co n te n t a re  a p p ro x im a te ly  k now n , 

h o w ev er, fro m  th e  s p e c tra  o f  th e  s ta r t in g  A u  seed s .
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4.2.2. Synthesis o f P d -p N IP A M  nanocom posites

T he sy n th es is  o f  sp h e r ic a l p o s it iv e ly  (+ v e )  an d  n e g a tiv e ly  (-v e ) c h a rg e d  p N IP A M  p artic les 

w as ca rried  o u t b y  a d d in g  p o s it iv e ly  c h a rg e d  in itia to r  A A P H  o r n e g a tiv e ly  ch a rg ed  in itia to r 

K 2 S2 O 8 to  N IP A M  m o n o m e r  in  th e  p re s e n c e  o f  5%  B IS  as a  c ro ss lin k e r u n d e r  N 2 a tm o sp h ere  

at 70 °C . T h e  + v e  a n d  - v e  c h a rg e s  o n  th e  p o ro u s  p N IP A M  “ sp h e re s”  are  ex p ec ted  to  be  

p resen t n o t o n ly  a t th e  o u te r  s u rfa c e  b u t  a lso  w ith in  th e  p o res . R e p re se n ta tiv e  T E M  im ages o f  

+ve and  -ve  p N IP A M  n a n o g e ls  a re  sh o w n  in  F ig u re  4 .1 1 .

fm&t.

Figure 4.11. R epresentative T E M  im age o f  pN IPA M  a) negatively charged and b) positively charged.

F igu res 4 .1 1 a  an d  b  s h o w  th e  fo rm a tio n  o f  m o n o d ip e rse  sp h e ric a l n e g a tiv e ly  and  p o sitiv e ly  

charged  p N IP A M  n a n o g e ls , re sp e c tiv e ly .

T he th e rm o re sp o n s iv e  p ro p e r t ie s  o f  th e  pN IPA M  sy s te m s  (+ve and -v e )  w ere  ch a rac te rised  by  

p h o to n -c o rre la tio n  s p e c tro s c o p y  (P C S )  in  w a te r  (F ig u re s  4 .1 2 a& b , re sp ec tiv e ly ) .
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Figure 4.12. Temperature dependence o f the a) hydrodynamic diameter (Ai) and b) zeta potential for 
Pd-pNIPAM nanocomposite (■) positive and ( • )  negative, in water. Solid lines in (a) are fits to eq 4.2. 
Figure 4.12a show  the varia tion  o f  D h w ith  tem perature for both  positively and negatively

charged pN IPA M  particles. W ell-defined  volum e phase-transition tem perature (Tc) around

305 ± 1 K  and 306 ±  1 K  w ere determ ined  (from  the values o f  AH JASC obtained by fitting

the experim ental data  to  eq. 4 .2) for +ve and -v e  pN IPA M , respectively. A t high

tem peratures, the pN IPA M  shell is com pletely  collapsed, w hereas at low  tem peratures the

microgel is swollen. The transition  tem peratu re  together w ith  the positive and negative charge

o f the m icrogel is confirm ed by the  ze ta  poten tia l values in  Figure 4.12b.

Pd-pNIPAM nanocomposites

Introduction o f  Pd° to  the  synthesised  spherical pN IPA M  (+ve or -v e )  w as carried out by 

reducing N a2PdC l4 in a  stirred  aqueous solution o f  the pN IPA M  nanogels using NaBKU as a 

reducing agent a t room  tem perature . The form ation o f  Pd-pN IPA M  (+ve and -v e ) 

nanocom posites (after w ash ing ,) w as confirm ed by TEM  im ages show n in Figures 4.13a and 

b, respectively.
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Figure 4.13. Representative TEM  images o f Pd-pNIPAM a) negatively charged and b) positively 
charged.

T he in se ts  in  F ig u re  4 .1 3 a  a n d  b  c le a r ly  sh o w  th e  P d° d is trib u ted  ev en ly  (sm all b lack  dots) 

w ith in  th e  p N IP A M  p a rtic le , c o n f irm in g  th e  fo rm a tio n  o f  th e  P d -p N IP A M  (-ve  an d  + ve) 

nan o co m p o sites .

4.2.3. K inetic stud ies o f th e  ae ro b ic  ox idative  hom ocoupling  reaction of PBA

T he o x id a tiv e  h o m o c o u p lin g  re a c tio n  o f  p h e n y lb o ro n ic  ac id  u s in g  A u -sp h e re (6 4  n m )@ P d  

(10 .9  n m )@ p N IP A M  N P s  (u se d  a s  a  m o d e l fo r  o u r o p tim isa tio n  s tu d ies) as a  ca ta ly st 

(S chem e 4 .3 ) w as  fo llo w e d  u s in g  U V -V is ib le  a b so rp tio n  sp ec tro sco p y . P ro d u c t fo rm atio n  

(b iary l and  p h e n o l)  w a s  fo llo w e d  th ro u g h  c h a n g e s  in  ab so rb an ce  w ith  tim e  a t 2 5 0  n m  w here  

the  m ax im u m  ch a n g e  in  a b s o rb a n c e  o c c u rre d  fo r  re a c tio n  o f  P B A  (F ig u re  4 .14).

H 20 /C T A B
B(OH)2

[Pd] NPs; borate buffer 

3 0 °  C , air

C^°h

Schem e 4.3
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Figure 4.14. Absorbance o f the reaction mixture o f the homocoupling o f 0.1 mM PBA using Au- 
sphere(64 nm)@Pd (10.9 nm)@pNIPAM (60.8 pM  Au) with time at 250 nm in 10.0 mM CTAB and 
borate buffer pH 8.8 at 30 °C , experimental data (dotted line), solid line fit to a (pseudo) first-order 
rate equation (2.1).

Figure 4.14 show s that the  hom ocoupling  reaction  o f  phenyl boronic acid using Au-sphere(64 

nm)@Pd (10.9 nm)@pNIPAM follow s first-order rate law  reasonably well. Consequently all 

rate constants are expressed  as observed  pseudo-first-order rate constants. A lthough the Au 

concentration is approxim ately  know n, the  concentration o f  Pd° in  the catalyst stock solution 

is not precisely know n, and  hence subsequen t kinetic  experim ents were perform ed using the 

same catalyst stock solution.

4.2.3.I. Product analysis

As in the previous C hapters, the  com positions o f  the product m ixtures o f  the reaction 

involving phenylboronic acid  w ere  determ ined by H PLC and com pared w ith authentic 

samples. The H PLC  chrom atogram  for the reaction m ixture is shown in Figure S3.1 in the 

Appendix 3. B iphenyl and  phenol w ere form ed in a  1.3:1 ratio for the reaction o f  PBA (under 

our optim um  reaction  cond itions) (vide infra). This observation suggests that the reaction
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between the previously proposed peroxide52 side product and phenylboronic acid to produce 

the phenol is faster than alternative peroxide decomposition routes (see Chapter 2).

4.2.3.2. Effect o f PB A  concentration

In order to study the order o f the reaction in phenylboronic acid, we determined the effect of 

phenylboronic acid concentration on the observed first-order rate constant (&0bs) under 

otherwise standard conditions {vide infra) at 30 °C and pH 8.2 (Figure 4.15).

1.5x10'
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Figure 4.15. Effect o f PBA concentration on the observed reaction rate constant using 60.8 pM Au in 
Au-sphere(64 nm)@Pd (10.9 nm)@pNIPAM, 10.0 mM CTAB and borate buffer pH 8.2 at 30 °C. For 
the kinetic traces at each concentration see Figure S3.5a-d in Appendix 3.

Figure 4.15 shows little variation in the observed rate constants, indicating that the reaction 

follows first-order kinetics in PBA in the concentration range o f 0.025-0.15 mM was 

observed. This behaviour is surprisingly different from that when using Pd-CTAB NPs 

(Chapter 3) and Pd-NIPAM nanocomposites {vide infra) where mixed second- and first-order
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kinetics was observed. However, the current dataset does not exclude the possibility of 

second- order kinetics in PBA at lower concentrations (less than 0.025 mM).

4.2.3.3. Effect o f  pH  on the reaction  rate

We studied the effect o f pH on the reaction of phenylboronic acid using a borate buffer 

(Figure 4.16).
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Figure 4.16. Effect o f pH on A:0bS for the reaction involving 0.1 mM PBA (■), solid line is a fit to a 
Gaussian (eq. 2.2, see Chapter 2). Using 10 mM CTAB, 10 mM borate buffer and using Au-sphere(64 
nm)@Pd (10.9 nm)@pNIPAM (182.4 pM Au) at 30 °C. For the kinetic traces at each pH see Figure 
S3.4a-g in Appendix 3. Error margins were determined for one repeating experiments and assumed to 
be the same for the other data points.

Figure 4.16 shows that the optimum pH for the homocoupling of PBA is around 8.2 ± 0.1 

which is roughly 1 pK a unit lower than the pKa o f PBA of 9.1 as determined under reaction

conditions (see Chapter 2). As discussed in Chapters 2 and 3, the observation of a pH 

maximum suggests two possible scenarios. The first scenario involves a requirement for the 

acidic and basic forms o f PBA in two different steps within the catalytic cycle. The second 

scenario involves the formation o f a Pd-aqua/hydroxo complex (either on the surface of the
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NPs or involving cataly tically  active leached Pd-atom s/ions) which is pH dependent and 

either the acidic form  o f  the catalyst and basic form  o f  PB A  is required in  the rate-lim iting 

step or vice versa.

4.2.3.4. Effect of the catalyst concentration on the reaction rate

Under our optim ised conditions, w e studied the effect o f  the concentration o f  Au-sphere(64 

nm)@Pd(10.9 nm)@pNIPAM N P s on the observed  rate constant for the hom ocoupling reaction 

o f  PBA (Figure 4.17).
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Figure 4.17. Effect o f  Au-sphere(64 nm)@Pd (10.9 nm)@pNIPAM concentration on &0bs for the 
hom ocoupling reaction o f  PB A , in  10 m M  C TA B  and borate buffer pH  8.2 at 30 °C (For the 
kinetic traces at each concentration see Figures S3.6a-d in Appendix 3).

Figure 4.17 shows that the  reaction  is first-order in  the catalyst.

4.2.3.5. Effect of temperature on A:„bs

The therm oresponsive and porosity  properties o f  the m icrogel shell dictate the diffusion o f  the 

reactant to the core surface o f  the N P s and/or reactivity at the surface o f  the m etal core o f  the 

particle. A ccordingly, changing  the tem perature m ight have an effect on the kobs which differs
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from conventional Arrhenius (or Erying) equations. In particular, when the temperature is 

high the shrunken microgel shell is anticipated to lower the rate of diffusion of the reactant to 

the core NPs which leads to a decrease in kobs if  diffusion is at least partially rate limiting. 

Alternatively, the reaction medium offered by the collapsed pNIPAM shell is different from 

the reaction medium offered by the hydrophilic swollen shell. The change in the local reaction 

medium could affect the rate constant on the surface of the metal NP core either way, i.e. 

accelerate or retard reaction. Again the overall effect of the change in reaction medium on kob% 

depends on the extent to which the chemical reaction is rate determining. We have studied the 

effect of temperature on the observed rate constant of the aerobic homocoupling reaction of 

PBA in the presence o f Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs (Figure 4.18a).
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Figure 4.18. a) Effect o f temperature on kobs for the homocoupling reaction of PBA, in 10 mM CTAB 
and borate buffer pH 8.2, using Au-sphere(64 nm)@Pd (10.9 nm)@pNIPAM NPs (152 pM Au) as 
catalyst. For the kinetic traces at each pH see Figure S3.7a-e in Appendix 3. b) Eyring plot for the 
experimental data in (a).

Figure 4.18 shows an increase in kobs b y incre asing the temperature from 30 to 40 °C, 

increasing the temperature to 50 °C leads to decrease of &obs, and further increase of 

temperature to 60 °C increases kobs again. Although the decrease in &0bs is not outside error
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margins, we note that it occurs near Tc, as expected i f  the state o f  the pNIPA M  shell effects 

the reaction kinetics. O ur experim ental data  o f  Figure 4.18a do not appear to follow  Arrhenius 

(or Eyring) behaviour (F igure 4.18b). The drop in &0bs com es after 40 °C which is slightly 

above Tc o f  the N Ps in  C TA B . Figure 4 .18a allow s us to qualitatively describe the effect o f 

the collapsed and  sw ollen state o f  the pN IPA M  shell on the k0bS. The increases in £0bs below 

and above Tc correspond to  “norm al” A rrhenius (Eyring) behaviour. Unfortunately, the 

num ber o f  data points and the error m argins do not allow  us to draw  a definitive conclusion 

about the source (d iffusion control or reaction  m edium  effect) o f  the tem perature effect on

ôbs*

4.2.4. Kinetic studies o f  the aerobic oxidative hom ocoupling reaction o f PB A  using Au- 

sphere(104 nm)@ Pd(9.9 nm )@ pNIPAM  N PS

The kinetics o f  the aerobic hom ocoupling  reaction  o f  PB A  in buffered aqueous m icellar 

solution was studied using Au-sphere(104 nm)@Pd(9.9 nm)@pNIPAM N Ps and Au-rod(48x23 

nm )@ Pd(rocket)@ pN IPA M  using U V -V is spectroscopy under the sam e conditions as 

m entioned before (F igures 4 .20 a and b).

153



Au@Pd@pNIPAM and Pd-pNIPAM NPs Chapter 4

0 .4-

3
ra

Ec
s

0 .2 -

2500500 1000 1500 20000

0.188-

■ 0 .184-

0.180-

0 .176-

1500 2500200010000 500

Figure 4.19. Absorbance o f the reaction mixture o f the homocoupling o f 0.1 PBA with time at 250 nm 
in 10.0 mM CTAB and borate buffer pH 8.2 at 25 °C , a) using 104 jiM  Au(content) Au-sphere(104 
nm) @Pd(9.9 nm)@pNIPAM NPs and b) 120 pM Au-rod(48x23 nm)@Pd-rocket@pNIPAM, 
experimental data (dotted line), solid line fit to the (pseudo) first order equation (2.1).

Figures 4.19a and b show  that the  aerobic hom ocoupling reactions using Au-sphere(104

nm)@Pd(9.9 nm)@pNIPAM N P s and A u-rod(48x23 nm )@ Pd- rocket@ pN IPA M  as catalysts

are slow com pared to the reaction  catalysed  by  A u-sphere(64 nm )@ Pd(10.9 nm )@ pNIPAM .

We believe that the size o f  the nanoparticles p lays a  pivotal role in slow ing down the reaction

rate, w ith the b igger particles lead ing  to  a  low er reaction  rate.

4.2.5. K inetic studies o f  the aerobic oxidative hom ocoupling reaction o f PBA using Pd- 

pN IPAM  (+ve and -v e )  nanocom posites as catalysts

Using the Pd-pN IPA M  nanocom posites (+ve or -v e )  as catalysts, we have followed the 

kinetics o f  the aerobic oxidative hom ocoupling  reaction o f  PB A  in aqueous m icellar solution 

using UV -V is spectroscopy. A s before  product form ation (biaryl and phenol) was followed 

through changes in  absorbance w ith  tim e at a  selected w avelength where m axim um  changes 

in absorbance occur for the  reaction  o f  PB A  (Figures 14.20a and b).
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Figure 4.20. Absorbance of the reaction mixture o f the homocoupling o f 0.1 PBA with time at 250 nm 
in 10.0 mM CTAB and borate buffer at 30 °C, a) using 200 pL Pd-pNIPAM (+ve) pH 8.4 and b) 200 
pL Pd-pNIPAM (-ve) pH 8.8, experimental data (dotted line), solid line fit to the (pseudo) first order 
equation (4.1).

Figures 4.20a&b show  reasonable pseudo-first-order fits and the values o f  &0bs o f  0.0113 and 

0.01972 m in '1 are reasonably com parable for the  reactions using +ve and -v e  Pd-pNIPAM  

nanocomposites as catalysts, respectively  (each o f  them  at the optim um  pH  vide in fra ). 

However, the concentration o f  Pd° in  each  solution is no t precisely  know n and subsequent 

experiments were perform ed using the sam e catalyst stock solutions.

4.2 .5 .I. P ro d u c t analysis

As before, the com position o f  the p roduct m ixtures o f  the reaction involving phenylboronic 

acid were determ ined by H PL C  and com pared w ith authentic sam ples. The HPLC 

chrom atograms are show n in  F igures S3.2 and S3.3 in  A ppendix 3. It was found that the 

products (biphenyl and phenol) w ere form ed in  a  1.3:1 and 1.2:1 ratio for the reaction o f  PBA 

using Pd-pNIPAM  +ve and  -v e , respectively, under the respective optim um  reaction 

conditions (vide infra). A s before, th is observation suggests that the reaction between the
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previously proposed  perox ide52 side product and phenylboronic acid to produce the phenol is 

faster than peroxide decom position  (see C hapter 2)..

4.2.5.2. Effect o f  pH  on the reaction  rate

We studied the effect o f  pH  on  the  reaction  o f  phenylboronic acid using a borate buffer 

(Figure 4.21).
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Figure 4.21. Effect of pH on kobs for the reaction involving 0.1 mM PBA (■), using 10 mM CTAB, 10 
mM borate buffer and using 200 pL Pd —pNIPAM a) +ve and b) —ve, at 30 °C. Solid lines are fits to 
Gaussians (eq. 2.2) (For the kinetic traces at each pH see Figures S3.8a-f and S3.9a-g in Appendix 3).

Figures 4.21a& b show  that the op tim um  pH  for the hom ocoupling o f  PB A  were found are 8.5

and 8.6 using +ve and - v e  P d-pN IPA M  nanocom posites as catalysts, respectively. As before,

the fact that the reactions show  bell-shaped  pH -rate profiles suggests the same possible

scenarios regarding the rate  lim iting  step and the reaction m echanism  as explained for the

reaction using A u@ Pd@ pN IPA M  N P s as catalyst (vide supra).
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4.2.5.3. Effect o f PB A  concentration

In order to determ ine the o rder o f  the reaction in  phenylboronic acid, we studied the effect o f 

phenylboronic acid concen tration  on  the observed first-order reaction rate constant under 

otherwise standard conditions {vide supra) at 30 °C and pH  8.8 (Figure 4.22).
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Figure 4.22. Effect o f PBA concentration on the observed reaction rate constant using 100 pL Pd- 
pNIPAM (-ve), 10.0 mM CTAB and borate buffer pH 8.8 at 30 °C. (For the kinetic traces at each PBA 
concentration see Figures S3.10a-d in Appendix 3).

Figure 4.22 shows that the reaction follow s m ixed second- and first-order kinetics in PBA 

which m im ics our results w hen using  Pd-C TA B  N Ps and m akes us suggest again that the 

reaction follows a m echan ism  in  w hich one PB A  m olecule reacts w ith  the catalyst in a pre

equilibrium step before the rate-lim iting step w hich involves the reaction o f  a second 

molecule o f  PB A  w ith  the product (interm ediate) o f  the pre-equilibrium  step (see Chapter 3). 

This together w ith the pH -rate  profile  provides vital inform ation about the possible 

mechanism(s) o f  the reac tion  under our conditions {vide infra).
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4.2.5.4. Effect of Pd-pNIPAM (-ve) concentration on the reaction rate

Under our optimised conditions, we studied the effect of Pd-pNIPAM (-ve) NP concentration 

on the observed rate constant for the homocoupling reaction of PBA (Figure 4.23).
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Figure 4.23. Effect of Pd-pNIPAM(-ve) concentration represented in volume (pL) on kohs for the 
homocoupling reaction o f PBA, in 10 mM CTAB and borate buffer pH 8.8 at 30 °C. For the kinetic 
traces at each PBA concentration see Figures S3.1 la-c in Appendix 3.

Figure 4.23 shows that the reaction is first-order in the catalyst, which suggest that the rate 

limiting step involves only one catalyst (here one nanoparticle or leached Pd atom/ion) in the 

catalytic cycle.

4.2.5.5. Effect of temperature on £0bs

We have investigated the effect of temperature on kohs for the homocoupling of PBA under 

our optimum reaction conditions using both the negatively and positively charged Pd- 

pNIPAM nanocomposites as the catalyst (Figure 4.24).
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Figure 4.24. Effect o f temperature on the kobs for the homocoupling reaction o f PBA, in 10 mM CTAB 
and borate buffer pH (8.8(-ve) and 8.4(+ve)), using 100 pL Pd-pNIPAM -ve (■) and +ve (•) as 
catalyst. For the kinetic traces at each temperature see Figures S3.12a-n in Appendix 3.

Figure 4.24 shows an increase in  kobs be low  Tc for the hom ocoupling reaction o f  PBA using

Pd-pN IPA M  (-ve or +ve) as cata lyst; for fully sw ollen pN IPA M  the reaction follows

Arrhenius (or Eyring) behaviour, kobs decreases upon  increasing the tem perature from  30 °C to

40 °C, i.e. through Tc, w hen  the  pN IP A M  shell collapses. Further increase o f  tem perature

leads to an increase in  kobs again  and  Arobs (at least qualitatively) follow s A rrhenius (or Eyring)

behaviour again. A s for the  A u@ P d@ pN IP A M  N Ps, full analysis o f  the data is required to

illucidate w hether d iffusion  contro l o r local reaction m edium  effects underpin the observed

deviations from  E yring behaviour.
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4.2.6. M echanism  o f  the reaction

As discussed in C hapter 3 the  hom ocoupling  reaction could be catalysed either by palladium 

atoms/ions at the surface o f  the  N P s o r by Pd atom s/ions leached to the bulk reaction medium. 

The same steps as in the  cataly tic  cycle proposed in Chapter 3 are applicable for the aerobic 

oxidative hom ocoupling reaction  o f  PB A  using both A u@ Pd@ pN IPA M  N Ps and the Pd- 

pNIPAM  nanocom posites as catalysts. The catalytic cycle starts w ith the oxidative addition o f 

O 2 to a Pd° atom  on the N P s (or to  a  leached Pd° atom ) to  form  a peroxo-Pd11 complex. The 

formed peroxo-Pd11 com plex  is likely  to undergo hydrolysis in  w ater to form  a hydroxy- 

hydroperoxo-Pd11 in term ediate, the pro tonation  state o f  w hich is likely to be pH dependent. A 

first transm etalation step involves a  m olecule o f  PB A  (in its acidic form , as discussed in 

Chapter 2) reacting w ith  the hydroxyl-hydroperoxo-Pd11 interm ediate (I) in  a pre-equilibrium  

reaction forming an in term ediate  (II). This interm ediate (II) reacts w ith another m olecule o f 

PBA (in its acidic form , see C hapter 2) in  a  second transm etalation step to form  intermediate 

(III). Subsequent reductive e lim ination  o f  interm ediate (III) w ill lead to the form ation o f  the 

biphenyl product and regenerates Pd° w hich  then  w ill start another cycle. Our tem perature 

dependence o f  &0bS show s th a t the  reaction  is affected by the state o f  the pN IPA M  shells o f  the 

studied NPs and nanocom posites. M ore detailed analysis is required to identify whether the 

observed decreases in kobs (com pared  to  w hat is expected from  extrapolation o f  the data below 

Tc in terms o f  the E yring  equation) results from  either a  decrease in  diffusion to the NP 

surface or a  change in  local reac tion  m edium  resulting from  pN IPA M  shell collapse.
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4.3. Conclusions

The synthesis o f bimetallic Au-Pd core-shell NPs encapsulated in a pNIPAM shell viz. 

Au@Pd@pNIPAM has been carried out using a straightforward synthetic approach. Different 

Au-Pd core-shell sizes were achievable by controlling the experimental conditions. Spherical 

Au-Pd, (64 ± 4 nm)-(4.0± 1 nm), (64 ± 4 nm)-(10.9± 2 nm), (64 ± 4 nm)-(10.8± 2 nm), (104 ± 

8 nm)-(9.9±1.9 nm), and rod Au cores (48x24 nm) carrying a rocket-shaped Pd shell were 

synthesised. Pd-pNIPAM nanocomposites with negative and positive surface charges were 

also synthesised. TEM and DLS were used to characterise the formed NPs. All NPs and 

nanocomposites show a LCST (or “collapse temperature” Tc) of around 35 °C. These NPs and 

nananocomposites were used as catalysts in kinetic and mechanistic studies of the oxidative 

homocoupling reactions o f phenylboronic acid. First, spherical Au (64 nm)@Pd (10.9 

nm)@pNIPAM was used as a model for the kinetic studies and optimisation of reaction 

conditions for all Au@Pd@pNIPAM NPs. Product analysis showed the formation of biphenyl 

and phenol in the ratio o f 1.3:1 under optimum conditions. The reaction showed reasonably 

good pseudo-first-order kinetics. The reaction was first order in PBA within the range of 

0.025-0.15 mM PBA and first-order in the catalyst. A bell-shaped pH rate profile was 

observed for the reaction with a maximum around pH 8.2. This observation is in line with our 

previous findings using molecular Pd-catalyst 3 and Pd-CTAB NPs but with the maximum 

pH shifting slightly towards more acidic conditions. Second, the Pd-pNIPAM (+ve or -ve) 

nanocomposites were used as catalysts for kinetic and mechanistic studies of the aerobic 

oxidative homocoupling o f PBA in aqueous micellar medium. The reactions showed good 

pseudo-first-order kinetics. A bell-shaped pH-rate profile was observed with pH optima of 8.4 

and 8.8 using Pd-pNIPAM +ve and -ve, respectively. Product analysis showed the formation

161



Au@Pd@pNIPAM and Pd-pNIPAM NPs Chapter 4

of biphenyl and phenol in ratios o f 1.3:1 and 1.2:1 using +ve and -ve Pd-pNIPAM, 

respectively, at optimum conditions. The reaction was first order in the catalyst Pd-pNIPAM 

(-ve), and mixed second and first-order kinetics in PBA was observed. Regarding the 

mechanism of the reaction using both Au@Pd@pNIPAM and Pd-pNIPAM catalytic systems 

the same arguments as those in Chapters 2 and 3 are applicable here. Catalysis occurs either 

through surface catalysis or leaching out o f Pd atoms (or ions) to the reaction medium. 

Surface (or leached) Pd° atom(s) undergo an oxidative addition reaction by dissolved O2 

molecule to form a peroxo-Pd11 complex. This complex is likely to undergo hydrolysis under 

our aqueous conditions to form a hydroxyl-hydroperoxo-Pd11 intermediate the protonation 

state of which is likely to be pH dependent. Our kinetic results showed first-order dependency 

of the reaction rate in the catalyst which suggests the involvement of one catalyst nanoparticle 

or molecule in the rate-limiting step. Also, mixed second- and first-order kinetics in PBA was 

observed, suggesting, a mechanism involving a pre-equilibrium reaction in which a molecule 

of PBA attached to the NP surface before a rate-determining step involving a second molecule 

of PBA (this result is similar to our results in Chapter 3). The bell-shaped pH-rate profile is in 

line with our findings in Chapters 2 and 3 which suggest the involvement of the acidic form of 

PBA and the basic form o f the catalyst in the rate-limiting step of the reaction 

(transmetalation step). Finally, the effect o f temperature on &0bs of the homocoupling reaction 

using both catalytic systems showed non-Eyring-like behaviour. This was interpreted as the 

dependence &0bs on the state (swollen/collapse) o f the pNIPAM shell. An increase of &0bs 

below Tc was observed followed by a sudden decrease upon increasing the temperature. 

Further increase of temperature led to an increase of kobs again. The sudden decrease of &0bs 

with increasing the temperature resulted from either decrease of a diffusion rate of the
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reactants to the NP surface or a change of local reaction medium resulting from the collapse 

of pNIPAM shell.

4.4. Experim ental

4.4.1. E quipm ent

UV-Vis-NIR spectra were recorded using a Cary 5000 UV-Vis-NIR spectrophotometer. 

Transmission electron microscopy (TEM) was performed using a JEOL JEM 1010 

microscope operating at an acceleration voltage o f 100 kV. Photon Correlation Spectroscopy 

(PCS) was carried out on a Zetasizer Nano S (Malvern Instruments, Malvern UK) using a 

detection angle o f 173°.

The kinetic studies were carried out using JASCO V630 and V650 UV-Vis 

spectrophotometers, monitoring reactions by either time resolved absorption (spectra) or 

parallel kinetic measurements. Both machines were equipped with a Peltier-thermostated 6- 

cell holder to control the temperature. Reactions were carried out in 1.0 cm path length 

stoppered quartz cuvettes (Hellma) holding approximately 1.0 cm3 of headspace (i.e. under 

aerobic conditions), at 30 °C (unless otherwise mentioned). A HANNA pH211 

microprocessor pH meter equipped with a VWR 662-1759 glass electrode was used for 

determining the pH o f solutions. HPLC analyses were carried out using an Agilent 1200 

instrument with a ZORBAY (Eclipse XDB-C18 4.6X150 mm, 5 pm) column. Water was 

purified using an ELGA option-R 7BP or a Milli-Q system (Millipore) water purifier.
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4.4.2. Chemicals

All chemicals were commercially available (Acros, Alfa Aesar, Aldrich, Fisher Scientific, 

ICT, and Maybridge) and used as purchased without further purification. Acetonitrile and 

deionised water were used as solvents for the preparation of stock solutions.

4.4.3. Synthesis of Au@Pd@pNIPAM nanoparticles

Au-sphere(64nm)@ pNIPAM nanoparticles. The synthesis was carried out following the 

method developed by Contreras-Caceres et al. Au seeds (64 nm) were prepared through a 

seeded growth method. Briefly, 35 mL of ca. 15 nm Au nanoparticles (previously prepared by 

citrate reduction) was added to 15 mL of 0.03 M CTAB aqueous solution. 4.5 mL of this seed 

solution was added to a growth solution prepared by adding 800 pL of butenoic acid under 

gentle stirring to 50 mL o f an aqueous solution containing 1.0 mM HAuCL* and 15 mM 

CTAB at 70 °C. After 10 min, excess butenoic acid and CTAB were removed by 

centrifugation at 4500 rpm for 30 min. After redispersing the pellet in 50 mL of 4.0 mM 

CTAB, the dispersion was centrifuged at 4500 rpm for 40 min and the precipitate redispersed 

in 10 mL of water. Subsequently this Au colloidal dispersion was heated at 70 °C under N2 

flow and then 0.1698 g NIP AM and 0.0234 g BIS were added under magnetic stirring. After 

15 min, the nitrogen flow was removed and the polymerization was initiated with the addition 

of AAPH (100 pL 0.1 M). After 2 h at 70 °C, the white mixture was allowed to cool down to 

room temperature under stirring. Finally, it was diluted with water (50 mL), centrifuged (30 

min at 4500 rpm) and redispersed in water (5 times). The Au core size measured using TEM 

was 64 ± 4.0 nm.
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A u-sphere(l04nm)@pNIPAM. The growth of the Au core was carried out following the 

method developed by Rodriguez-Femandez et a l}4 as follows; 180 pL of AA 100 mM was 

added to 10 mL of an aqueous solution containing Au-sphere(64nm)@pNIPAM (0.25 mM), 

CTAB (100 mM) and HAuCLj (0.9 mM), under magnetic stirring at room temperature. After 

30 min the growth process was finished. The Au core size measured using TEM was 104.0 ±

8.0 nm.

Au-rod@pNIPAM. The synthesis o f Au-rod@pNIPAM NPs was carried out as described 

above for Au-sphere(64nm)@Au@pNIPAM, but by using 0.8 mM HAuC14 and 160 pL of 0.1 

M AA. The final average Au core size determined using TEM was (48.1 ±5 .1) nm length x 

(24.0 ± 3.0) nm width.

Au-sphere(64nm)@Pd@pNIPAM. To a 0.3 M aqueous solution of CTAB, ca. 0.09 mM Au- 

sphere(64nm)@Pd@pNIPAM was added at 27 °C in a water bath. The solution was mixed 

and (0.04, 0.08, or 0.16) mM Na2PdCl4 was added. After mixing, 2.0 mM of ascorbic acid 

was added and the mixture was left overnight in a capped container at 27 °C in a water bath. 

The excess of ascorbic acid and CTAB was removed by centrifugation at 4500 rpm for 30 

min., redispersing in 10 mL o f water and centrifugation (30 min at 4500 rpm) (this procedure 

was repeated 3 times). The UV-Vis spectra o f aqueous solutions were then recorded. TEM 

images were taken for the synthesised NPs. The average Au-core/Pd-shell measured from 

TEM were: a) Au-core size 64.0 ± 4.0 nm and Pd-shell o f 4.0 ± 1.0 nm (when 0.04 mM 

Na2PdCl4 was used), b) Au-core size 64.0 ± 4.0 nm and Pd-shell size 10.9 ± 2.0 nm, (when 

0.08 mM Na2PdCl4 was used) and c) Au-core size 64.0 ± 4.0 nm and Pd-shell size 10.8 ± 2.0 

nm, (when 0.16 mM Na2PdCl4 was used).
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A u-sphere(l 04nm)@Pd@pNIPAM. The same procedure as for Au-sphere

(64nm)@Pd@pNIPAM was used for the coating o f Au-spheres(105nm) with Pd. The Au-core 

and the Pd-shell sizes as measured from TEM were Au 104.0 ± 8.0 nm and Pd-shell of 8.0 ±

2.0 nm (when 0.08 mM Na2PdCU was used)

A u-nanorod@Pd@pNIPAM. The same procedure as for Au-sphere(64nm)@Pd@pNIPAM 

was used for the palladium coating of Au-nanorods with a core size of (48.1 ±5.1) nm length 

x (24.0 ± 3.0) nm width, using 0.04 mM of Au-nanorod@pNIPAM and 0.32 mM Na2PdCU. 

A rocket-like Pd-shell was observed in the corresponding TEM image. Because of the non

uniformity of the Pd-shell shape the shell thickness was not determined.

4.4.4. Synthesis of Pd°-pNIPAM nanocomposite

pNIPAM (positively or negatively charged). 0.0078 g o f crosslinker BIS was added to

0.1132 g of NIP AM in 10 mL deionised water under a flow o f N 2 and at 70 °C. After 15 min, 

the nitrogen flow was removed and polymerization was initiated with the addition of K2S2O8 

or AAPH (100 pL 0.1 M) to obtain (-ve) and (+ve) pNIPAM, respectively. After 2 h at 70 °C, 

the white mixture was allowed to cool down to room temperature under stirring. Finally, it 

was diluted with water (50 mL), centrifuged (60 min at 8000 rpm) and redispersed in 10 mL 

of water (3 times). pNIPAM (+ve and -ve) particle sizes (for a dry sample) measured using 

TEM were 299.28 ± 16.47 nm and 294.78 ± 23.61 nm respectively.

Pd°-pNIPAM. 1.0 mL o f a pNIPAM (-ve or +ve) solution in deionised water was added to

4.0 mL of deionised water and then mixed with 0.25 mM (final concentration) of Na2PdCL 

under magnetic stirring and at 25 °C, followed by addition of 300 pL of 10.0 mM NaBfL.
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After about one hour the solution was diluted with water (50 mL), centrifuged (60 min at 

8000 rpm) and redispersed in 10 mL of water. This process was repeated three times. Finally, 

the Pd°-pNIPAM (+ve and -ve) nanocomposites were characterized using TEM.

4.4.5. Typical kinetic experiments

4.4.5.1. Kinetic measurement using UV-Visible spectroscopy

4.4.5.1.1. Time resolved absorption peak measurements

Reactions were carried out in 1.00 cm pathlength stoppered quartz cuvettes (Hellma) holding 

approximately 1.00 cm3 of headspace (i.e. under aerobic conditions), at 30 °C. Typical 

concentrations were 100 pM for phenylboronic acid and a specified amount of the catalyst. 

Product formation (biaryl and phenol) was followed through changes in UV-Vis absorbance 

with time at 250nm.

The procedure was as follows: in a 1.00 cm pathlength cuvette and to a total volume of 2.5 

mL, CTAB, borate buffer, and catalyst were mixed by pipetting the required volumes from 

concentrated stock solutions. The cuvette was allowed to thermally equilibrate for about 5-10 

minutes. Subsequently, the required amount o f arylboronic acid was added to the reaction 

mixture from a concentrated aqueous stock solution. The kinetics were monitored by 

measuring the time-resolved absorption peak. Reversing the order of the addition of 

phenylboronic acid and the catalyst did not have any effect on the kinetic measurements. The 

observed rate constants, &obs, for the reactions were determined from plots of absorbance as a 

function of time, using the pseudo first-order rate law (equation 2.1 see chapter 2).
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4.4.5.1.2. Parallel k inetic  m easurem ents

Parallel kinetic m easurem ents at fixed w avelength w ere perform ed using UV-Vis 

spectroscopy (using a JA SC O  V -650 spectrom eter equipped w ith a 6-position therm ostated 

cuvette holder) at constant tem perature follow ing the abovem entioned procedure. Effects o f 

pH, catalyst concentration, phenylboronic acid concentration and tem perature were all studied 

by UV-Vis parallel kinetic m easurem ents.
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Epilogue

Exploring the possibility of aerobic oxidative cross-coupling 

reactions of arylboronic acids and their derivatives 

Outlook and challenges for the future mechanistic studies of 

aqueous (cross) coupling reactions
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A bstract

One o f the possible interpretations o f the observed bell-shaped pH-rate profile for the 

homocoupling reaction in Chapter 2 suggested that the aerobic oxidative cross-coupling 

reaction o f two different arylboronic acids and derivatives o f  significantly different pKas 

might be feasible. Here, we present some preliminary results o f exploratory studies o f the 

micelle-assisted palladium-catalysed aerobic oxidative cross-coupling reaction o f a series 

o f (substituted) arylboronic acids and derivatives in aqueous surfactant solutions. A 

bisimidazole complex o f  palladium, viz. [Pd(bimsulfide)Cl2] (3), was used as a catalyst 

based on our findings for the aerobic homocoupling (see Chapter 2). 

Cetyltrimethylammonium bromide (CTAB) was used as a surfactant. In addition, general 

conclusions, an outlook and future challenges and suggestions about the work presented in 

this thesis finish the Chapter.
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5.1. In troduction

One of the possible explanations for the maximum in the pH-rate profile for the aerobic 

oxidative homocoupling reaction o f  arylboronic acids involves the boronic acid being 

required in its acidic form in the first transmetalation step whereas it is required in its basic 

form in the second transmetalation step (Chapter 2). The kinetic consequences of the 

difference between the two transmetalation steps were illustrated using a simplified kinetic 

scheme (Scheme 5.1).

ArB(OH )2 and  0 2

ArB(OH)3- 

S chem e 5.1

A rate equation based on the mechanism in Scheme 5.1 reproduces the trend in optimum 

pH relative to pKa for the different arylboronic acids, but the mechanism failed to account

for the observed solvent kinetic isotope effect. Although the Curtin-Hammett principle 

does not allow us to do so, it is extremely tempting to interpret Scheme 5.1 as suggesting 

the possibility o f oxidatively cross-coupling arylboronic acids o f sufficiently different pK& 

through careful control o f  the pH. W e decided to explore this reaction, further stimulated 

by the fact that purely statistical reaction at equal reactant concentrations would already 

lead to 50% yield o f  the cross-coupled product. In addition, we explored the
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homocoupling reactions o f  compounds related to arylboronic acids such as 

phenyltrifluoroborate, which has been suggested as an alternative for phenylboronate.

The hypothesis that arylboronic acids are required in both their acidic and basic forms 

suggests that the reaction might be turned into an oxidative cross-coupling reaction of 

boronic acids, with the Curtin-Hammett caveat mentioned above. In such a cross-coupling 

reaction, two different boronic acids with sufficiently different pKa act at different stages 

o f the process if one selects a pH at which one arylboronic acid is present mainly in its 

acidic form and the other arylboronic acid is present mainly in its basic form (Scheme 5.2). 

Phenol as a by-product should mainly result from the acidic arylboronic acid, according to 

our proposed mechanism (see Chapter 2).

B(OH )3
H20 ,  CTAB, [Pd]

B(OH)2 bo ra te  buffer, 30 °C, air

S chem e 5.2

The studied arylboronic acids and derivatives and their corresponding biphenyl and phenol 

products are listed in Scheme 5.3.

B(OH)2
OCH3 I | 3r'  —  /==x

&. Sb 5c k J  5d

Scheme 5.3
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5.2. H om ocoupling reactions o f potassium  phenyltrifluoroborate and potassium 

te trap h en y lb o ra te

Aerobic homocoupling eactions o f phenyltrifluoroborate and potassium tetraphenylborate 

(5c and 5d) have been studied under our optimum conditions at pH 9.2 and 8.4, 

respectively, using 3 as a (pre) catalyst (Figures 5.1 a and b).

0.65-

0 52-

I 0.39-

a)

420 630

t /  min
840

0.9

0 .8 -

3ra
|
©

0 .6 -

0.5
40002000 30000 1000

t/min

Figure 5.1. Absorbance versus time for the homocoupling reaction o f a) 0.1 mM 5c and b) 
0.025 mM 5d, using 10.0 and 20.0 pM  o f  3, respectively, 10.0 mM CTAB and borate buffer 
at pH 9.2 and 8.4, respectively, and at 30 °C.

Figure 5.1a shows that the homocoupling (from the absorbance, the steepness o f first part 

o f the graph) o f 5c proceeds fast at the beginning o f  the reaction (first 2 hours), suggesting 

that the reaction proceeds m ainly through the Pd11 pathway (the first step in Scheme 2.10, 

Chapter 2) since there is no acidic form o f the boronic acid in the reaction. However, 5c 

can hydrolyse and form phenylboronic acid in aqueous media (Scheme 5.4).1,2 As a result, 

the reaction continues through the catalytic cycle but at a lower rate than observed for 

phenylboronic acid (2a, Chapter 2).
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+ ©
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+
KF h 2o  H h 2o  H

ArBF3K
© © k^
BF-jK --------*- ArBF2

©
ArBF2OH ArBFOH

V ^  A ©
ArBF(OH)2

©
ArBF(OH)2

KF OH
©

F

ArB(OH)2

Schem e 5.4 taken from re f2

Homocoupling o f 5d is possible but it appears to require a long induction period (Figure 

5.1b) which might be due to a stepwise decomposition3,4 o f 5d to form phenylboronic acid.

In the presence o f O2 phenol is formed during the decomposition o f  tetraphenylboronate 

according to  the literature.4

5.3. C ross-coup ling  o f  a ry lbo ron ic  acids and  derivatives

We studied the oxidative cross-coupling reaction o f  2-methoxyphenylboronic acid with 

3,5-difluorophenylboronate using complex 3 as a (pre)catalyst (Scheme 5. 5) b y UV- 

visible absorption spectroscopy at different pH (Figure 5.2).

F
H20 ,  CTAB, 
[Pd(bimsulfide)CI2]

B(OH)2 +
borate buffer, 30 °C, 
pH 8.2, air

5k

Scheme 5.5
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Figure 5.2: Absorbance at 240 nm (■) and 270 nm (A) for the reaction o f 0.1 mM 5a with 0.1 
mM 5b using 27.0 pM cat and 10 mM CTAB in 10 mM buffer, with time at 30 °C and pH 8.2.

Figure 5.2 shows that the reaction follows complex kinetics and that the rate o f the 

reaction is not fast. The product ratio was determined using HPLC (Figure 5.3).

mAU ' 

350-

300-

250-

200

150

5k100

Figure 5.3. HPLC chromatograms and product analyses for the reaction of 0.1 mM 5a with 0.1 
mM 5b in 10 mM CTAB and buffer using 10 pM of 3 as catalyst at 30 °C and pH 8.2.
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Figure 5.3 shows that the reaction was not selective towards the cross-coupling product 5h. 

The lack o f  selectivity m ight be due to the selection o f the reaction pH (in addition to 

alternative explanations), which made us consider the use o f  alternative arylboronate 

reagents. Therefore, we studied the possible oxidative cross-coupling reaction of 

phenylboronic acid with potassium phenyltrifluoroborate using complex 3 as a catalyst 

(Scheme 5.6) by UV -visible absorption spectroscopy at different pHs (Figure 5.4). We 

expected the products o f  the reaction to be mainly the cross-coupled biphenyl 5i and 

phenol 5k as the main by-product (Scheme 5.6).

f V «-B(OH)2 +

o c h 3

5a

P Ka = 9.0

BF3 K+

5c

H20 , CTAB, [Pd]

borate buffer, 30 °C, air 

pH 8.0 H3CO

Schem e 5.6

OH
OCH,

5k

0 .9 0 -

0 .7 5 -

0 .6 0 -

Ec
s

f*  0.4 5 -

0 . 3 0 -

0. 1 5 -

4000300020001000
t / mi n

Figure 5.4: Absorbance o f the reaction o f 0.1 mM 5a with 0.1 mM 5c using 27.0 pM cat and 10 
mM CTAB in 10 mM buffer, with time, at: pH 4 (dotted line), pH 7 (solid line), and pH 8 
(dashed line), at 30 °C
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Figure 5.4 shows that the reaction follows complex kinetics and that the reaction is slow 

and clearly pH dependent. The reaction is particularly slow at low pH. This was not 

anticipated if  the trifluouroborate reacts with the acidic form o f the arylboronic acid.

Our HPLC results for the reaction mixture showed five different products, two for the 

homocoupling reactions o f  5a and 5c, one for the cross-coupling o f 5a with 5c and two 

phenols resulting from 5a and 5c (Scheme 5.7 and Figure 5.5)

H20 ,  CTAB, [Pd]
B(OH)2

borate buffer, 30 °C, air

Schem e 5.7
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Figure 5.5. HPLC chromatograms and product analyses for the reaction of 0.1 mM 5a with 0.1 mM 
5c in 10 mM CTAB and buffer using 10 pM o f 3 as catalyst at 30 °C at pH 7.0 (a), pH 5.6 (b), pH 
8.0 (c), and pH 4.0 (d).

The HPLC chrom atograms (Figure 5.5) were analysed to provide the product ratios in the 

various solutions (Table 5.1).

Table 5.1. Products ratio o f the aerobic micelle-assisted Pd catalysed oxidative cross-coupling 

reaction o f 5a with 5c at different pHs.

Product ratio
Reaction 

tim e / 
days

conversion
pH

5i 5e 5 f 5j 5k

4 2 unknown* 1 unknown* unknown* 7 incomplete

5.6 5 1 2 unknown* unknown* 1 incomplete

7 4 1 2 1 2 1 complete

8 2 1 1.5 1 4 3 complete

♦Unknown because the base line o f the HPLC chromatogram is not flat at that region (see Figure 
5.5), two or more compounds have very similar retention times.

Table 5.1 suggests that the selectivity o f  the reaction towards the cross-coupling product is 

indeed affected by the pH. In addition, Table 5.1 shows that the time required for the
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reaction to complete is strongly dependent on pH as well, in line with the data in Figure

5.4. Our results show that pH 5.6 gives the best product ratios and selectivity towards the 

cross-coupling reaction o f  5a and 5c.

According to our proposed mechanism and the work o f Adamo et al.,5 phenol should only 

form from the acidic form o f  the boronic acid. HPLC clearly shows the formation of 

phenol from 5a and 5c. The homocoupling product o f 5c is also present more than 

anticipated since the Pd11 activation step should have been the only way for the formation 

o f biphenyl from 5c. According to the literature2,6, 5c can hydrolyse in basic medium to 

form boronic acid (see Scheme 5.4), so we attribute the formation o f phenol and biphenyl 

from 5c to the hydrolysis o f  5c. A mechanism requiring hydrolysis o f  5c also explains the 

slow reaction at low pH; the hydrolysis o f  5c is rate limiting at low pH and only becomes 

fast enough to support the coupling around neutral pH. The observed selectivity o f the 

reaction for the cross-coupled product is probably the result o f  the slow generation o f the 

acidic form o f 5c (which is in this case is phenyl boronic acid) keeping its concentration 

low at all times. This would suppress formation o f  5e (which was used for normalisation 

o f the data in Table 5.1), making the selectivity for other products look better.

5.4. G eneral conclusions, rem ark s  and  outlook

The kinetics o f the aerobic oxidative homocoupling reaction o f a set o f arylboronic acids 

were studied under ambient conditions in aqueous micellar solutions using different 

palladium (pre) catalysts to catalyse the reaction. In Chapter 2 o f the present thesis, 

Pd(bimsulfide)Cl2 was found to be a stable (pre) catalyst for our kinetic studies o f the 

aerobic oxidative homocoupling reactions. The reactions followed first-order kinetics in 

the catalyst. The effect o f  arylboronic acid concentration on the observed rate constant was
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found to follow inverse kinetic order and we attributed this behaviour to the complexity 

within the micellar medium. It would be interesting to study this inverse kinetic order in 

more detail. For example, running the reaction under homogeneous conditions but in the 

absence o f surfactants should eliminate micellar complexity. Using a water soluble 

boronic acid, e.g. 4-carboxyboronic acid, would be good for this purpose. Work in this 

area is in progress in our laboratory.

The effect o f surfactant concentration was observed to be in agreement with common 

bimolecular reactions in which the observed rate constant approaches a maximum with 

increasing surfactant concentrations then decreases with further increase o f surfactant 

concentration due to dilution o f  the reactants over more micelles. The reactions were 

slower in the absence o f air (oxygen) indicating the important role o f O2 as an oxidant for 

the Pd° species presumably through formation o f a peroxo-Pdn-complex (which is in 

agreement with literature). The reactions were pH-dependent and we have observed a bell

shaped pH-rate profile for the reaction o f  all studied arylboronic acids. Our experimental 

data suggests different possible mechanisms for the reaction under our conditions. The 

common steps in the mechanisms are: first, the reaction o f  two molecules o f 

phenylboronic acid (possibly in the basic form) with Pd(bimsulfide)Cl2 pre-catalyst to 

form the biphenyl product and the Pd° species (entry to the catalytic cycle). Second, a 

dissolved 0 2 molecule in the aqueous micellar solution oxidises the Pd° species and forms 

a peroxo-Pdn-complex (the start o f  the catalytic cycle). The bell-shaped pH-rate profile 

suggests different possible mechanisms for the consequent transmetalation steps o f the 

reaction (rate limiting step(s)). The most likely mechanism is that the basic form o f the 

catalyst is involved in the rate-limiting step together with the acidic form o f the 

arylboronic acid. The key points in the possible mechanisms o f the rate limiting step are 

summarised in Scheme 5.8.
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P H
A) Pd-OH + Ar-Bv  ► Pd-Ar

OH

© 9H
B) Pd-OH2 + Ar%-OH -------------► Pd-Ar

OH
C) pd-Br ~  -  -  Pd-OH

Scheme 5.8

Mechanisms A and B could be distinguished on the basis o f the experiments involving 

H2O and D2O on the basis o f  solvent isotope effects. Mechanism C could be eliminated by 

using non-ionic surfactant which eliminates the counter anions. Also, the fact that Pd- 

OH2+ does not react with Ar-BFs' (as suggested by our kinetic data for the cross-coupling 

at low pH) is in favour o f mechanism A and not o f mechanism B. On the other hand, the 

suggestion that Pd-OH2+ does not react with (Ph)4-B‘ (See r e f 7) is in favour o f mechanism 

B.

In the third Chapter, Pd-CTAB NPs were used to catalyse the aerobic homocoupling 

reaction o f phenylboronic acid. The reaction was slower compared to when the molecular 

Pd (pre) catalyst 3 was used as catalyst. The reaction was first-order in the catalyst and 

mixed second- and first-order in PBA. A bell-shaped pH-rate profile was again found for 

the reaction under our conditions. A  possible mechanism for the rate-limiting step o f the 

reaction based on our kinetic results (and employing the preferred mechanism from 

Chapter 2) includes a pre-equilibrium  step involving the basic form o f the catalyst and the 

acidic form o f PBA to form an intermediate which then reacts with another molecule o f 

PBA to form a biaryl intermediate which reductively eliminates to form the biphenyl and 

reproduces the Pd° catalyst. W e do not have evidence to confirm whether the reaction 

occurs on the surface o f  the NPs or through leached Pd atoms and/or ions. One way of

185



Epilogue Chapter 5

beginning to test this would be to carry out the reaction on a large scale and place the 

nanoparticles within dialysis tubing. When the dialysis tubing is removed, the reaction 

should stop immediately if  the reaction happens on the NP surface. However, if the 

reaction continues for some time, leached atoms have escaped from the dialysis tubing and 

are catalytically active.

The fourth Chapter involved the synthesis o f bimetallic core-shell Au-Pd NPs 

encapsulated in pNIPAM  shells (Au@Pd@ pNIPAM) o f different sizes and morphologies. 

Pd-pNIPAM (-ve and +ve) were also synthesised. The kinetics o f the aerobic 

homocoupling reaction o f  phenylboronic acid was followed using both catalytic systems. 

The reactions were slower compared to those using 3 and Pd-CTAB NPs under otherwise 

similar conditions. A bell-shaped pH-rate profile was again observed. The reaction was 

first-order in the catalyst and mixed second- and first-order in PBA. Our kinetic results 

suggest the same mechanism as in Chapter 3. Furthermore, our preliminary data indicated 

that the presence o f  the thermoresponsive pNIPAM shell results in non-Erying-like 

behaviour. The experimental data o f  the temperature effect on the reaction rate constant 

could be further analysed by restricting the values o f AH  and AS to the values determined 

from the temperature dependence o f  the particle size (Ai)> see Chapter 4.

Finally, our findings could have important implications for other Pd (or metal)-catalysed 

reactions {e.g. Heck, Sonogashira, Stille, etc.), at least in aqueous solutions but possibly in 

organic solvents as well.
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Appendix 1

A l . l .  Effect o f  2 a  concen tra tion  on  the #obs at pH  7.4
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0.000
0.00 0.05 0.10 0.15 0.20 0.25

[2a] /  mM

Figure SI: Effect o f 2a concentration on the observed reaction rate constant using 5.0 pM of 3, 10.0 
mM CTAB and borate buffer pH 7.4 at 30 °C.

A1.2. T itration o f  2 a  w ith  A M D P  in  C TA B
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Figure S2: Titration spectra (a) and absorbance at 265 nm versus AMDP concentration (b) for the 
addition o f AMDP to 1.0 mM 2a in 10 mM CTAB at pH 8.8 and 30 °C.
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A1.3. Kinetic traces of the homocoupling reaction o f 2a-h
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Figure S3a-h: Absorbance o f the reaction mixture o f homocoupling of 0.1 mM 2a-h using 10.0 pM of 
3 with time 1 max in 10.0 mM CTAB and borate buffer pH optimum at 30 °C, experimental data 
(dotted line) and solid line fit to the (pseudo) first order equation (2.1).

A1.4. p ifa o f  m easurem ents o f  2 a -h  in  C T A B  and borate buffer
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Figure S4a-h.. Effect o f pH on extibction coefficient o f 0.1 mM a) 2a, b) 2b, c) 2c, d)2d, e) 2e, f) 2f, 
and g) 2h, in 10.0 mM  CTAB and 10.0 mM  borate buffer at 30 °C (■), solid line fit to (equation 2.3).
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A1.5. pH-^obs o f  the  reac tio n  rela tion  o f  2a-h
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Figure S5a-h: Effect o f pH on £obs for the reaction involving 0.1 mM 2a-h (■), addition of an 
additional 0.05 mM  2a-h ( • ) ,  addition o f a further 0.05 mM 2a-h (A ), and addition o f third aliqout of 
0.05 mM 2a-h  ( T ) ,  using 10 mM CTAB, 10 mM borate buffer and (a) 27 pM of 3 (b) 10 pM of 3 (c) 
10 pM of 3, ( d l)  10 pM  o f  3, (d2) 15 pM  o f 3, (e l) 10 pM of 3, (e2) 27 pM of 3 (fl)  10 pM of 3, (fl) 
27 pM of 3, and (g) 10 pM  o f 3, and (h) 10 pM  of 3all at 30 °C, solid line is a fit to a Gaussian (eqn. 
2.2).
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N ote: for 2e the  G ausian  fit (eq. 2.2) to  the  experim ental data after activation is not good.

W e were able to perform  on ly  one set o f  pH -rate profile after activation for the reaction o f  2g 

due to precipitate  fo rm ation  upon  further addition o f  2g. Also, the fact that the 2nd addition 

pH -rate-profile for the reac tion  o f  2g  is less than  1st addition is possibly due to the solubility 

lim it o f  the products lOg and l l g

A1.6. H PLC  chrom atogram  and  calib ration  graph for the products (phenol lOa-h and biaryl 

l la - h )  o f  the reaction  o f  2 a-h.
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F igure S6. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM o f authentic phenol (11a) and biphenyl 
(10a) in 10 mM CTAB and borate buffer pH 9.2, and c) reaction mixture o f 0.1 mM 2a in 10 mM CTAB 
and borate buffer buffer using 10 pM  o f  3 as catalyst at 30 °C at pH 9.2.
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Figure S7. Calibration graph o f 10a (•) and 11a (■) in CTAB and borate buffer pH 9.2, based on the 
related area under the peak o f the related HPLC chromatogram.
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Figure S8. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM o f authentic 4-methoxyphenol ( l ib )  
and 4,4’-dimethoxybiphenyl (10b) in 10 mM CTAB and borate buffer pH 9.6, and c) reaction mixture 
of 0.1 mM 2b in 10 mM CTAB and borate buffer buffer using 10 pM of 3 as catalyst at 30 °C at pH 
9.6.
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Figure S9. Calibration graph o f 10b (•) and l i b  (■) in CTAB and borate buffer pH 9.6, based on the 
related area under the peak o f the related HPLC chromatogram
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Figure S10. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM o f authentic 2-methoxyphenol (11c)methoxyphenol (11c)
and 2,2’-dimethoxybiphenyl (10c) in 10 mM  CTAB and borate buffer pH 9.2, and c) reaction mixture

authentic 2-ofb) mM0 1for a) 050chromatogramsHPLC

of 0.1 mM 2c in 10 mM CTAB and borate buffer buffer using 10 pM o f 3 as catalyst at 30 °C at pH
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Figure S l l .  Calibration graph o f 10c (•) and 11c (■) in CTAB and borate buffer pH 9.2, based on the 
related area under the peak o f the related HPLC chromatogram
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mAU ■ 
1000 -

l l d

800-

1 0 d600-

400-

200-

0-

mAU ■ 
500-

1 0 d

400 -

300-

l l d
200-

100-

i0-

Figure S12. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM o f authentic 4-carboxyphenol ( l i d )  
and 4,4’-dicarboxybiphenyl (lOd) in 10 mM CTAB and borate buffer pH 8.4, and c) reaction mixture 
of 0.1 mM 2d in 10 mM CTAB and borate buffer buffer using 10 pM  o f 3 as catalyst at 30 °C at pH
8.4.
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F ig u re  S13. C alibration g raph  o f  lO d  ( • )  and  l i d  (■) in CTAB and borate buffer pH  8.4, 
based on  the related  area under the  peak  o f  the  rela ted  H PLC  chrom atogram .
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Figure S14. HPLC chrom atograms for a) 0.05 mM, b) 0.1 mM o f authentic 4-acetylphenol ( l ie )  and 
4,4’-diacetylbiphenyl (lOe) in 10 mM  CTAB and borate buffer pH 8.2, and c) reaction mixture o f 0.1
mM 2e in 10 mM CTAB and borate buffer buffer using 10 pM of 3 as catalyst at 30 °C at pH 8.2.
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Figure S15. Calibration graph o f  lOe (•)  and l i e  (■) in CTAB and borate buffer pH 8.4, based on the 
related area under the peak o f  the related HPLC chromatogram.
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Figure S16. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM of authentic 4-acetylphenol ( l ie )  and 
4,4’-diacetylbiphenyl (lOe) in 10 mM CTAB and borate buffer pH 8.2, and c) reaction mixture of 0.1 
mM 2e in 10 mM  CTAB and borate buffer buffer using 10 pM  o f 3 as catalyst at 30 °C at pH 8.2.
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Figure S17. Calibration graph o f l i e  (■) in CTAB and borate buffer pH 7.8, based on the related area 
under the peak o f the related HPLC chromatogram o f known concentrations in nanomoles o f authentic 
I lf .
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Figure S18. HPLC chromatograms for a) 0.05 mM, b) 0.1 mM of authentic 4-nitrophenol ( l lg )  and 
4,4’-dinitrobiphenyl (lOg) in 10 mM CTAB and borate buffer pH 8.2, and c) reaction mixture o f 0.1 
mM 2g in 10 mM CTAB and borate buffer buffer using 10 pM  o f 3 as catalyst at 30 °C at pH 8.2.
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Figure S19. Calibration graph o f  lOg (•) and l l g  (■) in CTAB and borate buffer pH 8.4, based on the 
related area under the peak o f  the related HPLC chromatogram
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Figure S20. HPLC chromatograms for the products o f  the reaction mixture o f 0.1 mM 2h in 10 mM 
CTAB and borate buffer using 10 pM o f 3 as catalyst at 30 °C at pH 8.0. Indicating the formation of
the 2,2'-bithiophene lOh.
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A1.7. pH-rate profile after 2nd addition o f 0.05 mM 2a-g and fitting to kinetic equation 2.4.
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Figure S21a-h: Effect o f pH on kobs for the reaction involving 2nd addition o f an additional 0.05 mM 
2a-h (■), (a) 27 pM o f 3 (b) 10 pM  o f  3, (c) 10 pM  o f 3, (d2) 15 pM  o f 3, (e2) 27 pM of 3, (f2) 27 
pM of 3, and (g) 10 pM  o f 3, and (h) 10 pM  o f 3, all at 30 °C, solid lines are fits to equation 2.5.
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A1.8. D erivation  o f  eq u ation  5.2

The k inetic  da ta  in  figu re  S6 .2  fo r the  oxidative hom ocoupling reaction o f  PB A  w ith the pre

activated catalyst, g en era ted  by the  reduction  P dn-Pd°, can be analysed by a m athem atical 

m odel form ed by  tw o  consecu tive  steps:

Pd°+PBAa—k]’max >1 (Sl.l)

I + PB\  -*2-max >Pd° + PhPh (S1.2)

Here the first step ( S l . l )  describes the  reaction  o f  Pd°-catalyst w ith  the acidic form  o f  PBA, 

PB A a (“acidic P B A ”), th a t occurs in  the  first part o f  the  cataly tic cycle. In  the second step

(51 .2) the in term ediate  I fo rm ed  by  ( S l . l )  reacts w ith  PBA in the basic form , PBAb (“basic 

PBA”), regenerating  Pd°-catalyst and  p roducing  biphenyl (PhPh). &i,max and &2 ,max denote the 

second-order rate constan ts  for the  tw o  processes.

The above m odel, together w ith  the  m ass law  w ritten  in  term s o f  m olar concentrations:

[Pd°] + [I] =  [Pd,„t] (S I .3)

W here [Pdtot] represen ts the  to tal concen tra tion  o f  pallad ium  in  the  catalytic cycle, w hich 

equals the  initial concen tra tion  o f  Pd°-catalyst, leads rapidly  to  a  steady state for Pd°-catalyst 

and its in term ediate I. F o r every  pH  g iven  by  the buffer the  tw o reaction  rates, for ( S l . l )  and

(52.2), are equal:

W P d ° ] f J P B A 10,]  = W I ] f b[p B A tJ  (S I .4)

Here fa and fb are the  frac tion  o f  PBA in  acidic form  (“fraction acid ic”) and the fraction o f  its 

conjugated base (“ frac tion  basic”), respectively . A ssum ing equilibrium  betw een PBAa and 

PBAb ah  over the hom ocoup ling  reaction , w e obtain:

f  = [ P B A J  = ---------- 1---------  ( S I .5.1)
a [P B A to t] i +  io p H - p^

[P B A b ] = ----------1---------  ( S I .5.2)
[P B A tot] i + io P * a-P H

In conform ity  w ith  eq. ( S 1.4) at every  pH  the observed  rate  constant is:

* o b s = W P d ° ] f f l = W I ] f b (S L 6 >

W hile fci(max and  k2,max have  the sam e value  at any pH , the com binations [Pd°]fa and [I]fb vary 

w ith pH , so that £0bs changes w ith pH .
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In order to find the equation for fitting the kinetic data in Figure 2.19 in Chapter 2 we derive 

the expression o f [Pd°] by using eqs. (S I.3) and (S I.6):

*obs = *,,max[Pd°]fa = W [ P d tot] - [ P d 0])fb (S1-7)

Therefore:

rpd° ] = f Pd« ] (si.8)
l.max a 2,max b

The back substitution o f eq. (S I.8) in eq. (S I.6) gives:

*„bs= 7 ™ ^ T ^ F [P d ™1 (S1 -9>
l.max a +  * 2 ,m a x * b

By using the eqs. (S I.5.1) and (S I.5.2) the expression o f &obS as a function o f pH is computed:

I r  J r
I  ___________________  l,max 2 ,max____________________ m i  -1 <-\

ObS=^ . m« d  +  10PA;“- pH) +  ^ max(l +  1 0 ^ ) 1 ( )

A1.9. pH-rate profile after 2nd addition o f 0.05 mM 2a-g and fitting to kinetic equation 2.8a.

0.25-

0.20-

E 0.15-

0.10- pKal 9.4 1
pKa2 8.49067

0.05
10987

0.20-,

0.15-

0.10-
Weighting
kobs No weighting

0.05-
pKal 9 1
pKa2 7 76336

0.00

PH

213



Appendix 1

0.060

0.045-

§ 0.030-

I

0.015-

7 8 9 10

0.12-

0.10-

$ 0.08 -

pKal 8.2 t  
pKli 6.34633

0.06-

8.87.6 8.0 8.4

0.06-

c
J  0.04-

Weighting
to te  No weighingJC

pKal 7.4 s 
pKs2 6.040910.02-

7.6 8.47.2 8.06.8

0.10-

0.08-
c
E

Weighting:
kobs No weightingI

0.06-

pKal 7 7  ±0
pKa2 8 182 ±0.37425

0.04-

8.48.27.8 8.07.6

0.006

0.004-

c
'E

I
0.002-

pKM2 8.61885

0.000

pH

Figure S22a-g: Effect o f pH on kobs for the reaction involving 2nd addition o f an additional 0.05 mM 
2a-g (■), (a) 27 pM of 3 (b) 10 pM  o f 3, (c) 10 pM  o f 3, (d2) 15 pM  o f 3, (e2) 27 pM  of 3, (f2) 27 pM 
of 3, and (g) 10 pM of 3, and (h) 10 pM  o f 3 all at 30 °C, solid lines are fits to equation 2.8a.
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n J
A1.10. pH-rate profile after 2 addition o f  0.05 m M  2 a -g  and  fitting  to  kinetic  equation 2.8b.
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Figure S23a-g: Effect o f pH on kobs for the reaction involving 2nd addition o f an additional 0.05 mM 
2a-g (■), (a) 27 pM  o f 3 (b) 10 pM  o f  3, (c) 10 pM  o f 3, (d2) 15 pM  o f 3, (e2) 27 pM  o f 3, (f2) 27 pM 
of 3, and (g) 10 pM  o f 3, and (h) 10 pM  o f  3 all at 30 °C, solid line are fits to equation 2.8b.
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A2.1. HPLC chromatogram of the reaction o f the homocoupling reaction o f 0.1 mM PBA 

using 0.115 mM Pd-content (in Pd-CTAB NPs), 8.0 mM CTAB and to mM borate buffer at 

pH 8.8 and 30 °C.

400-
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200-
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-UK, .= r-
phenol

! biphenyl
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Figure S2.1. HPLC chromatograms for the products of the reaction mixture o f 0.1 mM PBA in 8.0 
mM CTAB and 10 mM borate buffer pH 8.8 using 0.1 mM o f Pd content in Pd-CTAB NPs as catalyst 
at 30 °C, Indicating the formation of the biphenyl and phenol in a 2.5:1 ratio.
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A2.2. Absorbance at 250 nm as a function of time for the reaction mixture o f different 

concentration of 2a using Pd-CTAB NPs as a catalyst in CTAB and borate buffer at pH 8.8 

and 30 °C.
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Figure S2.2. Absorbance at 250 nm versus time for the reaction mixture o f a) 0.0ImM 2a, b) 0.025 
mM, c) 0.05 mM 2a, d) 0.01 mM 2a, e) 0.015 mM 2a, 0  0.02 mM 2a, g) 0.25 mM 2a, h) 0.3 mM 2a, 
i) 0.4 mM 2a and j)  0.5 mM 2a, using 0.115 Pd-content (in Pd-CTAB), 8.0 mM CTAB, and 10 mM 
borate buffer at pH 8.8 and 30 °C. (dotted line) experimental data, solid line is the fit to eq. 2.1.
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A2.3. E ffe c t o f  [P B A ] o n  th e  re a c tio n  ra te , d e r iv a tio n  o f  th e  k in e tic  eq u a tio n .

O  + PBA
N P s *-1

| + PBA --------------  p  + Q
N P s

Schem e 3.6

®  = [PBA] -  [I] -  k2[PBA] [I] (2-3'1)
at

A p p ly in g  s te a d y  s ta te  a p p ro x im a tio n  o n  e q u a tio n  2 .3 .1

^  = 0 = A ,[P B A ]-A ,[I]-*2[PBA][I] 
at 
. m  [PBA]

then, [I] = ----- --------------
LJ k _ ,+ k2[ PBA] (2.3.2)

A lso ,

^ l  = fc2[I][PBA] (2'3'3)
d t

S u b stitu tin g  e q u a tio n  2 .3 .2  in  e q u a tio n  2 .3 .3  le a d s  to

d[P]_ [PBA]2 (3.1)

dt ~ + £2[PBA]
A t lo w  P B A  c o n c e n tra tio n  th e  &2[P B A ] in  th e  d e n o m in a to r  is  m u c h  le s s  th a n  k.\ th e re fo re  th e  

te rm  &2[P B A ] is n e g lig ib le  an d  e q u a tio n  3.1 b e c o m e s  as  fo llo w s:

dt k_x k_x

then ^ j S  =  *oJ P B A ] 2 (3.2)
at

E q u a tio n  3 .2  sh o w s th a t a t lo w  [P B A ] th e  r e a c tio n  is  se c o n d -o rd e r  in  P B A .
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How ever, at h ig h  P B A  concen tra tion  k-1 in  the denom inator is m uch  less than k2[PBA],

therefore k-1 is neg lig ib le  and  equation  3.1 becom es:

d[P] £.£,[PBA12 , k. k1 ,
 — w here = k,

dt /t,[PBA] k2

then =  k obs [p B A l (3.3)at
Equation 3.3 show s th a t at h ig h  [PBA ] the  reaction  is first-order in  PBA.

Note: the concentration o f  the NPs is assumed to be constant during the course o f  the

reaction. Therefore, the observed rate constant includes the NP concentration as well.
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A3.1. H PLC ch ro m ato g ram  o f  the  reaction  o f  the hom ocoupling reaction o f  0.1 m M  PBA 

using 132 pM  (A u con ten t) in  A u-sphere(64  nm )@ Pd(10.9 nm )@ pN IPA M  N Ps, 10.0 mM  

CTAB and 10 m M  borate  bu ffe r at pH  8.2 and 30 °C.
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Figure S3.1. HPLC chromatograms for the products o f the reaction mixture o f 0.1 mM PBA in 8.0 
mM CTAB and 10 mM borate buffer pH 8.2 using 152 pM  (A u content) in A u@ Pd@ pN IPA M  
NPs, as catalyst at 30 °C, indicating the formation o f the biphenyl and phenol in a 1.25:1 ratio.

A3.2. H PLC chrom atogram  o f  the  reaction  o f  the hom ocoupling reaction o f  0.1 m M  PBA 

using 100 pL  P d -pN IP A M  (-v e )  nanocom posite , 10.0 m M  CTAB and 10 m M  borate buffer at 

pH 8.8 and 30 °C.
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mAU "
(biphenyl

250-

200-

150 -

100-

5 0 -

phenol
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F ig u r e  S 3 .2 . HPLC chromatograms for the products o f the reaction mixture o f 0.1 mM PBA in 8.0 
mM CTAB and 10 mM borate buffer pH 8.8 using 100 pL Pd-pNIPAM nanocomposites as catalyst at 
30 °C, indicating the formation o f the biphenyl and phenol in a 1.25:1 ratio.

A3.3. HPLC chromatogram of the reaction o f the homocoupling reaction o f 0.1 mM PBA 

using 100 pL Pd-pNIPAM (+ve) nanocomposite, 10.0 mM CTAB and 10 mM borate buffer 

at pH 8.4 and 30 °C.
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Figure S 3 .3 . HPLC chromatograms for the products o f the reaction mixture o f 0.1 mM PBA in 8.0 
mM CTAB and 10 mM borate buffer pH 8.4 using 100 pL Pd-pNIPAM nanocomposites as catalyst at 
30 °C, indicating the formation o f the biphenyl and phenol in a 1.2:1 ratio.
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A3.4. Absorbance at 250 nm as a function o f time for the reaction mixture of 0.1 mM PBA 

using Au-sphere(64 nm)@ Pd(10.9 nm)@pNIPAM NPs as a catalyst in CTAB and borate 

buffer at different pH and 30 °C.
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Figure S3.4. Absorbance at 250 nm versus time for the reaction mixture o f 0.0ImM PBA, using 182.4 
pM (Au content) A u-sphere(64  nm )@ P d(10 .9  nm )@ pN IP A M  N P s, 10.0 mM CTAB, and 10 mM 
borate buffer a) pH 7.4, b) pH 7.8, c) pH 8.2. d) pH 8.4, e) pH 8.8, f) pH 9.2, and g) pH 9.6, at 30 °C. 
(dotted line) experimental data and fit to eq 2.1 (solid line).

A3.5. Kinetic traces o f the reaction mixture at different PBA concentrations using 152 mM 

(Au content) Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs concentration in CTAB and 

borate buffer at 30 °C.
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Figure S3.5. Absorbance at 250 nm versus time for the reaction mixture o f a) 0.025 mM PBA, b) 0.05 
mM PBA, c) 0.1 mM PBA. d) 0.125 mM PBA, using 152 pM (Au content) Au-sphere(64 
nm )@ Pd(10.9 nm )@ pN IP A M  N Ps, 10.0 mM CTAB, and 10 mM borate buffer at pH 8.2 and 30 °C. 
(dotted line) experimental data and fit to eq 2.1 (solid line).

A3.6. Kinetic traces o f  the reaction mixture o f 0.1 mM PBA using different concentrations of 

Au-sphere(64 nm)@Pd(10.9 nm)@pNIPAM NPs in CTAB and borate buffer at 30 °C.
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Figure S3.6. Absorbance at 250 nm versus time for the reaction mixture 0.1 mM PBA using a) 15.2 pM, 
b) 60.8 pM, c) 152 pM  and d) 182.4 pM  (Au content) A u-sphere(64 nm )@ Pd(10.9  nm )@ pN IPA M  
N Ps, 10.0 mM CTAB, and 10 mM borate buffer at pH 8.2 and 30 °C. (dotted line) experimental data, 
and fit to eq 2.1 (solid line).

A3.7. Absorbance at 250 nm o f the reaction mixture o f the homocoupling o f PBA using Au- 

sphere(64 nm)@Pd(10.9 nm)@ pNIPAM NPs in CTAB and borate buffer at pH 8.2 and 

different temperature.
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Figure S3.7. Absorbance at 250 nm versus time for the reaction mixture 0.1 mM PBA using 152 pM 
(Au content) A u-sphere(64  nm )@ P d(10.9  nm )@ pN IPA M  N Ps, 10.0 mM CTAB, and 10 mM 
borate buffer pH 8.2 at;, a) 30 °C, b) 40 °C, c) 50 °C and d) 50 °C and e) 60 °C. (dotted line) 
experimental data and fit to eq 2.1 (solid line).
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A3.8. Absorbance at 250 nm as a function o f time for the reaction mixture of different 

concentration o f PBA using Pd-pNIPAM (+ve) Ncomp as a catalyst in CTAB and borate 

buffer at different pH and 30 °C.
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Figure S3.8. Absorbance at 250 nm versus time for the reaction mixture o f O.lmM PBA, using 200 pL 
Pd-pN IPA M  (+ve) N com p, 10.0 mM CTAB, and 10 mM borate buffer a) pH 7.8, b) pH 8.2, c) pH 
8.4. d) pH 8.8, e) pH 9.2 and f) pH 9.6, at 30 °C. (dotted line) experimental data, and fit to eq 2.1 (solid 
line).

A3.9. A bsorbance at 250 nm  as a  function  o f  tim e for the  reaction  m ixture o f  different 

concentration o f  PB A  using P d-pN IP A M  (-ve) N com p as a  cata lyst in  CTA B and borate 

buffer at different pH  and 30 °C.
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Figure S3.9. Absorbance at 250 nm versus time for the reaction mixture o f O.lmM PBA, using 200 pL Pd- 
pNIPA M  (-ve) nanocom posites, 10.0 mM CTAB, and 10 mM borate buffer a) pH 7.4, b) pH 7.8, c) pH 
8.2. d) pH 8.4, e) pH 8.8, f) pH 9.2 and g) pH 9.6, at 30 °C. (dotted line) experimental data, and fit to eq 
2.1 (solid line).
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A3.10. K inetic traces o f  the  reaction  m ixture using different PB A  concentration. Pd-pNIPA M  

(-ve) N com p is used  as cata lyst.
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Figure S3.10. Absorbance at 250 nm versus time for the reaction mixture o f  a) 0.025 mM PBA, b) 0.05 
mM PBA, c) 0.1 mM PBA and d) 0.15 mM PBA using 100 pL Pd-pN IPA M  (-ve) N com p, in 10.0 mM 
CTAB, and 10 mM borate buffer at pH 8.8 and 30 °C. (dotted line) experimental data and fit to eq 2.1 
(solid line).
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A 3 .l l .  K inetic  traces o f  the  reaction  m ixture o f  PB A  using different concentration o f  

Pd_pN IPA M  (-ve) N co m p  catalyst.
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Figure S3.11. Absorbance at 250 nm versus time for the reaction mixture o f 0.01 mM PBA a) 30 pL, b) 
100 pL, and c) 200 pL Pd-pNIPA M  (-ve) N com p, in 10.0 mM CTAB, and 10 mM borate buffer at pH 
8.8 and 30 °C. (dotted line) experimental data and fit to eq 2.1 (solid line).
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A3.12. Absorbance at 250 nm o f the reaction mixture of the homocoupling of PBA using Au- 

Pd-pNIPAM (-ve) and (+ve) Ncomp in CTAB and borate buffer at pH 8.4 and 8.8 

respectively, and at different temperature.
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Figure S3.12. Absorbance at 250 nm versus time for the reaction mixture 0.1 mM PBA using 100 pL 
of Pd-pNIPAM  nanocom posites (-ve o r +ve), 10.0 mM CTAB, and 10 mM borate buffer pH 8.4 
(+ve) and 8.8 (-ve), at; a) 25 °C (-ve), b) 25 °C (+ve), c) 30 °C (-ve), d) 30 °C (+ve), e) 40 °C (-ve), f) 
40 °C (+ve), g) 50 °C (-ve), h) 50 °C (+ve), i) 50 °C (-ve), j)  50 °C (+ve), k) 55 °C (-ve), 1) 55 °C (+ve), 
m) 60 °C (-ve), and n) 60 °C (+ve). (dotted line) experimental data and fit to eq 2.1 (solid line).
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