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Abstract
	The overall aim of this project was to investigate whether it would be possible to develop methods for the successful synthesis of biaryl monophosphonates by using a variety of cross-coupling reactions enhanced via palladium catalysis in which the phosphonate substituent is present on the nucleophilic component to produce potentially advantageous compounds. Three separate, quite distinct approaches to the synthesis of these nucleophilic components have been attempted in this thesis to find the optimal method : firstly, the synthesis of phosphonate-substituted aryl boronate esters by palladium-catalysed borylation of the corresponding aryl bromide; secondly the conversion of bromoaryl phosphonates into the corresponding organozinc pivalates by metal-halogen exchange; and finally, the synthesis of phosphonate-substituted aryl boronates by iridium-catalysed C-H borylation of the aromatic ring. The potential uses of the resulting biaryl monophosphonates are as precursors to phosphorus-containing ligands, in fine chemical synthesis and as leads in the search for new pharmaceuticals that counteract antibiotic resistance or in treatment of heart conditions. 
	A short two-step synthetic route was successfully carried out to make the desired diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate from 1-bromo-2-iodobenzene. In a similar way, the desired naphthyl analogue was synthesised from 1-bromo-2-naphthol following an initial conversion to the corresponding triflate.
	Diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate was successfully used in a range of Suzuki-Miyaura cross-coupling reactions, utilising the designer monophosphine KITPHOS ligands made by the Knight/Doherty group with low catalyst loadings.
	The potassium trifluoroborate salt of the ortho-phosphonate phenyl boronate ester was successfully synthesised from diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate using non-glassware etching conditions. However this method did not work when the same conditions were trialled on the corresponding naphthalene derivative.


	Transmetalation of the ortho-bromo phosphonate (used in the synthesis of the ortho-phosphonate phenyl boronate ester) was accomplished with iPrMgCl and the resulting Grignard reagent was subsequently converted into the corresponding pivalate by treatment with Zn(OPiv)2.  Negishi cross-coupling of this species with a range of functionalised aryl bromides gave the biaryl phosphonates in moderate yield. Separation of the products from diethyl phenylphosphonate, produced by competing protonation of one of the organometallic intermediates, proved troublesome in some cases.
	Regioselective iridium-catalysed C-H borylation of three meta-substituted aryl phosphonates (methyl/methyl ester and trifluoromethyl substituents were used) gave the corresponding pinacol boronate esters in high conversions. Suzuki-Miyaura cross-coupling with a range of aryl bromides gave the corresponding 5-substituted biaryl phosphonates.
All the above methods displayed success in synthesising the desired nucleophilic phosphonate coupling partners and in turn, these coupling partners have been successfully incorporated into the relevant cross coupling reactions, producing desired biaryl monophosphonates in good yield. These biaryl motifs can then be further developed in the synthesis of pharmaceuticals or as precursors to phosphine ligands. In the case of the ortho-biaryls made, their potential use as a ligand for asymmetric catalysis in the fine chemicals industry is an attractive proposition.
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Chapter 1 – Synthesis and cross-coupling of ortho-phosphonate aryl boronate esters
1.1 Introduction
Aryl phosphonates are highly sought after compounds because of their medical and synthetic organic functionality.1,2 The phosphonate’s main medicinal chemistry role is that of an enzyme inhibitor, which acts to competitively inhibit phosphate substrates by blocking the active site of the enzyme.  One example of this is seen in Fostedil 1 (see Figure 1), a heterobiaryl phosphonate studied by Yoshino which acts as a vasodilator in coronary arteries. In their study, the adaptable nature of these compounds was seen where both changing the length of the phosphonate ester’s alkyl chain as well as exchanging the benzene ring with heteroaromatic rings resulted in a reduction in its vasodilatory activity.3,4 



Figure 1 - The vasodilator Fostedil 1.
	A further medicinal use of aryl-containing phosphonates has been recently discovered in a search for drugs to aid the immune system by enhancing the activity of T cells.5 Synthesis of a prodrug in a study by Foust, with the phosphonate protected by a pivaloyloxymethyl and a naphthyl group, which are hydrolysed in the body converting the prodrug to the active drug, ensured very efficient proliferation of T-lymphocyte cells with an EC50 value of 0.79 nM, similar to that of the biosynthesised ligand for the butyrophilin protein, (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (0.51 nM) (see Figure 2).5
[image: ][image: ]
 


Figure 2 – Structure of the butyrophilin ligand and the prodrug studied by Foust.5
Antibiotic resistance in bacteria is becoming an increasingly serious problem in medicine. Bebrone has studied β-lactam resistance6 in which antibiotic resistant bacteria secrete metallo β-lactamase enzymes which hydrolyse β-lactam antibiotics, rendering them ineffective. In Bebrone’s study, aryl mercaptophosphonates were tested as competitive inhibitors to a number of these related metallo β-lactamase enzymes, which when used in combination treatment with the β-lactam antibiotics, provide a positive development towards eliminating the problem of antibiotic resistance. Aryl and biaryl phosphonates, as studied in this work, are therefore potential targets in the development of novel antibacterial compounds aimed at combatting the rising concern over antibiotic resistance.
[image: ]Biaryl phosphonates 2 can be easily converted to their analogous primary phosphines 3 by utilising lithium aluminium hydride.7 These phosphines can in turn be reacted to synthesise many phosphorus based ligands, such as the α-dicationic chelating diphosphine 4 recently reported by Alcarazo7 which has been used to develop a rhodium catalyst which is used in the hydroarylation of dienes. (see Figure 3).
	


Figure 3 - Reduction of aryl phosphonates to form the analogous phosphines.7
Electron rich biaryl monophosphines have been used as efficient ligands in cross-coupling reactions with many factors of bulky phosphines in particular showing more favourable catalytic activity in cross-coupling reactions (see Figure 4).8 Any biaryl phosphonates synthesised in this study could potentially be used as an intermediate in the synthesis of new ligands that could be utilised in greener chemistry, potentially reducing the need for use of hazardous reagents or formation of hazardous products, which may also allow cross-coupling reactions to occur under milder conditions.






Figure 4 – The general structure of Buchwald’s biaryl monophosphines.8,9
Carbon-carbon and carbon-heteroatom bond formation is a key outcome of most synthetic organic reactions. Enormous progress has been made in developing coupling reactions which mostly involve the combination of a nucleophilic organometallic and an electrophilic compound, with the rate of these reactions often increased by the introduction of a transition metal catalyst complex with phosphine ligands bound to the metal centre.10 The importance of this was honoured when, in 2010, the Nobel prize for Chemistry was awarded to Heck, Negishi and Suzuki for their research into such palladium-catalysed cross-coupling reactions.11
Many different examples of these cross-coupling reactions have been studied in detail, the most common of which is the Suzuki-Miyaura reaction used most frequently in this study. 

 1.1.1 Suzuki-Miyaura cross-coupling reactions
The first report of the Suzuki cross-coupling reaction involving an arylboronic acid 5 and an aryl halide 6, catalysed by palladium tetrakis(triphenylphosphine), to yield the biaryl compounds 7, appeared in 1981(see Figure 5).12


Figure 5 - Suzuki-Miyaura cross-coupling reaction to form biaryl 7.
The original Suzuki-Miyaura cross-coupling involves the combination of an arylboronic acid as the nucleophilic partner with an aryl halide electrophile under basic conditions. Optimisation studies for better catalysts for these cross-coupling reactions have been extensively undertaken over the last 40 years, with the main focus on how the electronic and steric properties of the ligands used in the palladium catalyst influence the catalytic efficiency in the Suzuki-Miyaura reaction.13,14
Since Suzuki’s original report, the development of optimized ligands and  reaction conditions has led to an expansion of the range of electrophiles 8 (which now include halides, triflates, mesylates and sulfonyl chlorides), as well as nucleophiles 9 (organotrifluoroborates, cyclic triolboronates and boronate esters) that can be used in Suzuki-Miyaura cross-coupling (see Figure 6).15,16
[image: ]
Figure 6 - Suzuki-Miyaura cross-coupling substrates.
A generally accepted mechanism of the Suzuki-Miyaura cross-coupling reaction is shown in Figure 7. 




*

*



Figure 7 – General catalytic cycle of the Suzuki-Miyaura cross-coupling reaction, involving palladium as the metal centre in a reaction between aryl halide (Ar’-X) and boronic acid Ar2-B(OH)2.      *Mechanism of the transmetalation step after halogen-base exchange.
The first step of the catalytic cycle involves oxidative addition in which the palladium donates electrons to the electrophile breaking the original C-X bond and forming a Pd-C bond. The resulting change in oxidation state of the metal (from 0 to +2) enables subsequent attack by the nucleophile. This step involves initial displacement of the halide from the boron centre using a base (such as OH-), to form the active hydroxylated palladium species 11, with which the boron containing species coordinates in order to transfer an aryl group from boron to palladium (represented by 12 in Figure 7). As a result, the two aryl groups are bound to the palladium centre 13 by the carbon atoms that are used in forming the carbon-carbon bond in the reductive elimination step. An X2B-OH group is lost in the process, with the nature of the X group depending on the boron reagent chosen (in the case of a boronic acid, X = OH). This is the main reaction series that forms the basis of the reactions investigated in this study.

1.1.2 Buchwald dialkylbiarylmonophosphine ligands
In 1997 Buchwald reported the use of the bulky dialkylbiarylmonophosphine ligand 14 for palladium-catalysed carbon-nitrogen bond formation between aryl halides 15 and aryl or alkyl amines 16 to give the corresponding anilines 17 (see Figure 8).17 Since their discovery, such palladium-catalysed amination reactions have become very widely used in the synthetic development of dyes and agrochemicals.18,19 A significant research effort has focused on the development of catalysts for amination reactions that not only have high turnover numbers and provide high reaction rates, but also to provide greater functional group tolerance.20
		


Figure 8 – Aryl halide amination.
In fact, Buchwald’s dialkylbiarylphosphine ligands have subsequently proven to be extremely effective in a wide variety of palladium-catalysed coupling reactions. This in addition to the facile adjustment of both their electronic and steric properties means that dialkylbiarylphosphine ligands are some of the best ligands for catalysis.21  
The synthesis of dialkylbiarylphosphines 21 is accomplished by a one pot reaction between an aryl Grignard reagent 18 and o-bromochlorobenzene 19 together with an excess of magnesium. The resulting biaryl Grignard intermediate 20 is trapped by reaction with a chlorodialkylphosphine to give the desired product 21 (see Figure 9).22


Figure 9 – Buchwald’s dialkylbiarylmonophosphine ligand synthesis.
Many more dialkylbiarylphosphines, whose structure closely resembles that of Buchwald’s original design, have subsequently been reported. Results of these studies show that in order to promote cross-coupling reactions, the ligands attached to the phosphorus centre in the catalytic complex should be both electron rich and sterically bulky, for example cyclohexyl, adamantyl or tert-butyl groups, the electron richness of the ligand helps increase the rate of oxidative addition while the steric bulk of the ligand helps in the reductive elimination process, by increasing steric strain in the metal complex prior to reductive elimination occuring. The underlying reasons why these ligand properties lead to enhanced catalytic performance have been investigated by ab initio DFT calculations and structural studies.13,23
These studies have indicated the importance of a Pd-arene interaction found in both oxidative addition and reductive elimination parts of the catalytic cycle. These interactions are present between the palladium and the ipso-carbon present on the non-phosphine containing aromatic ring of the biaryl (see Figure 10a and b).24 This interaction acts in order to lower the energy of the intermediates formed in both oxidative addition and reductive elimination by acting to hold the conformation of the Pd catalyst in a favourable manner for the respective processes to proceed. The presence of this interaction also results in reductive elimination, liberating the low valent L1Pd0 (the active catalytic species) directly and hence enhancing the rate of the reaction. The use of electron rich and bulky ligands consequently enables cross-coupling to occur at lower reaction temperatures, using a higher substrate:catalyst ratio, and even allow coupling of more sensitive substrates.21, 25  

a)	A substituent’s presence at R1 restricts rotation of the aromatic C-P bond, fixing the conformation of the phosphine PR22 over the lower aromatic ring. This is favourable for a faster reductive elimination step in catalysis by increasing the steric bulk around the metal centre prior to reductive elimination.



When the alkyl groups present on the phosphine are bulky (e.g. R2 = Cy, t-Bu), this promotes reductive elimination and also increases the concentration of L1Pd(0), the active catalytic species. When the alkyl groups are electron rich, this promotes oxidative addition in the catalytic cycle. 


The larger the alkyl groups are on the lower ring, the less likely cyclometalation will occur, hence increasing the stability of the L1Pd(0) active catalytic species for the desired cross-coupling reaction.





The presence of the lower aromatic ring reduces the rate of oxidation, which helps in stabilising Pd to arene interactions during the catalytic process, which in turn enhances reductive elimination in the catalytic cycle.




[image: ]b)

Figure 10       a) The features of Buchwald diakylbiarylphosphine ligands that enhance catalysis. 
                           b) The 1-interaction in the catalyst that acts to stabilise the intermediate in oxidative addition of the catalytic cycle.

1.1.3 Recent developments in Suzuki-Miyaura cross coupling
Micelles can be used to develop Suzuki-Miyaura cross coupling methodology under mild conditions, which helps prevent decomposition of the nucleophilic boronate esters as well as allowing a wider range of reagents to be used, such as sterically encumbered boronate esters.26

	Heteroaryl boronate esters like 2-pyridyl boronate esters are challenging substrates for Suzuki-Miyaura coupling, as the proximity of basic nitrogen leads to protodeborylation occurring under cross coupling conditions, resulting in only moderate yields of the desired heterobiaryl product. The best way to prevent protodeborylation from occurring is to lower the temperature of the reaction being carried out. Lipshutz discovered that the use of the surfactant TPGS-750-M (see Figure 11) forms micelles in water.27 This means that organic substrates can be partially dissolved in aqueous solution, leading to a myriad of transformations that can be performed under mild conditions such as reduced temperature.



Figure 11 – Stucture of TPGS-750M
	To test out the micellar Suzuki reaction, Wang reacted 2-bromopyridine (22) with a 6-chloro-2-pyridyl boronate ester (23), in the presence of PdCl2(dtbpf) and triethylamine in THF and TPGS-750-M (see Figure 12).26 When the reaction was carried out at 40 oC, the reaction yielded 68% of the desired heterobiaryl product (24), with additional side products formed as a result of bis-Suzuki product (25) (13%), protodeborylation product (4%) and des-bromo product. Reducing the temperature of the Suzuki reaction to 20 oC not only increased the yield of the desired product obtained to 91% but also improved the chemoselectivity of the reaction, as no bis-Suzuki product was observed at this temperature. It is important to note that both THF co-solvent and the surfactant were required for the reaction as omission of either reduced both the rate of the reaction as well as the yield of the desired heterobiaryl obtained.26



	
	Temperature / oC
	Yield of desired biaryl product 24 / %
	Yield of bis-Suzuki product 25 / %

	40
	68
	13

	20
	91
	<1


All reactions were carried out with 5 mol % PdCl2(dtbpf), 8 ml of THF and 12 mL of 2% TPGS-750-M in water.
Figure 12 – The effect of temperature on the viability of the micellar Suzuki reaction of 6-chloro-2-pyridyl pinacol boronate ester 23 with 2-bromopyridine 22.
Next, the scope of the electrophilic substrate was examined by reacting 6-chloro-2-pyridyl boronate ester 23 with a range of commercially available aryl and heteroaryl bromides.26 Upon testing the substrates it was found that both electron deficient pyridyl bromides and electron rich aryl bromides yielded high percentages of desired biaryl product. In addition, the reaction is also functional group tolerant, as chlorides, amines, cyano and methoxy-substituted aryl bromides were all used to form Suzuki cross coupling products in good yields. The high chemoselectivity associated with this reaction could prove useful to later steps in a synthetic methodology, especially in the case of chloro-substituted aryl/heteroaryl bromides.26
	The range of the nucleophilic boronate esters that could be used under these reaction conditions was also tested and Wang discovered that para- and meta- boronate ester substituted pyridines underwent cross couplings successfully, liberating high yields of desired biaryl product.26 It was also established that heteroaryls that are common and useful in medicinal and synthetic chemistry, such as thiazoles, pyrimidines and imidazoles used in oncology and opthalmology,18 also can be used as nucleophilic coupling partners in this micellar Suzuki-Miyaura protocol. 
	Fluorinated biphenyls are useful building blocks for different applications such as the development of liquid crystal displays and have also been considered for OLED synthesis and for use in organic semiconductors.28 Attempting to synthesise polyaryl compounds that are highly fluorinated is a challenge as very few synthetic methodologies have been developed, the most standard route being via nucleophilic substitution.29,30 This method however can only be applied to symmetric compounds or those bearing electron withdrawing substituents that can direct the pattern of substitution.
	Huber discovered that coupling of polyfluorinated nucleophiles and electrophiles led to the formation of side products that are inseparable from the desired products.28 He consequently developed a method that avoided the formation of these byproducts, mainly by ensuring that a 1:1 ratio of the coupling partners was used in the coupling, to minimise the potential of homocoupling. The coupling between 2, 3, 5, 6- tetrafluorophenyliodide 26 and 3,4,5-trifluoroboronic acid 27 was used to optimise the reaction as the homocoupling byproduct 29 was easily identifiable  by both 19F NMR, due to it’s symmetrical nature,  and GC, through its lighter mass compared to the desired cross coupling product (see Figure 13). In the optimisation study, SPhos was the ligand of choice as it yielded 60% product compared to XPhos’ 35%. Three different carbonate bases were tested, with potassium carbonate producing the best yield (60%) compared to sodium carbonate (36%) and caesium carbonate (39%) when using SPhos as a ligand.28 In addition, the use of potassium carbonate yielded only 2% of homocoupled product in comparison to 3% and 5% produced from caesium carbonate and sodium carbonate respectively.



	Base
	Pd:ligand ratio
	Yield of homocoupled product 29 / %
	Yield of Suzuki product 28 / %

	K2CO3
	1 : 2.5
	2
	60

	Na2CO3
	1 : 2.5
	5
	36

	Cs2CO3
	1 : 2.5
	3
	39


All reactions utilised 5 mol% Pd2(dba)3, a 1:1 mole ratio of boronic acid to aryl iodide and 2.2 equivalents of base.
Figure 13 – The effect of different bases on the catalysis of the Suzuki cross coupling between 2, 3, 5, 6- tetrafluorophenyliodide and 3,4,5-trifluoroboronic acid.
In addition to testing the choice of ligands and base used in the reaction, a range of alternate boronic acid protecting groups were trialled, as these alternate boronates tend to be more stable under Suzuki-Miyaura conditions (see Figure 14).  Initially neopentyl glycol boronate ester (entry 2) and the MIDA boronate (entry 3) were tested as the boronic acid was prone to homocoupling. Huber hypothesisied that the water present in the reaction hydrolyses the boronate’s protecting group, yielding the free boronic acid, which in turn reacts in the well established mechanism of transmetallation in the Suzuki catalytic cycle.28 The use of the neopentyl glycol boronate ester in cross coupling with 2,3,5,6-tetrafluoro-1-iodobenzene yielded 84% of desired cross coupling product compared to only 40% obtained when the free boronic acid was utilised.28





	Entry
	(Protected) Boronic acid
	Ligand used for optimal yield
	Yield of 30 / %

	1
	

	XPhos
	40

	2
	

	DavePhos
	84

	3
	

	CyJohnPhos
	80


Figure 14 – Effect of boronic acid protecting groups on the Suzuki cross coupling with 26.
In optimising the variety of electrophilic coupling partners in this reaction, it was determined that both bromides and chlorides also partake in cross coupling, the prior being more useful, as bromides used for coupling are in general more commercially available compared to the analogous iodides. The chlorides did couple, however this occurred only when the boronic acid nucleophilic coupling partner used was stable enough to not be hydrolysed.28 
	Watson studied the synthesis involving an allylic pivalate and cross coupling this with an aryl boroxine to introduce a quarternary stereocentre and an internal alkene that can be utilised for further functionalization in later synthetic stages.31 In optimising this reaction, it was discovered that the optimal active catalytic species was obtained when using NiCl2.DME with the BISBI ligand (see Figure 15). The combined effect of the wide bite angle of the ligand and the rigidity of its backbone means it is sterically bulky ligand which improves the rate of reductive elimination in the catalytic cycle, allowing the synthesis of the desired enantiomers with a high enantiospecificity.31








Figure 15 – Coupling of an aryl boroxine with an allylic pivalate and the structure of the BISBI ligand.
A series of electron rich and poor aryl boroxines were tested in this reaction and all produced good yields with good enantiospecificity, with electron rich boroxines yielding higher enantiospecific products compared to their electron poor counterparts. The process demonstrates a high functional group tolerance and even heteroaryl boroxines can be coupled in this manner.31
The scope of the electrophilic allylic pivalates in Suzuki cross coupling was also studied, with those containing electron poor substituents yielding the highest enantiospecificity.31 Allylic pivalates with highly electron rich aromatic substituents such as para-methoxyphenyl underwent significant decomposition due to their enhanced reactivity compared to their electron poor counterparts. The functional group tolerance of this Suzuki reaction is high and a variety of nucleophilic boroxines and heteroaromatic substituents on the allylic pivalate were able to couple in this manner.31 Oxidative cleavage of the resulting internal alkene functional group in the cross coupling product yielded a stereoinverted chiral carboxylic acid in comparison to the allylic pivalate starting material, confirming that these cross couplings occur with stereoinversion (see Figure 16).31


Figure 16 – Coupling of an allylic pivalate with triphenylboroxine, followed by oxidative cleavage of the alkene with potassium permanganate.
Electron rich tertiary phosphines have been used as ligands of choice in cross coupling to aid with the breaking of carbon heteroatom bonds. However recently, Szostak studied the ability of N-heterocyclic carbenes as an alternative ligand to achieve cross couplings, as it is thought their strong σ-donation (which makes the carbenes electron rich ligands for metal complexes) as well as the variability of steric bulk around their metal centres would lead to their viable use in a wide range of Suzuki-Miyaura reactions.32 Indeed reaction of commercially available, air and moisture stable (NHC)Pd(R-allyl)Cl precatalysts developed by Nolan33 allow the desired Suzuki coupling to proceed with better yield than when the reaction was carried out with Pd-PR3 catalysts. This is believed to be due to their ability to form monoligated Pd(0) under mild conditions and the strict 1:1 ratio of palladium to N-heterocyclic carbene.32
In the optimisation of the Suzuki reactions utilising N-heterocyclic carbene ligands, it was found that the best yield in coupling the N-glutarimide 31a, N-acyl-tosyl amide 31b and N-acyl-Boc amide 31c was obtained with (IPr)Pd(cinammyl)Cl as a precatalyst (see Figure 17a), providing excellent yields of desired cross coupling product. It was also discovered that the choice of base was paramount to the success of the cross couplings, with one equivalent of potassium carbonate, caesium carbonate and potassium hydroxide providing the best yields when coupling the N-acyl-tosyl amide 31b with para-methylphenyl boronic acid. Temperatures as low as 40oC were sufficient to successfully couple all three amide precursors (see Figure 17b).32
a)








b)



	Entry
	Amide
	Base 
	Temperature / oC
	Yield of product / %

	1
	31b
	K2CO3
	80
	90

	2
	31b
	Cs2CO3
	80
	67

	3
	31b
	K3PO4
	80
	< 2

	4
	31b
	KF
	80
	< 2

	5
	31b
	KOH
	80
	64

	6
	31b
	NaOt-Bu
	80
	< 2

	7
	31a
	K2CO3
	40
	82

	8
	31b
	K2CO3
	40
	66

	9
	31c
	K2CO3
	40
	92


Figure 17 –   a) The three electrophilic protected amides and the (IPr)Pd(cinnamyl)Cl catalyst used in Szostak’s study.
 b) The effect of base and temperature on the Suzuki cross coupling reaction of the protected amides with 4-methyl phenyl boronic acid.
Variation of the steric and electronic properties of the boronic acid was then investigated. Excellent yields were obtained with electron-rich, neutral or poor boronic acids, and even sterically demanding boronic acids gave good yields of the desired cross coupling product in their reaction with amides.32
A wide range of electrophilic amides were also tolerated, including electron donating methoxy groups, electron withdrawing trifluoromethyl groups and  sterically demanding α-substituted such as ortho-fluoro and ortho-methyl substituted amides.32 Even electron rich heteroaromatic amides such as 2-substituted thiophenes and furans were tolerated.
Directing groups that influence reactivity are a vital part of modern day organic synthesis; ideally these groups should also be easily transformed or removed, depending on the desired target compound. However, in this respect many synthetic methodologies fall short. Sulfones allow facile functionalization of the α –positions on aryl rings, such as arylation, deprotonation/alkylation and conjugate addition reactions.34 Desulfonative coupling has two major drawbacks however, very high temperatures are required and only doubly benzylic sulfones can undergo this reaction because of their highly activated nature. These limitations are likely due to the low reactivity nature of the C-SO2 bond. Crudden synthesised fluorinated sulfones which can be used in iterative couplings in order to synthesise polyaryl alkanes at low temperatures (40 oC).34 Benzylic sulfones are more beneficial for use as electrophiles in comparison to benzylic halides due to their lower toxicity and their higher stability, which makes them easier to handle.
Initially, the use of benzyl phenyl sulfone in Suzuki cross coupling gave low yields, even at 150 oC. Introducing an electron withdrawing group such as para-fluorophenyl, pyridyl and para-trifluoromethylphenyl- on the sulfone to better stabilise the sulfinic anion formed during C-SO2 activation, produced good yields of desired cross coupling product. The best yields were obtained utilising 3,5-bis(trifluoromethyl) phenyl sulfone (33), made on a gram scale by the reaction of 3,5-bis(trifluoromethyl) phenyl sulfide (32) with sodium hydride and methyl iodide, followed by mCPBA in a one pot synthesis (see Figure 18a).34 The resulting sulfone can react with aryl bromides to form α-arylation products (34) in good to excellent yields, with the resulting bisaryl sulfones cross coupling with a range of aryl boronic acids to form the desired biaryl products in good yields (see Figure 18b). A multitude of electron rich and poor functional groups on both the electrophilic sulfone and the nucleophilic boronic acids were tested to see the scope of the reaction and in all cases, good yields of biaryl product were obtained.






a)


b)



Figure 18 –    a) Synthesis of 3,5-bis(trifluoromethyl) phenyl sulfone 33, which undergoes α–arylation to form the desired bisaryl sulfone 34.
                  b) Reaction of the electrophilic sulfone 34 in Suzuki cross coupling with aryl boronic acid Ar2B(OH)2.
Amides represent common synthons in biologically active compounds so new catalytic activity via N-C amide bond cleavage is a very desirable proposition in a variety of fields of chemistry.35 Szostak studied a palladium catalysed activation of C-N amide bonds in planar amides, made possible by the electronic activation of the amide’s nitrogen atom. Typically coupling of planar amides is more challenging than coupling of non-planar or distorted amides, as the latter have more disrupted amidic resonance because of poorer orbital overlap between the carbonyl π* orbital and the nitrogen lone pair).
Szostak demonstrated that N-acylpyrroles and N-acylpyrazoles are highly reactive species for the synthesis of biaryl ketones.35 Since these N-acylpyrroles can be synthesised from primary benzamides via the Paal-Knorr pyrrole synthesis, coupling of unactivated primary amides can be quickly achieved with a palladium metal centre with N-heterocyclic carbene ligands acting as the main catalytically active species (see Figure 19) and provides an alternative route to biaryl ketones than the traditional reaction between a Weinreb amide and an aryl organometallic nucleophile.




Figure 19 – Suzuki coupling of N-acyl pyrrole (35) with 4-methyl phenyl boronic acid using the optimal conditions found by Szostak. 
While optimising the N-acylpyrrole cross coupling reactions, it was discovered that the use of a Pd(PR3) catalytic species produced poor yields (<2%). This indicates that the strong σ-donation of the N-heterocyclic carbene ligands is required for N-C bond activation in the oxidative addition step of the Suzuki-Miyaura catalytic cycle.35 In addition, optimisation studies showed that 110 oC was the optimal temperature for these reactions and the best base and solvent combination found was K2CO3 in THF.35
A wide variety of electron rich, neutral and withdrawing, sterically bulky and heterocyclic boronic acids were all successfully coupled.35 Likewise, amides carrying both electron withdrawing and donating substituents para to the amide functional group were coupled successfully. Reactions with substituents at the meta position of the amide were also coupled successfully but provided lower yields of desired cross coupled product.
The coupling was successfully extended to N-acylpyrazoles, despite the different electronic nature of the amide bond in comparison to the N-acylpyrroles, further showcasing the proficiency of the palladium with N-heterocyclic carbene ligand catalytic system chosen for these reactions.35
	The developments from these studies were considered in both planning for the reactions in this study as well as future ideas to further develop the synthetic use of the methodology being hypothesised.

1.1.4 KITPHOS monophosphines
KITPHOS monophosphines are structurally related to Buchwald’s biarylmonophosphines and have been developed by the Doherty-Knight research group.  The KITPHOS architecture incorporates the phosphorus ligand centre on an anthracenyl bridge with electron-rich, bulky substituents attached. This gives the ligand a wide cone angle, which, when being used in Suzuki-Miyaura cross coupling, enhances the steric bulk around the metal centre prior to the reductive elimination step of the catalytic cycle, leading to an increase in the rate of reductive elimination (see Figure 20) .36






Figure 20 - The KITPHOS monophosphine ligand structure.
Several studies have demonstrated that KITPHOS monophosphines outperformed the architecturally analogous Buchwald dialkylbiarylmonophosphines36 in both palladium-catalysed Buchwald-Hartwig aminations37 and Suzuki-Miyaura cross-coupling with a variety of aryl chloride coupling partners.38 These KITPHOS monophosphines have also been incorporated into pre-catalysts in cross-coupling reactions involving both palladium and gold metal centres.37,39  















Figure 21 – Synthetic route to KITPHOS monophosphine 40.
The synthesis of KITPHOS monophosphines 40 is shown in Figure 21. Lithiation of phenylacetylene 36 with n-butyllithium is followed by reaction with a chlorodialkylphosphine (which is synthesised by reacting the desired alkyl Grignard reagent with phosphorus trichloride). Treatment of the resulting intermediate with hydrogen peroxide yields the alkynylphosphine oxide 37. Diels-Alder [4+2] cycloaddition of the electron deficient alkyne 37 with anthracene 38 produces the KITPHOS oxide 39. The phosphine oxide 39 is then reduced by treatment with trichlorosilane to yield the desired KITPHOS monophosphine 40.40 
As exemplified by both Buchwald’s biarylmonophosphines and KITPHOS ligands, current ligand design for palladium catalysis has focused on exchanging the aromatic moieties attached to the phosphorus centre of triarylphosphine ligands for groups which are more electron rich and sterically bulky. Electron rich ligands enhance the rate of oxidative addition in the catalytic cycle by reducing the activation energy required to insert palladium into the carbon-halogen bond of the electrophilic coupling partner41 and steric bulk enhances the reductive elimination step of the catalysis. The conformational rigidity that the bulky ligand provides leads to the ligand dissociating more easily from the catalyst, both reducing the steric bulk around it, as well as reforming the active monoligated palladium metal centre (L1Pd0) for further catalysis.13,42 Ligands that incorporate both of these features have proven highly effective in palladium-catalysed cross-coupling reactions.
 One example of such a ligand, P(t-Bu)3 (see Figure 22) has been utilised effectively in catalysts for both amination as well as Suzuki-Miyaura cross-coupling reactions of unactivated chlorides 41. The use of aryl chlorides as coupling partners is desirable as they are both cheap and readily available in comparison to their analogous bromides and iodides.43


Figure 22 - Pd catalysed cross-coupling reaction of electrophilic chloride coupling partners 41 using the ligand P(t-Bu)3.
In addition to Suzuki-Miyaura cross-coupling, trialkylphosphine ligands have also been successfully utilised in a number of other carbon-carbon bond-forming reactions such as Hiyama (organosilanes),44 Sonogashira (terminal alkynes)45 and Negishi (organozinc) coupling.46  However, due to the milder conditions required, as well as the wider range of sensitive substrates that can be coupled, Suzuki-Miyaura reactions are often preferred. In addition, the boronated by-products are non-toxic and can be removed easily from the target product by column chromatography or even an aqueous work-up. All these factors allow for facile scale-up of Suzuki-Miyaura cross-couplings.
In this study, we were interested in using Suzuki-Miyaura coupling for the synthesis of biaryl phosphonates with a diethyl phosphonate group present as an adjacent substituent to the carbon-carbon bond. Previous literature reports in this area however, are limited to coupling reactions in which the diethyl phosphonate group was present on the aryl halide electrophile, such as the example below reported by the Qiu group (see Figure 23).47






Figure 23 – Example of a diethyl phosphonate-containing biaryl product from Suzuki-Miyaura cross-coupling reactions.47
In contrast, the synthesis of aryl boron-containing coupling partners carrying a phosphonate substituent and their subsequent use as the nucleophilic component of cross-coupling reactions has not been described and is the focus of this project. Although many boronic acids are commercially available, their use in Suzuki-Miyaura cross-coupling reactions is potentially complicated due to their existence as dimers or even cyclic trimers (known as boroxines [see Figure 24]).48



Figure 24 – Structure of the boroxine trimer formed from phenyl boronic acid.
When undertaking cross-coupling reactions with boronic acids, their ability to easily undergo protodeboronation means that special precautions must be taken to prevent this unwanted reaction from occurring.48 As a result, many boronic acids have a short shelf life, so it was proposed that, in this study, the analogous boronate esters and trifluoroborate salts were to be used, as these would be more stable and would not suffer from protodeboronation as easily when used in cross-coupling reactions (see Figure 25).





Figure 25 – Target phosphonate boronate ester 42 and trifluoroborate salt 43 to be synthesised in this study. 
Although the boronate esters may benefit from being more stable than the corresponding boronic acids, the poorer atom efficiency in Suzuki-Miyaura cross-coupling reactions is less than ideal, as the stoichiometric amount of pinacol that is released as a by-product could lead to complications in the purification of the desired biaryl products.48 The use of organotrifluoroborate salts in cross-coupling reactions, however, would be the best synthetic choice, as use of these salts requires water to be used as part of the solvent composition in the reaction, leading to less organic solvent waste, making the cross-coupling reactions more environmentally friendly,47 a key factor in promoting green chemistry. In addition to this, the by-products of the reaction are inorganic salts which can be easily removed from the desired products.48
In order to synthesise the boronate ester 42, the synthetic route chosen was palladium-catalysed phosphonation of 1-bromo-2-iodobenzene 44 to afford the bromophosphonate species 45 using the optimal yielding conditions reported by Charette.49 Synthesis of the aryl phosphonate 45 is believed to follow a similar catalytic pathway as palladium-catalysed Suzuki-Miyaura coupling, where palladium is firstly inserted into the carbon-iodine bond of aryl bromide 44 in oxidative addition. The base, diisopropylethylamine (DIPEA), deprotonates the diethyl phosphite hence promoting attack of the phosphorus onto the palladium metal centre. Reductive elimination ultimately forms the desired carbon-phosphorus bond in aryl phosphonate 45 and in the process, regenerates the catalytically active palladium (see Figure 26).47











Figure 26 – Catalytic cycle for palladium-catalysed phosphonation.
Bromophosphonate 45 could then be reacted with bis(pinacolato)diboron with similar conditions to those reported by Tang (see Figure 27).50



Figure 27 – Proposed synthetic route for making compound 42.
	In addition to this, synthesis of a naphthyl equivalent was also planned starting from commercially available 1-bromo-2-naphthol 46. The alcohol 46 would be converted into the corresponding triflate 47, which would then undergo phosphonation to give the bromophosphonate 48.51,52 Phosphonate 48 would then be reacted in the same way as the corresponding phenyl derivative 45 in Figure 18 to form the corresponding boronate ester 49 (see Figure 28).










Figure 28 - Proposed synthetic route for making compound 49.
	Lloyd-Jones has reported the use of potassium fluoride and tartaric acid for the conversion of boronic acids and pinacol boronate esters into their corresponding trifluoroborate salts.53 This method has many advantages including short reaction times, good yields and lack of glassware etching compared to the more commonly used method, which employs KHF2. For these reasons, this method was deemed the best synthetic choice for obtaining the trifluoroborate salt analogues of boronate esters 42 and 49 (see Figure 29) in this study.53



Figure 29 - Proposed synthetic route for making compounds 43 and 50.54
	The Suzuki coupling of phosphonate-containing boronate esters 42 and 49 and the corresponding trifluoroborate salts 43 and the naphthyl derivative 50 would then be investigated in order to identify the optimum catalyst and conditions. Once optimised, this methodology could ultimately be applied to the synthesis of a range of biaryl phosphonates, which are potential precursors to fine chemicals, phosphorus-based ligands, pharmaceuticals or agrochemicals.


1.2 Results and Discussion
1.2.1 Synthesis of the phosphonate boronate esters
	The first step in the proposed synthesis of boronate ester 42 (see Figure 27) was the chemoselective phosphonation of 1-bromo-2-iodobenzene 44. Following the method reported by Charette, the aryl iodide 44 was treated with five equivalents of diethyl phosphite with palladium acetate being utilised as a catalyst with triphenylphosphine acting as a ligand, to give the phosphonate 45 in a 74% yield, comparable to that obtained by Charette (see Figure 30).49



Figure 30 - Phosphonation of 44.
	Conversion of aryl bromide 45 into the target pinacol boronate ester 42 was planned via palladium-catalysed borylation (see Figure 27).
	Three different catalysts (see Figure 31) were tested for their efficiency in the Miyaura borylation of the aryl bromide 45 with 1.5 mole equivalents of bis(pinacolato)diboron and 3 mole equivalents of the base potassium acetate (see Table 1).
	Pd(dppf)Cl2 51 has been reported to be an effective catalyst for borylation of aryl bromides but it was also of interest to compare the performance of this catalyst with the cyclometallated aminobiphenyl-derived monophosphine complexes 52 and 53 which are known to generate mono-ligated palladium (0) species which are highly active catalysts for Suzuki-Miyaura coupling (see Figure 31). The synthesis of the Pd(XPhos) pre-catalyst 53 is discussed in detail in Chapter 3 (see later).

.
	

Figure 31 - Structure of the catalysts used in the optimisation of Miyaura borylation.
The pre-catalyst 54 is rapidly activated by treatment with a weak base at room temperature, affording 9H-carbazole 55 as well as complete generation of the active catalytic species (L1Pd0) in solution (see Figure 32).54 





Figure 32 – Activation of pre-catalyst 54 to form the active palladium catalyst 56.
These pre-catalysts are mainly utilised in reactions involving aryl boronates, as the rapid activation of these moisture and air stable compounds under mild conditions means that deboration of sensitive aryl boronates is minimised. The use of pre-catalysts has solved the problems which arise from the instability of the active catalysts themselves. 54,55 





	Catalyst
	Yield of borylation product 42
/ %
	
	
	

	Pd(dppf)Cl2       51
	77
	100
	0
	0

	Pd(CyKITPHOS) 52
	0
	0
	100
	0

	Pd[XPhos]
53
	8.3
	16
	38
	46



Table 1 - Optimisation of the Miyaura borylation of 45. Reactions carried out for 18 hours at 90 oC with 0.7 mmol of diethyl 2-bromophenylphosphate 45, 1.1 mmol of bis(pinacolato)diboron, 2.1 mmol of base, 5 mol % of Pd catalyst and 4 mL of 1,4-dioxane.
	As seen in Table 1 above, the best catalyst for this reaction was discovered to be Pd(dppf)Cl2, providing a 77% yield of the desired boronate ester. This may be due to the bidentate nature of the diphenylphosphinoferrocene ligand providing a pathway for the borylation reaction with a lower activation energy in comparison with the monodentate equivalents. The use of the XPhos palladium pre-catalyst 53 gave an 8% yield of the desired aryl boronate ester 42 in a mixture with unreacted aryl bromide 45 and diethyl phenylphosphonate 57, the latter presumably formed by protonation of an intermediate aryl-palladium species by adventitious water present either on the glassware, in the solvent or introduced during the addition of the solvent to the reaction mixture. In the case of the similar KITPHOS catalyst 52, complete conversion of aryl bromide 45 to unwanted protodehalogenated compound 57 was observed, suggesting that the catalyst is active for the oxidative addition step in the catalytic cycle, but does not affect transmetalation to boron effectively.
	The boronate ester 42 prepared at this stage was available for use in later attempts at Suzuki-Miyaura cross-coupling reactions in order to gauge their success in the synthesis of a number of biphenyl and heteroaryl phosphonates.
	Synthesis of the corresponding naphthyl boronate 49 was carried out using a very similar route to that used for the phenyl derivative 42 except that 1-bromo-2-iodonaphthalene is not commercially available and so 1-bromo-2-naphthol 46 was used as the starting material (Figure 28).
	Conversion of the bromonaphthol 46 into the corresponding triflate 47 has been reported previously.51 Following this procedure, the naphthol 46 was reacted with triflic anhydride in the presence of pyridine to give the triflate 47 in good yield (85%) (see Figure 33).



Figure 33 - Triflate conversion of 1-bromo-2-naphthol 46.
	Aryl triflates are more reactive electrophiles than the corresponding bromides in palladium-catalysed couplings and so chemoselective phosphonation of bromotriflate 47, using similar conditions to those used for the phosphonation of bromoiodobenzene 44 as shown in figure 29, was attempted and found to produce the ortho-bromophosphonate 48 in good yield (86%, see Figure 34).




Figure 34 - Phosphonation of 1-bromonaphthalene-2-triflate 47.
The bromophosphonate 48 was then reacted with one and a half mole equivalents of bis(pinacolato)diboron as well as the best catalyst from the earlier investigation on the optimisation of the Miyaura borylation (Table 1), Pd(dppf)Cl2. This reaction produced the desired boronate ester 49 in a yield of 82% (see Figure 35). 




Figure 35 - Miyaura borylation of diethyl 1-bromonaphthalen-2-yl phosphonate 49.


1.2.2 Synthesis of the catalysts required for Suzuki-Miyaura cross-coupling reactions
	In order to optimise the Suzuki-Miyaura cross-coupling of phosphonate-substituted aryl boron derivatives, the cyclometalated catalyst precursors 52 and 58, containing dicyclohexylKITPHOS 59 and diphenylKITPHOS 60 respectively, were required (see Figure 36).



Figure 36 - Structure of the KITPHOS ligands. For 59, R = Cy, for 60, R = Ph.56
Buchwald has reported the preparation of mono-phosphine ligated cyclometallated palladium catalyst precursors (such as the XPhos derivative 53, see Figure 31) simply by reaction between the free phosphine and a dimeric palladium chloride complex 61.52 The required dimer 61 can be prepared by reaction of 2-aminobiphenyl and palladium dichloride.52 This was already available in the laboratory, having previously been synthesised by another member of the group. Treatment of this dimer 61 with two mole equivalents of either KITPHOS ligand 59 or 60 at room temperature for two hours generated the required KITPHOS palladium pre-catalysts which were purified by column chromatography to give the complexes 52 and 58 in 100% and 60% yield respectively (see Figure 37). 








Figure 37 - Synthesis of the palladium pre-catalysts.
1.2.3 Suzuki-Miyaura reactions with the phosphonate boronate esters
	A series of optimisation reactions were carried out in order to define conditions which gave the highest yield of the desired cross-coupling product. The three variables tested in this study were the reaction solvent, the temperature at which the reaction was carried out and the base utilised. These test reactions were carried out using the phenyl boronate ester 42, bromobenzene and the Pd(CyKITPHOS)chloride precatalyst 52 (see Table 2), with the reactions being worked up and compared at the crude stage by 31P NMR with the use of half of a mole equivalent of triphenylphosphine, whose single phosphorus peak appears at -4.9 ppm, added after completion of the reaction as an internal standard (see Figure 38). The yields of each of the reactions were calculated from the ratio of the integrals of the peaks observed.

	Entry
	Solvent
	Temperature      / oC
	Base
	Yield                    / %

	1
	Toluene
	70
	K3PO4
	0

	2
	
	100
	K3PO4
	16

	3
	THF
	70
	K3PO4
	38

	4
	DME
	70
	K3PO4
	43

	5
	
	100
	K3PO4
	47

	6
	THF/H2O *
	70
	K3PO4
	91

	7
	
	70
	Cs2CO3
	81

	8
	
	70
	Na2CO3
	47

	9
	
	70
	KF
	21




Table 2 – Optimisation of the conditions for Suzuki-Miyaura cross-couplings involving 42 and bromobenzene. Reactions carried out for 1 hour with 0.3 mmol of diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate 42, 0.2 mmol of bromobenzene, 0.4 mmol of base, 0.5 mol % of Pd(CyKITPHOS) chloride pre-catalyst 52 and 3 mL of solvent. * THF (2 mL) and water (1 mL).

 PPh3

Figure 38 - Example of the comparison of the internal standard (PPh3) vs product 62a in the 31P NMR of the crude reaction mixture for the optimisation reactions. In this case we tested CsCO3 as the base for the reaction.
	
Based on the results in Table 2, the best crude yield was obtained when the reaction was carried out using a mixture of THF and water in a 2:1 ratio at 70 oC, with K3PO4 being the base of choice (Table 2, entry 6). These conditions were therefore maintained when carrying out Suzuki-Miyaura cross-coupling reactions on a range of aryl and heteroaryl bromides, while using both the cyclohexyl and phenyl KITPHOS palladium pre-catalysts (52 and 58) to observe the effect of changing from the diphenylphosphinyl ligand 60 to the bulkier, more electron-rich dicyclohexyl phosphine 59 on the outcome of the carbon-carbon bond formation (see Table 3). 



	Entry
	Ar-X
	Palladium pre-catalyst
	Time
 / h
	Product
	Yield 
/ %

	1
	
	52
	1
	62a
	67

	2
	
	58
	1
	62a
	42

	3
	
	52
	1
	62b
	66

	4
	
	58
	1
	62b
	60

	5
	
	52
	1
	62c
	90

	6
	
	58
	1
	62c
	70

	7
	
	52
	4
	62d
	60

	8
	
	58
	4
	62d
	30

	9
	
	52
	2
	62e
	91

	10
	
	58
	2
	62e
	61

	11
	
	52a
	16
	62f
	46

	12
	
	58a
	16
	62f
	0

	13
	
	52
	4
	62g
	91

	14
	
	58
	4
	62g
	62

	15
	
	52
	2
	62h
	59

	16
	
	58
	2
	62h
	30

	17
	
	52
	4
	62i
	91

	18
	
	58
	4
	62i
	24

	19
	
	52
	16
	62j
	40

	20
	
	58
	16
	62j
	0

	21
	
	52
	16
	62k
	43

	22
	
	58
	16
	62k
	16







Table 3 – Table of results for Suzuki-Miyaura cross-couplings.56 Reactions carried out with 0.3 mmol of diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate 42, 0.2 mmol of aryl bromide, 0.4 mmol of potassium phosphate, 0.5 mol % of Pd(KITPHOS) chloride pre-catalyst and 3 mL of solvent.a 2.0 mol % of Pd(KITPHOS) chloride pre-catalyst was used.56
	As can be observed in the above table, the more electron rich palladium cyclohexylKITPHOS catalyst 52 produced the best isolated yield of product in all the reactions trialled in this catalytic screening, for reasons previously discussed. 
	Reactions of bromobenzene with the phenyl boronate ester 42 (entries1-2) were used as a proof of principle to show these coupling reactions were successful. As such, their reaction was utilised as a benchmark for comparison when changing both the electronic nature and the steric bulk of the electrophilic coupling partners studied (entries 3-22). Use of the naphthyl halide (entries 11 and 12) showed a poorer yield in comparison with the phenyl halide analogue (entries 7 and 8), presumably due to the increased steric hindrance in the naphthyl case. In addition to this, when comparing the positions of the methoxy- substituent on the aromatic halides (entries 3-4 and 7-8), the reduced steric hindrance associated with the para-substituted methoxy-aryl halide resulted in a better yield of biaryl 62b being produced in a quarter of the time taken for the production of biaryl 62d, which was synthesised using the more sterically bulky ortho-substituted methoxy-aryl halide.
	In comparing the para-substituted methoxy- and chloro-aryl bromides (entries 3-6) and the ortho-substituted methoxy- and methyl-aryl bromides (entries 7-10), the more electron-withdrawing chloro- and methyl-aryl bromides (entries 5-6 and 9-10 respectively) produced better yields than their methoxy- counterparts (entries 3-4 and 7-8). As expected, chemoselective arylation of the 4-chlorobromobenzene was observed to occur exclusively at the bromide (entry 5-6). In addition, the introduction of ester and ketone substituents on the aryl halides (entries 19-22), which allow delocalisation of the aromatic electron density outside of the aromatic ring, resulted in poorer yields of biaryl products 62j and 62k after longer reaction times compared to the non-resonance stabilised aryl bromides used in this study.
	Of the three heteroaryl bromides investigated here (entries 13-18), both 2-bromopyridine and 2-bromopyrimidine produced better yields of 62g and 62i respectively compared to the yields of 62h made from 5-bromopyrimidine. This might be attributed to nitrogen’s higher electronegativity compared to carbon, meaning that nitrogen atoms adjacent to the aromatic carbon involved in the carbon-halogen bond have a greater ability to withdraw electron density from the carbon atom. This leads to a more polarised carbon-halogen bond, which is weaker and therefore easier to break in the oxidative addition step of the cross-coupling catalytic cycle. 
	A screening of Suzuki-Miyaura coupling of the naphthyl boronate 49 was attempted (Table 4) utilising the cyclohexylKITPHOS pre-catalyst 52 as this outperformed the phenyl variant in Table 3.
 


	Entry
	Ar-X
	Palladium pre-catalyst (mol %)a
	Time
 / h
	Product
	Yield 
/ %

	
1
	
	
52 (0.5)
	
2
	
63a
	
68

	
2
	
	
52 (0.5)
	
2
	
63b
	
81

	
3
	
	
52 (2.0) 
	
16
	
63c
	
76

	
4
	
	
52 (2.0)
	
16
	
63d
	
77

	
5
	
	
52 (1.0)
	
16
	
63e
	
58


Table 4 - Table of results for Suzuki-Miyaura cross-couplings.56 Reactions carried out with 0.3 mmol of diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate 49, 0.2 mmol of aryl bromide, 0.4 mmol of potassium phosphate, a0.5, 1 or 2 mol  % of Pd(CyKITPHOS) chloride pre-catalyst 52 and 3 mL of solvent.56
	By comparing the data for the corresponding reactions between the two phosphonate-substituted boronate esters in Table 3 and Table 4, the cross-coupling for the naphthyl boronate ester 49 required a higher catalyst loading and a longer reaction time to acquire similar yields to those acquired when using the phenyl boronate ester. For example, comparing entry 9 of Table 3 with entry 3 of Table 4 shows that 16 hours was required to obtain the same yield of the cross-coupling product with 2-bromotoluene as well as quadruple the catalyst loading for the naphthyl phosphonate-substituted boronate ester compared to the phenyl  phosphonate-substituted boronate ester. This can be assigned to the extra steric bulk associated with the naphthyl nucleophilic coupling partner. As a result of the additional catalyst loading and time required, cross coupling with these naphthyl boronate esters may not be viable to be used as a common methodology unless all other potential synthetic routes have been exhausted. 

1.2.4 Synthesis of the phosphonate trifluoroborate salts
	As discussed previously, aryl trifluoroborate salts have been used as alternative coupling partners in Suzuki-Miyaura cross-coupling and have the advantages of having both a longer shelf-life than the corresponding boronic acids and also being more atom-efficient in cross-coupling reactions than the analogous pinacol boronate esters.48 It was therefore of interest to investigate the synthesis of phosphonate-containing trifluoroborate salts from the pinacol boronate esters using the non-glassware etching protocol developed by Lloyd-Jones (see Figure 39).53 Thus the boronate ester 42 was reacted with four mole equivalents of potassium fluoride, stirring the mixture for 5 minutes before adding approximately two mole equivalents of L-(+)-tartaric acid dropwise over 5 minutes, leaving the reaction mixture to stir for a further 5 minutes before diluting with acetonitrile.53



Figure 39 - Synthesis of the trifluoroborate salt 43.
	In the case of the phenyl boronate ester 42, this reaction occurred very quickly, successfully yielding 65% of pure potassium (2-(diethoxyphosphoryl)phenyl) trifluoroborate salt 43 upon reduced pressure evaporation of the solvent. This reaction produces a stoichiometric amount of pinacol as a by-product and this is removed from the trifluoroborate salt simply by heating to 60 oC under a high vacuum. The identity of the trifluoroborate salt 43 was confirmed by 31P NMR, as a single peak is observed at 22.0 ppm for 43 (compared to 20.5 ppm for the analogous boronate ester 42). In the 11B NMR spectrum, a peak at 1.7 ppm is seen for the trifluoroborate salt 43 (compared to 30.3 ppm for boronate ester 42).
When using the same reaction conditions on the naphthyl boronate ester 49 for the same length of time, however, 31P NMR of the product showed that none of the target molecule 50 was synthesised, only starting material was present. This might have been expected in this case, as the steric hindrance surrounding the boronate ester position is significantly larger, with both adjacent positions being fully substituted compared to only one in the case of the phenyl derivative 42. 
As a result, it was decided that the time that the reaction mixture was left stirring after addition of each of the reagents should be extended, so the reaction mixture was allowed to stir for 45 minutes upon addition of potassium fluoride and a 15 minute stirring period was allowed after the dropwise addition of L-(+)-tartaric acid. This resulted in a yield, although poor at 36%, of the desired trifluoroborate salt 50 (see Figure 40) which was present in a mixture with the starting material. The product can be identified by 31P NMR, with the trifluoroborate salt 50 giving a peak at 22.9 ppm compared to the naphthyl boronate ester 49, whose phosphorus singlet appears at 20.5 ppm (see Figure 40).


Figure 40 – 31P NMR of the product from the trifluoroborate salt formation from 49.
As the trifluoroborate product 50 appeared to be formed upon leaving the reaction longer, a more detailed investigation into the reaction was undertaken to determine which reagent had the biggest effect on the yield of product in the reaction. Two reactions were carried out, one reaction was allowed to stir with potassium fluoride only for 18 hours, then adding the tartaric acid and stirring for 45 minutes, while the other reaction was allowed to stir with potassium fluoride for 45 minutes, adding the tartaric acid and allowing the reaction mixture to stir for 18 hours. The results of all these reactions are summarized in Table 5 below.



	Reaction Attempt
	Time the reaction was allowed to stir after addition of KF / mins
	Time the reaction was allowed to stir after addition of (L)-(+)-tartaric acid       / mins
	Yield of 50
/ %

	1
	5
	5
	0

	2
	45
	15
	43

	3
	1080
	45
	39

	4
	45
	1080
	53


Reactions carried out on 0.1g of 49, 4 equivalents of KF, 2.05 equivalents of (L)-(+)-tartaric acid in acetonitrile (1 ml), methanol(1 ml), THF (1 mL) and water (0.2 ml).
Table 5 - Table of comparison for the formation of 50.
	Inspection of the results suggests that an extended period in the presence of the acid produces the best yield, however only 53 % conversion was achieved after a 19 h reaction which is synthetically unattractive. It is possible that further extending the reaction time might improve the conversion, however more varied timescales should be tested to further optimise this process.  
	Lloyd-Jones has reported that the formation of aryl trifluoroborate salts is more readily achieved from the boronic acid than from pinacol boronate esters.53 Pinacol boronates can be converted to the corresponding boronic acid by treatment with sodium periodate.53 In theory, the reaction of the naphthyl boronate ester 49 with one and a half equivalents of sodium periodate forms two molecules of acetone per molecule of boronate ester reacted. This is followed by the addition of 1M HCl similar to the reactions undertaken by the Ritter group, was attempted to obtain the analogous boronic acid, 64 (see Figure 41).57 Upon work-up of the reaction however, only starting material was observed in the 31P NMR (20.5 ppm signal in Figure 40).



Figure 41 – Attempted synthesis of boronic acid 64.57

1.3 Future work
	Future work to be carried out in this area includes continuing to find a viable method to form potassium (2-(diethoxyphosphoryl)naphthalen-1-yl)trifluoroborate 50, including further optimisation of the timescale of the incubation of the boronate ester 49 with KF and L-(+)-tartaric acid. If this optimisation still yields the trifluoroborate salt in moderate to poor yields, a further possibility for future study includes synthesis using boronic acid 64 (see Figure 42). The best method for the latter would be to trial the trifluoroboration method utilised by Lloyd-Jones.53 This would involve the addition of four equivalents of KF and 2.05 equivalents of L-(+)-tartaric acid, similar to the conditions used in the synthesis of 43, however in this case, no dry methanol would be required as a solvent (see Figure 42).53
 


Figure 42 – Trifluoroborate conversion of boronic acid 50.
	In order to attempt the reaction, the boronic acid 64 is required. If it proves difficult to obtain this by hydrolysis of the boronate ester 49 then an alternative route will be explored. Treatment of the bromophosphonate 48 with n-butyllithium should lead, via lithium-halogen exchange, to the corresponding aryl lithium species. Quenching of this with trimethoxyborane followed by hydrolytic work-up should produce the boronic acid 64. It may even be possible to react the organolithium intermediate with BF3 to give the trifluoroborate salt 50 directly, although this reaction does not appear to have been reported previously (see Figure 43).



Figure 43 – Proposed trifluoroboration of 48.
	Once synthesised, both trifluoroborate salts 43 and 50 will be tested in Suzuki-Miyaura cross-coupling reactions with the aryl / heteroaryl halides seen in Table 3. The mechanism of such reactions has been studied in detail by the Lloyd-Jones group.58 Optimisation of the conditions used in the Suzuki-Miyaura cross-coupling of the phosphonate trifluoroborates will have to be undertaken, utilising conditions that have already been reported for unsubstituted trifluoroborate salts as a solid basis to this study.48, 58-63     
	Asymmetric studies utilising the chiral ligand (S)-KenPhos 65 (see Figure 44) may also be trialled for the Suzuki-Miyaura cross-coupling of both the boronate esters and the trifluoroborate salts formed in order to introduce the phosphonate functional group into a chiral biaryl scaffold via a nucleophilic coupling partner, with the chirality of the formed molecule originating from the axis of the biaryl structure.52 The products of these reactions might then be used in the synthesis of possible new chiral ligands.



Figure 44 – Structure of the (S)-KenPhos ligand.52


1.4 Conclusion
In this study, the synthesis of pinacolate boronate esters 42 and 49 were successfully carried out with a good yield obtained in all steps (see Figure 45).









Figure 45 – Synthesis of boronate esters 42 and 49.
Boronate esters 42 and 49 were then utilised successfully in Suzuki-Miyaura cross-coupling reactions with a range of aryl bromides, to synthesise a number of biaryl and heterobiaryl compounds 62/63, with the novelty of the phosphonate group present in the product originating on the boron containing coupling partner in the reaction rather than the aryl or heteroaryl halide chosen (see Figure 46).




Figure 46 – Synthesis of Suzuki-Miyaura cross-coupling products from boronate esters 42 and 49.
In addition to the synthesis of the boronate esters 42 and 49, the syntheses of the corresponding potassium trifluoroborate salts have been attempted with mixed results. The phenyl boronate ester 43 was easily synthesised in a good yield, with the use of non-glassware etching conditions (see Figure 47).



		Figure 47 - Synthesis of 43.
Despite the success in creating 43, the synthesis of pure naphthyl equivalent, 50, was not successful when subjecting boronate ester 49 to the same conditions as boronate ester 43, even when left over an 18 hour time period to react (see Figure 48). The most likely reason behind the failure of this synthetic route is thought to be the steric bulk associated with the two substituted adjacent positions to the aryl carbon to boron bond and the pinacolate group attached to the boron itself. 



Figure 48 - Originally proposed synthesis of 50.
Alternative synthetic pathways should be tested to overcome this problem, including converting the boronate ester 49 to the analogous boronic acid 64, before synthesising the trifluoroborate salt 50 (see Figure 49).


Figure 49 - Proposed synthesis of 50 via boronic acid 64.
Upon optimising all the above methods for synthesising the naphthyl trifluoroborate salt 50, this can be used in Suzuki-Miyaura cross coupling, alongside the phenyl trifluoroborate salt 43, to synthesise biaryl monophosphonates which can be used as potential target scaffolds to novel pharmaceuticals in the fight against antibiotic resistance, or can be used as precursors to novel phosphine ligands or phosphonic acids, the latter of which could be used in formation of organic-inorganic nanohybrid catalysts64 or in redox flow batteries, where a molecule dissolved in a negative electrolyte is in close proximity with a positive electrolyte (such as potassium ferri/ferrocyanide) separated by a membrane, which can allow the generation and storage of electrical energy through continual cycling of oxidation and reduction of the electrolytes. Recently, Gordon has investigated the use of phosphonic acid terminated quinolines as the negative electrolyte in redox batteries, whose enhanced stability compared to the carboxylate analogues studied provided a better means of electrical energy storage.65   


Chapter 2 – Formation of Biaryl Phosphonates by Negishi cross-coupling using the more air- and water-stable organozinc pivalate reagents
2.1 Introduction
The Negishi cross-coupling reaction is a palladium (Pd)-catalyzed reaction using organozinc reagents that allows the formation of unsymmetrical biaryls in high yields. However, its potential in both laboratory and industrial applications is largely limited due to the air- and moisture- sensitive organozinc compounds used traditionally. This project focused on the conversion of diethyl 2-bromophenylphosphonate into the organozinc pivalate – and using this for the Negishi coupling with a variety of aryl/heteroarylbromides. In this way we hoped to take advantage of the high reactivity of organozinc species as the nucleophilic coupling partner in palladium catalysed cross coupling plus the increased stability of zinc pivalates to air and water compared to the more commonly used corresponding organozinc halides. This, together with the greater functional group tolerance of organozincs compared to the more reactive lithium or magnesium compounds, could provide a valuable extension to the synthesis of phosphonate-containing biaryls.
2.1.1 Palladium-catalyzed Negishi Cross-Coupling Reactions
The Suzuki- Miyaura cross-coupling discussed in Chapter 1 is one of a more general series of palladium-catalysed cross-coupling reactions, whose general form is shown in Equation 1:

R1M + R2X  R1R2 + MX                          Equation 1

where R1 and R2 are hydrocarbyl groups such as alkyl, alkenyl, aryl groups, etc.; M here refers to all elements excluding hydrogen (H), carbon (C), and group 15 – 18 elements; and X is a halide or a heteroatom leaving group.66 
The undesired by-products R1R1 or R2R2 are called homo-coupling products accordingly. They are usually formed through competitive side reactions where there is fast halogen-metal exchange.67 It was not until the early 1980s that scientists began to develop the modern metal-catalyzed cross-coupling protocols that allowed the efficient preparation of the desired cross-coupling products without the inconvenience of simultaneously producing the unwanted homo-coupling by-products. Before that, cross-coupling reactions involving magnesium (Mg) and lithium (Li) were limited to unhindered, simple alkyl halides; and the chemo- and regioselectivities were so poor that a number of side reactions such as homo-coupling, elimination, reduction, and regioisomerization, could happen and the yield of the desired products was far from satisfactory.66 
The Pd-catalyzed Negishi cross-coupling reaction, first developed in 1977 by Negishi and co-workers, was one of the ‘first generation’ Pd-catalyzed cross-coupling reactions that allowed the preparation of unsymmetrical biaryls and diarylmethanes with few homo-coupling by-products.67 For Pd-catalyzed Negishi coupling, the general mechanism is shown below in Figure 50: the organic halide R1X (where R1 = aryl and X = halides) adds to Pd(0)Ln through oxidative addition to form Pd(II)LnR1X; then through transmetalation, the organic R2 in the organozinc compound R2ZnY replaces the halide X on the Pd complex to form Pd(II)LnR1R2; and finally reductive elimination generates the cross-coupling product R1-R2 and the Pd(0)Ln catalyst is reformed. 
[image: ]
Figure 50 - Mechanism of the Negishi cross-coupling reaction

Suzuki cross-coupling, using organoboronic compounds in the transmetalation step, is one of the ‘second generation’ Pd-catalyzed cross-couplings. However, as the organoboronic compounds are often made from the relevant organolithium or organomagnesium precursors, the variety of functional groups is largely constrained.68
Organozinc reagents are much less reactive towards electrophiles when compared to Mg and Al. This is because of the high level of covalent character exhibited in the carbon-zinc bond in the organozinc reagent. In addition, the large size of the zinc atom means its ability to act as a Lewis acid is poor, i.e. its ability to activate carbonyls to nucleophilic attack for example is poor.69 However, thermodynamically favourable reactions of these organozinc compounds with other metal salts are favoured.69 The empty 4p-orbitals of zinc lie at low energy, making transmetalation to other metal salts easily accessible through having a lower activation energy being required for transmetalation to occur (see Equation 2). In particular, synthesis of alternate transition metal organometallics can enhance the reaction pathways that could not be accessed by main group organometallics.69 They also have better selectivity compared to their Mg organometallic counterparts.69

Pd(II)LnR1X + R2ZnY  Pd(II)LnR1R2 + ZnXY             Equation 2 

Thus, compared with other metals – namely magnesium (Mg), aluminum (Al); and the elements in the ‘second generation’ Pd-catalyzed cross-coupling, i.e. boron (B), tin (Sn), and silicon (Si) – used in the transmetalation step, zinc has been proven to be the most satisfactory in general cases: it has a much higher cross-/homo-coupling ratio. The Negishi cross-coupling reaction has also been proven to be a general method for aryl-aryl cross-coupling with high chemo- and regioselectivity under mild conditions.66,67,70
The Negishi reaction has found applications in total synthesis of natural products, and sometimes in pharmaceuticals as well. For example, it has been employed in the synthesis of the cyclic tripeptides OF4949-III, a metallopeptidase inhibitor which prevents the breakdown of proteins in the body, and K-13, an angiotensin converting enzyme (ACE) inhibitor (Figure 51) which acts to block the production of angiotensin II, hence preventing the narrowing of blood vessels, lowering blood pressure.71 It has also been used to synthesize the phosphodiesterase inhibitor PDE472, a drug target for the chronic disease asthma, acting as an anti-inflammatory by inhibition of PDE4 enzymes.72







Figure 51 - OF4949-III (left) and K-13 (middle) and PDE472 (right)
Among all the organometallics employed in the cross-coupling reactions, zinc organometallics are found to be very substrate-tolerant; they also undergo the transmetalation step very readily. These features make organozinc reagents a popular choice for cross-coupling reactions.71 

2.1.2 Synthesis of organozinc reagents used in Negishi Cross Coupling
	One of the earliest methods to synthesise organozinc reagents was the formation of highly active zinc by reduction of zinc chloride utilising lithium naphthalenide.73 Use of lithium chloride in this reaction isn’t necessary, but is advantageous as it accelerates the C(sp3) - halide insertions by both removing zinc oxide impurities on the surface of zinc and also stabilises the organozinc product by forming the lithium chloride salt, RZnX.LiCl.73
	An alternate way for making these reagents is via directed metallation. TMP bases of magnesium or zinc (TMPMgCl.LiCl / TMPZnCl.LiCl) can be used to deprotonate an aromatic ring, a subsequent transmetalation step using ZnCl2 yields the desired organozinc reagent for use in Negishi cross coupling.73 The more covalent nature of the zinc-nitrogen bond in TMPZnCl.LiCl allows directed zincations in a wide variety of conditions, for example indazoles which are usually prone to fragmentation after a lithiation or magnesiation step can be treated with TMPZn2 base and after treatment with zinc chloride, the resulting organozinc can be used in Negishi cross coupling to form 3-arylated indazole (see Figure 52).73
	








Figure 52 – Use of TMP2Zn base in order to form the organozinc reagent of a sensitive indazole, which is then used in Negishi cross coupling with 4-iodoanisole. 
It is to be noted TMPLi does not react immediately with ZnCl2, allowing in-situ trapping metalations to occur at -78 oC under batch conditions; it has been reported that these trapping reactions have been carried out at 0 oC under flow conditions.
2.1.3 The use of Organozinc Pivalates in the Negishi Reaction 
Despite of all the advantages of the Negishi reaction mentioned above, it has a major drawback: the traditional organozinc reagents used in Negishi cross-coupling, i.e. RZnX or R2Zn, where R is a hydrocarbyl group and X is a halide, are very sensitive to air and moisture. As a result, their application in both fine chemical syntheses on a lab-scale as well as in industrial syntheses on a larger scale is very problematic.68,74 
To solve the problem, recent developments have been focusing on the preparation of more air- and moisture-stable organozinc reagents. Berhardt et al. have prepared solid salt-stabilized organozinc compounds with the general formula RZnOPiv·Mg(OPiv)(X) 2LiCl (X = Cl, Br, or I; OPiv = pivalate) and used them in Negishi cross-coupling reactions to synthesize unsymmetrical biaryls in good yields with a wide range of substrates, which makes organozinc pivalates promising candidates for Negishi reactions.74 It has been found that the stability of the reagents towards air and moisture increases when the amount of LiCl in the complex decreases from 2.5 equivalents to 1.5 equivalents.75 Moreover, it has also been proven that the removal of the LiCl salt from the complex can increase its stability even more. This is because LiCl is very hydrophilic, and the absence of it makes the complex less prone to hydrolysis and oxidation in air.76 In addition Charette reported that alkoxides can act to stabilise the organozinc intermediates formed in enantioselective cyclopropanation reactions.77
[image: ]	More recently, Lipshutz has developed a synthetic methodology which utilises micelles in order to enable the synthesis of organozinc reagents on their hydrophobic surface. In the presence of TMEDA and PdCl2(Amphos)2, the addition of zinc dust as well as an aryl bromide and an alkyl halide allowed cross-coupling of the two bromides, via an organozinc intermediate made with the aryl bromide, before Negishi coupling with alkyl bromide liberated the product in the presence of water (see Figure 53).78  





Figure 53 – Lipshutz’s Micellar Negishi cross-coupling in the presence of water.78

 
2.1.4. Recent Developments in Negishi Cross Coupling  
	Organ and coworkers have developed a new set of N-heterocyclic carbene-based palladium complexes which were utilised in cross coupling of a wide variety of secondary organozinc reagents with both aryl and heteroaryl halides.79 Organ even found that use of Pd-PEPPSI-IPentCl resulted in the synthesis of single isomer products for reactions of organozincs with polyfunctional aryl halides, due to the bulky isopentyl groups of the NHC acting to slow the rate of beta-hydride elimination at the transmetalation step compared to reductive elimination of the desired product (see Figure 54).80










Figure 54 – Organ’s use of the N-heterocyclic carbene ligated Pd-PEPPSI-IPentCl complex in Negishi cross coupling of a highly functionalised pyridyl bromide 66 with an alkylzinc reagent 67.
Simple alkyl iodides have been found to catalyse Negishi cross coupling reactions, with diaryl zinc reacting with 4-bromo-2-chloroaniline to produce the desired cross coupling product in 97% yield, this reaction only yielded 37% product in the absence of 1 equivalent of iso-propyl iodide (iPrI) (see Figure 55).81 Acceleration by iPrI points to a radical pathway in which the alkyl iodide might act as an initiator by reaction with ligated Pd(0) to form iPr• and the palladium(I) LPdI species. 



Figure 55 – Cross coupling of diaryl zinc 68 with 4-bromo-2-choroaniline in the presence of iPrI.
Diastereoselective Negishi cross coupling reactions have been successfully studied by treating aryl halides with a wide variety of cyclic organometallic reagents. The high diastereoselectivity of the products formed as a result of the cross couplings is determined by the substitution pattern of the cyclic organozinc reagent used, with both 1,2- and 1,4-disubstituted organozinc reagents forming trans- isomer coupling product, while cis-isomers are formed when a 1,3-disubstituted organozinc reagent is the nucleophilic coupling partner in the Negishi cross coupling reactions (see Figure 56).82













Figure 56 – Negishi cross coupling of 1,2-, 1,3- and 1,4-disubstituted organozinc reagents and the post-oxidative addition chair conformations that dictate the stereochemistry of the coupling products. 
Baudoin utilised this synthetic methodology in order to regioselectively arylate allylic amines to form single stereoisomers of enamines, with the steric bulk associated with the SPhos ligand used favouring formation of the less hindered E stereoisomer products.83






Figure 57 – Regioselective Negishi coupling of allylic amine 69 with 1-bromo-4-trifluoromethylbenzene.
N-Heterocyclic carbenes have been proven to be effective ligands for catalysing the coupling of alkyl-, aryl- and heteroaryl zinc reagents with a wide variety of (hetero)aryl halides under mild conditions and low catalyst loadings. It is believed that the strong σ-donation exhibited by these carbenes leads to a more facile insertion of palladium into the carbon- heteroatom bond in the oxidative addition step of the catalytic cycle.84 
	








Figure 58 –     a) Synthesis of the palladium (N-heterocyclic carbene) catalyst.
                                      b) Use of the N-heterocyclic carbene ligated palladium catalyst in Negishi cross coupling. 
Despite the variety of palladium catalysed Negishi cross coupling chemistry that can be achieved, using palladium as the catalytic metal centre is expensive hence other potentially cheaper transition metal catalysts have been studied to determine their ability to catalyse these reactions. One of the most promising examples is nickel. Ni(acac)2 has been used in combination with DPE-Phos to couple aliphatic organozinc reagents containing the amine functionality with a range of aryl halides utilising mild conditions (see Figure 59).85 







Figure 59 – The nickel (DPE-Phos) catalysed cross coupling of organozinc bromide 71.
The terpyridine ligand has been used alongside NiCl2 to efficiently catalyse Negishi cross coupling reactions of secondary alkylzinc reagents as an alternative to phosphine ligands (see Figure 60).86

	




Figure 60 – Terpyridine-ligated nickel catalysed Negishi cross coupling of 1,3-dimethyl-5-iodobenzene with organozinc reagent 72. 
Low valent nickel has been shown to insert into the carbon-nitrogen bond of chiral aziridines, with the resulting organonickel reagent formed undergoing stereoselective Negishi cross coupling with organozinc halides to synthesise multifunctional amines (see Figure 61).87





Figure 61 – The use of low valent nickel in Negishi cross coupling of chiral aziridines.
Jarvo has utilised aryl substituted tetrahydrofurans and tetrahydropyrans as electrophilic coupling partners, reacting them with dimethylzinc in order to open the pyran or furan ring to yield methyl branched products.88 The ring opening of the 6-methoxynaphthalene species 73 (see Figure 62) with dimethylzinc in the presence of a XantPhos-ligated nickel catalyst occurs with stereoinversion and produces the carboxylic acid product 74 with a 98% ee. This product can be reacted in two further steps to make an antidyslipidemia agent, which works to decrease the concentration of lipids or lipid proteins in the blood, hence having a protective effect against cardiovascular disease.



Figure 62 – Negishi cross coupling of pyran 73 to form stereoinverted methyl branched product 74.
	Copper, cobalt and iron have also been used to effectively promote Negishi cross coupling. Giri demonstrated that alkyl- and alkenyl- and arylzinc reagents can be cross coupled to a variety of heteroaryl iodides in good yield using copper (I) iodide (see Figure 63a).89 Bedford has carried out an iron (I) catalysed cross coupling between cycloheptyl bromide and fluoroaryl zinc reagents.90 In addition to the commercially available 75, two dppe based iron complexes 76 and 77 have also shown good catalytic activity in the cross coupling of cyclic bromides and the organozinc reagents (see Figure 63b). Gosmini studied the use of CoBr2 in combination with zinc in acetonitrile and TFA before the addition of the coupling partners to yield the desired biaryl products in good yield (see Figure 63c).91 In fact, this methodology has been extended to couple bromoalkynes with organozinc halides. 
	

















Figure 63 – a) Giri’s copper (I) iodide catalysed Negishi cross coupling.
     b) Baudoin’s iron catalysed Negishi cross coupling 
                      c) Gosmini’s cobalt bromide catalysed Negishi cross coupling.
In synthesising isodesmosine, a lysine derivative found in elastin, a crucial step is a Negishi cross coupling of 2,3,5-triiodopyridine with Jackson’s zinc reagent, forming the desired alkylated pyridine product 78, (oxidative addition occurs preferentially at the 5-position due to the reduced steric hinderance compared to the 2-and 3-positions) (see Figure 64).92 Sonogashira coupling provides the monoiodide species 79, which undergoes another Negishi cross coupling to provide the trisalkylated pyridine 80. This species undergoes a further alkylation on the pyridyl nitrogen, a reduction of the alkyne functional group and deprotection of all the Boc and benzyl groups to form the final product which could have implications for the improvement of skin and blood vessel function.






	

Figure 64 – The consecutive Negishi, Sonogashira and Negishi coupling steps in the production of isodesmosine.
Introduction of the trifluoromethyl group into a molecule drastically changes physical and biological properties like lipophilicity and metabolic stability. Chiral CF3 substituted tertiary alcohols and their derivatives are key constituents of a diverse range of therapeutic drugs, however synthetic methodologies that efficiently afford optically pure products are limited.93 Buchwald has studied the ring opening of 2-trifluoromethyloxiranes as an alternative approach to synthesising single enantiomer tertiary CF3-substituted alcohols. 
	Despite the vast progress in the Negishi coupling of primary and secondary alkylzinc reagents, progress on couplings of the tertiary alkylzinc reagents is very limited, primarily due to the slow rate of transmetalation of the bulky nucleophilic coupling partner as well as the competing β-hydride elimination reaction that can also occur. These limitations are particularly evident in the case of α-CF3 substituted oxiranyl zincates, in which the strongly electron withdrawing trifluoromethyl group acts to further reduce the nucleophilicity of these organozinc species.93 
	Buchwald and Zhang optimised the study of the Negishi cross coupling reaction of α-CF3 substituted oxiranyl zincate 81 by utilising the third generation of palladacycle catalysts and discovered that the CPhos ligated derivative was the most efficient in catalysing the desired Negishi reaction.93 During the optimisation process, it was discovered that reducing the amount of zinc chloride added to the reaction mixture in the formation of the organozinc nucleophile for Negishi cross coupling from 1.1 to 0.6 equivalents lead to a vast increase in the yield of the desired product. Buchwald hypothesised that this was perhaps due to the formation of a more reactive dialkylzincate (82c) in comparison to the standard alkylzincates formed on the addition of 1.1 equivalents of zinc chloride (82a and 82b) (see Figure 65). It was also determined that the use of a mixture of THF and toluene as a solvent improved the yield of the reaction, due to a reduced amount of solvent coordination to the active site of the catalyst and a slow addition rate of the organozinc in the Negishi reaction allowed the reaction to not only produce a better yield, but also reduce the reaction time required.










	

 

	Entry
	Pd catalyst
	ZnCl2 equiv.
	Organozinc
	Time / h
	Solvent
	Yield of cross coupling product 84 / %

	1
	83a
	1.1
	82a
	12
	THF
	2

	2
	83a
	1.1
	82b
	12
	THF
	13

	3
	83a
	0.6
	82c
	2
	THF
	41

	4
	83b
	0.6
	82c
	2
	THF
	69

	5
	83c
	0.6
	82c
	2
	THF
	11

	6
	83b
	0.6
	82c
	2
	THF/toluene
	74

	7a
	83b
	0.6
	82c
	0.5
	THF/toluene
	90


1.12 equivalents of n-BuLi, 1 equivalent of 4-bromo biphenyl, 3 mol % Pd catalyst. a Slow addition of the organozinc reagent over 30 minutes.
Figure 65 – Optimisation of the Negishi cross coupling of α-CF3 substituted oxiranyl zincates. 
The oxiranyl anions are highly unstable and require trapping at a low temperatures under batch conditions (typically below -90 oC).93 These temperatures are difficult to obtain using standard cryogenic conditions and become problematic in scaling up reactions. However it was found that utilising continuous flow systems to provide more efficient mixing and thermal transfer allowed the synthesis of the desired dialkylzincate at -50 oC, which could then be used directly in batch Negishi reactions.
Watson has studied the reaction of secondary organozinc reagents with silicon electrophiles.94 This synthetic methodology provides an easy route to making alkylsilanes, which have many uses in medicine and industry, including use as rubber additives or in the case of silahydrocarbons, as cryogenic fluids due to their vastly different phase properties in comparison to their carbon analogues. The standard methodology of incorporating silicon into a molecule is by hydrosilylation, however these reactions occur with regioselectivity and isomerisation issues. Alternatively, silyl electrophiles can be reacted with abundant organometallic nucleophiles but are often low yielding reactions which require large time frames and suffer competition from numerous side reactions.
Watson proposed a reaction mechanism similar to the conventional Negishi catalytic cycle, beginning with oxidative addition of the Pd0 catalytically active species into the silicon iodine bond of the silyl electrophile (see Figure 66).94 Transmetalation with an organozinc reagent yields the palladium complex containing both the alkyl and silyl groups which are to be combined in reductive elimination. Reductive elimination yields the desired branched alkylsilane and the active LnPd0 catalytic species is reformed. However, cross coupling of C(sp3)-hybridised organometallics suffers a competing rearrangement reaction, which leads to an equilibrium existing prior to reductive elimination between the linear and branched product. Alkylzinc halides were studied initially in Watson’s experiments, as they have a greater functional group tolerance and are generally more stable than other alkyl nucleophiles. The Negishi reaction of isopropylzinc iodide with diphenylmethylsilyl iodide was monitored for the formation of both the desired sec-alkylsilane and the linear byproduct. 









Figure 66 – Watson’s proposed Negishi catalytic cycle for the synthesis of sec-alkylsilanes. 
Optimisation of the reaction showed that the addition of 1 equivalent of NEt3 to the reaction was beneficial, as it was seen to both improve the yield of total product obtained in the reaction, as well as favour the formation of the desired branched product (see Figure 67).94 It was determined that the use of either sterically bulky or electron deficient ligands reduced both the yield of product obtained and enhanced the rate of isomerisation in this Negishi reaction. As a result, Watson made the triarylphosphine DrewPhos (3,5-di-tert-butylphenyl) and this ligand provided the best yield of coupled products, as well as forming a highly desirable >99:1 ratio of product isomers in favour of the branched alkylsilane. The use of alternate silyl electrophiles such as bromides, chlorides and even triflates led to reduced reactivity in comparison to the analogous iodides.





	Entry
	Ligand
	Yield of 85 and 86 / %
	Ratio of 85 : 86

	1a,b
	PPh3
	31
	95 : 5

	2a
	PPh3
	67
	98 : 2

	3
	PPh3
	77
	99 : 1

	4
	(o-tol)3P
	48
	98 : 2

	5
	(p-tol)3P
	91
	>99 : 1

	6
	(p-CF3C6H4)3P
	42
	87 : 13

	7
	(p-MeOC6H4)3P
	88
	>99 : 1

	8
	Ph2PtBu
	83
	93 : 7

	9
	JessePhos
	94
	98 : 2

	10
	DrewPhos
	99
	>99 : 1

	11c
	(DrewPhos)2PdI2
	99
	>99 : 1


a Pd2(dba)3.CHCl3 used instead of [Pd(allyl)Cl]2. b No NEt3 added. c 1 mol % Pd, 1 h.
Figure 67 – Optimisation of the Negishi cross coupling of isopropylzinc iodide with diphenylmethylsilyl iodide.
In testing the steric limits of the secondary organozinc reagents that could be used in the system (see Figure 68), β, β-dimethyl organozinc (87) produced only branched product in an 81% yield, however the β, β, β-trimethyl organozinc (90) gave only a 56% yield, consisting of a 62:38 ratio of branched to linear product, the latter product is thought to be formed as a result of β-hydride elimination and reinsertion of the silyl group on the terminal carbon.






	


Figure 68 – Watson’s test reactions of the steric bulk of the organozinc reagent that can undergo Negishi cross coupling with organozinc reagents 87 and 90.
Finally, the optimised system was utilised to couple isopropylzinc iodide with dimethylphenylsilyl iodide in the presence of air and moisture, yielding the desired branched product in an 88% yield, showing that the catalyst system is very robust, especially for a palladium catalysed system.94
	Mikami studied the synthesis of difluoromethylated aryls via the Negishi coupling of a difluoromethylzinc and aryl halides.95 Difluoromethyl-substituted aryls are considered to be analogous to aryl alcohols or thiols and there is increasing interest in their use in the agricultural and pharmaceutical industries.
	Previous studies of difluoromethylation include the use of a dual palladium/silver catalytic system, reacting aryl halides with TMSCF2H by Shen96 and Vicic succeeded in utilising nickel catalysis for the coupling of (DMPU)2Zn(CF2H)2 with aryl halides.97 Mikami had reported that palladium cross coupling of the same difluoromethylzinc reagent catalysed by copper succeeds only with electron withdrawing aryl halides.98
	Mikami extended the range of difluoromethylzinc reagents used to include (TMEDA)Zn(CF2H)2, which was used successfully as the nucleophilic organozinc coupling partner in reaction with 4-iodobenzonitrile at 80 oC for 12 hours to form the difluoromethyl-substituted benzonitrile 93 in a 73% yield (see Figure 69).95 When the temperature was raised to 120 oC, an 81% yield of desired cross coupling product was obtained in only 6 hours.



	Entry
	Reaction conditions
	Yield of 93 / %

	1
	80 oC, 12 h
	73

	2
	120 oC, 6 h
	81



Figure 69 – Mikami’s optimisation for the cross coupling of (TMEDA)Zn(CF2H)2 with 4-iodobenzonitrile in 1,4-dioxane. 
Having obtained the optimal organozinc nucleophile and the optimum conditions under which the reaction performs, the scope of electrophiles was then studied (see Figure 70). It was found that aryl iodides bearing either para-substituted electron withdrawing groups like nitro or ester functionalities (entries 1-2), or electron donating groups like tert-butyl (entry 3) undergo difluoromethylation in good yield.95 Meta-substituted aryl iodides such as 1-iodo-3,5-dimethylbenzene (entry 4) also gave difluoromethylated products in good yields. Use of ortho-disubstituted aryl iodides (entry 5) and isoquinoline (entry 6) led to severly reduced yields of difluoromethylated product. Use of aryl bromides with electron withdrawing para-substituents as electrophiles for difluoromethylation (entries 7-8) also yielded high percentages of desired product and exchange of dppf for XPhos as a ligand in these reactions, expanded the aryl bromide substrate range to include electron donating substituents in both the para- and meta- positions. An aryl chloride bearing a para-nitro substituent was tested in this reaction (entry 9), however the yield of the difluoromethylation was severely reduced in comparison to the analogous bromide studied. 





	Entry
	Aryl halide
	Yield of difluoromethylated product / %

	1
	

	80

	2
	

	82

	3
	

	99

	4
	

	99

	5
	

	22

	6
	

	42

	7
	

	71

	8
	

	76

	9
	

	39



Figure 70 – Scope of aryl halides in Mikami’s Negishi cross coupling study.
Clearly the development of Negishi couplings to include an increasingly diverse range of organozinc coupling partners continues to be of significant research interest. We were interested in extending this reaction to the use of phosphonate-substituted aryl zinc species. In particular, Knochel’s report of the use of zinc pivalates with enhanced air and moisture tolerance was attractive.


2.2 Results and discussion
2.2.1 Preparation of Zinc Pivalate
Zinc pivalate (Zn(OPiv)2) for use in Negishi cross-coupling was prepared as shown in Figure 71 by dropwise addition of a solution of diethyl zinc (ZnEt2) to a solution of pivalic acid in THF at 0 oC. Evaporation of the solvent under reduced pressure yielded a white solid that was stored under nitrogen when not in use and weighed in air immediately before addition into the reaction mixture when used.




Figure 71 - Synthesis of Zn(OPiv)2.

The Zn(OPiv)2 was then used to investigate the preparation of the more air- and moisture-stable polyfunctional arylzinc pivalate 94 (Figure 72) in further steps. 

 



Figure 72 - Polyfunctional Arylzinc Pivalate 94.

2.2.2 Optimisation of the orthometalation of Diethyl-2-bromophenylphosphonate
	Formation of the desired air- and moisture- stable phosphonate-functionalised organozinc pivalate 94 was envisaged to be achieved by halogen-metal exchange of the corresponding bromoaryl phosphonate 45 to give an intermediate organometallic followed by transmetalation with zinc pivalate.
Magnesium-halogen exchange of the bromoaryl phosphonate 45 with isopropylmagnesium chloride (i-PrMgCl) to generate the intermediate Grignard species 95 was attempted first. Since the intermediate Grignard species 95 cannot easily be isolated or characterized, preliminary tests on the reaction conditions and reaction time for the magnesium-halogen exchange reaction were necessary before proceeding to further steps. A protonation test after the formation of the intermediate Grignard reagent was performed to optimise the reaction time needed for the complete conversion: instead of reacting it with Zn(OPiv)2, deuterium oxide (D2O) was added to form the deuterated diethyl phenylphosphonate 96 (see Figure 73). Measurement of the percentage of protonated product can be used to determine the extent of conversion of the diethyl 2-bromophenylphosphonate to Grignard reagent, which was pivotal to effective conversions later on. 



Figure 73 – Metal halogen exchange of aryl bromide 45 using i-PrMgCl.
 The diethyl 2-bromophenylphosphonate 45 was allowed to react with 1.1 equivalents of i-PrMgCl at 0 °C under a nitrogen atmosphere for either 40 minutes or 120 minutes in order to gauge the time required for the metal-halogen exchange to reach completion. According to the 31P NMR spectra, the phosphonate 45 was only partially converted (28 %) (see Figure 74) after 40 minutes: the singlet at 18.8 ppm in the 31P proton-decoupled NMR spectrum with a relative integration of 28 % belongs to the phosphorous in the deuterated phosphonate 96, while the singlet at 14.75 ppm with a relative integration of 72 % belongs to the phosphorous in the starting material, diethyl-2-bromophenylphosphonate 45. 
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Figure 74 - Protonation test of diethyl 2-bromophenylphosphonate 45 - 40 minutes

In contrast after 120 minutes, all the starting material was converted (see Figure 75), indicated by the absence of the singlet around 14.8 ppm in the 31P NMR spectrum.
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Figure 75 - Protonation test of diethyl 2-bromophenylphosphonate 45 - 120 minutes

This was also confirmed by the 1H NMR spectra.








Figure 76 – Attempted metal-halogen exchange of the aryl bromide 45 to synthesise the phosphonate zinc pivalates required for Negishi cross-coupling.
For comparison, two further methods for metal-halogen exchange were also attempted (Figure 76). The first of which was using n-butyllithium, a well known reagent used in metal halogen exchange for a wide variety of synthetic uses and secondly use of magnesium powder, as an alternative route to formation of the corresponding Grignard reagent. These highly nucleophilic species could be reacted with zinc pivalate in a transmetalation reaction to form the desired organozinc pivalate. The use of n-butyllithium led to multiple products, none of which was identified as the desired deuterated phosphonate after treatment with deuterium oxide, as indicated by the 1H and 31P NMR of the crude reaction product.
n-BuLi is a powerful nucleophile and it is possible that competing nucleophilic attack at phosphorus may complicate this method. Attempted Grignard formation by the reaction of the bromophosphonate 45 with magnesium metal also led to multiple undesired by-products, as confirmed by both 1H NMR and 31P NMR spectra.
Having established suitable conditions for orthometalation of the bromophosphonate to give the phosphonate substituted Grignard reagent 95, transmetalation with Zn(OPiv)2 should lead to the required organozinc reagent 94 (see Figure 72). Transmetalation is one of the common methods to prepare polyfunctional organozinc compounds. The polar carbon-magnesium bond in the Grignard reagent readily reacts with the zinc salt to form the more covalent carbon-zinc bond and gives the desired product.69, 75,76

2.2.3 Negishi Cross-Coupling Reaction 
The polyfunctional aryl zinc pivalate 94 was generated in situ by treatment of the bromoaryl phosphonate 45 with iPrMgCl at 0 oC for 120 minutes followed by the addition of zinc pivalate and stirring for 40 minutes at room temperature. This reagent was then was used directly for the Negishi cross-coupling with various aryl/heteroarylbromides (see Figure 77).





Figure 77 - The desired Negishi cross-coupling.
Buchwald and Knochel have reported the use of Pd(XPhos)OMs as an efficient catalyst for the Negishi cross-coupling of organozinc pivalates. In the former’s study, an additional equivalent of the ligand (XPhos) was added in the optimised conditions.99
In this study, the Negishi reaction was tested on 10 different aryl/heteroaryl bromides. The table below (Table 6) shows the results:










	
Entry 
	Aryl-/heteroaryl-
bromide
	Product
	
Product number
	Crude Product Yield according to 31P NMR / %
	Pure Product Yield / %

	
1
	[image: ]
	[image: ]
	
62l
	90 
	77 

	
2
	[image: ]
	[image: ]
	
62m
	62 
	(45)b

	
3
	[image: ]
	[image: ]
	
62n
	87 
	58 

	
4
	[image: ]

	[image: ]
	
62o
	89 
	29 

	
5
	[image: ]
	[image: ]
	
62p
	-
	0

	
6
	[image: ]
	[image: ]
	
62b
	92 
	70 

	
7
	[image: ]
	[image: ]
	
62q
	88 
	81 

	
8
	[image: ]
	[image: ]
	
62c
	52 
	(29)b

	
9
	[image: ]
	[image: ]
	
62r
	60 
	51 

	
10
	[image: ]
	[image: ]
	
62s
	80
	(60)b


Table 6 – Negishi coupling of the in-situ formed organozinc pivalate 94.aReactions were carried out for 18 hours at 70 oC with 0.51 mmol of aryl halide, 0.5 mol % of both Pd(XPhos)OMs and XPhos with 4 mL THF used as a solvent. bYields calculated by the integral of the product’s 31P NMR peak in comparison to those of other species present and the mass of material obtained after column chromatography.
The cross-coupling products display a singlet peak around 17.2 – 18.4 ppm in 31P – proton decoupled NMR spectra, while diethyl phenylphosphonate, produced by protodehalogenation, has a singlet peak around 18.8 ppm, as shown in Figure 74 and Figure 75, and the starting material diethyl 2-bromophenylphosphonate 45 has a singlet peak at 14.8 ppm. 
Therefore, it was possible to follow the cross-coupling reaction by inspection of the chemical shift of the corresponding singlet peaks in the 31P NMR spectra of the crude products. In all of the reactions in Table 6, the peak of the starting material diethyl 2-bromophenylphosphonate 45 could barely be seen as it was used as a limiting reagent and all other reagents were used in an excess amount of 0.1 to 0.3 equivalents. 
However, even though the reactions were carried out using standard Schlenk techniques under nitrogen atmosphere, and freshly distilled dry THF was used as the solvent, protonation of the intermediate Grignard or organozinc reagent could not be 100 % eliminated and there was often some unwanted diethyl phenylphosphonate present in the crude products. This could either be caused by the protonation during the reaction process due to residual water in the reaction system, or because the cross-coupling was not efficient enough by nature and the unreacted organozinc intermediate was protonated in the work-up step.
In Table 6, the NMR yield of crude product was taken as the relative integration of the 31P peak of the product when the total integration of product peak and diethyl phenylphosphonate peak were set to 1. It could be observed that the para- and meta- substituted aryl/heteroaryl bromides gave higher yields than their ortho-substituted counterparts. This is presumably due to steric hindrance. Also, the yields were higher for the more electron-deficient systems, i.e., -CN substituted benzene rings (entries 3 and 4) compared with -Cl substituted benzene ring (entry 8) and substituted pyridine (entry 9) and thiophene (entry 10). 
Purification by column chromatography on silica gave the biarylphosphonates in somewhat lower yields compared to that indicated by NMR (see Table 6). The close similarity in the polarity of diethyl phenylphosphonate and the biaryl phosphonate products made separation difficult. In fact in three cases (entries 2, 8 and 10), complete separation proved impossible and in these three cases the isolated yield is calculated based on the mass of product obtained and the relative proportions of biaryl product and diethyl phenylphosphonate indicated by the final 31P NMR spectrum. 

2.3 Future Work
	Future work to be carried out in this area includes optimisation of the reaction conditions for the Negishi cross-coupling reactions of the organozinc pivalate with a wider range of aryl and heteroaryl halides than those used in this study, in order to obtain a better yield for the biaryl monophosphonate products. Revision of the reaction conditions to avoid the formation of diethyl phenylphosphonate would also be advantageous, as this would not only improve the yield of the desired cross-coupling reaction, but would also make purification of the resulting biaryl monophosphonates much more facile. Potential investigations for optimising the reaction conditions include the use of palladium in the presence of N-heterocyclic carbene based ligands or even potentially utilising a different active metallic catalyst such as nickel, cobalt, copper or iron. Investigation of the influence of iPrI as a potential radical pathway activator is also worthwhile. If this cannot be found, other methodologies for purification of the biaryl cross-coupling products of the Negishi reaction from diethyl phenylphosphonate may have to be considered such as prep HPLC. 
 	In addition to changing the electrophilic coupling partner in the Negishi reactions, the nucleophilic phosphonate-substituted arylzinc pivalate can also be changed to create a more diverse range of biaryl monophoshonates. This can be achieved by synthesising meta- and para-substituted organozinc pivalates. In theory, the yields of the Negishi reactions using meta- and para-substituted nucleophiles should be greater than those obtained when reacting the same electrophile with the ortho-substituted arylzinc pivalates, as was seen in changing the position of the substituent on the aryl halide electrophiles used in this study, due to reduced steric hindrance around the zinc metal centre.
	Upon synthesising the biaryl monophosphonates from the three different organozinc pivalates mentioned above, the phosphonates can be used as precursors to phosphine ligands for other chemical reactions  or phosphonic acids for organic-inorganic nanohybrid catalysis64 or flow batteries65 as well as tested for any biological activity, for example in combatting antibiotic resistance.
	Extension of this chemistry to the 1-bromo-2-naphthyl phosphonate 48 would enable formation of the corresponding phosphonate-substituted naphthyl zinc pivalate. It would be interesting to explore the asymmetric Negishi coupling using chiral ligands on the metal catalyst as a route to chiral, non-racemic biaryl monophosphonates of potential use as chiral phosphine ligand precursors. A more detailed study of the long-term stability of the α-phosphonate-substituted aryl zinc pivalate would establish the feasibility of preparing and storing this species rather than having to produce it in situ before coupling reactions.
	

2.4 Conclusion
In the pursuit of synthesising phosphonate containing organozinc pivalate nucleophilic coupling partners for Negishi cross coupling, diethyl 2-bromophenylphosphonate was successfully converted into the corresponding polyfunctional organozinc reagent using zinc pivalate. Organozinc pivalates are reported to be more air- and moisture-stable compared to alternative organozinc reagents and the phosphonate-substituted organozinc pivalate derivative made in this study, via metal halogen exchange utilising i-PrMgCl prior to the addition of zinc pivalate, was subsequently used to accomplish Negishi cross-coupling reactions with a variety of aryl/heteroaryl bromides. Good yields of biaryl phosphonates were obtained for the unhindered, para- and meta-substituted aryl/heteroaryl bromides; the yields were understandably comparably poorer for the sterically hindered ortho-substituted aryl bromides. Further optimisation of the reaction conditions are required in order to improve the yields of the desired biaryl monophosphonates formed as a result of Negishi cross coupling, particularly those using ortho-substituted electrophilic aryl or heteroaryl bromides. 
The unwanted protonation of the organozinc pivalate to some extent was inevitable even for couplings with unhindered, electron-poor aryl bromides. The separation of the cross-coupling product and the impurity resulting from protonation, diethyl phenylphosphonate, was not very efficient using silica column chromatography and as a result, further separation techniques need to be investigated to better separate the desired biarylmonophosphonates from the byproduct of organozinc pivalate protonation as well as any other impurities formed as a result of side reactions during the coupling process.
In comparing the use of Negishi cross coupling to Suzuki-Miyaura cross coupling to introduce an ortho-phosphonate group into a biaryl molecule via a nucleophilic coupling partner, both methodologies were successful in forming the desired biaryl products. Negishi cross coupling does suffer more from protonation of the organozinc pivalate and until a method is developed to overcome this problem, Suzuki-Miyaura cross coupling of ortho-phosphonate boronate esters is the preferred method for biaryl synthesis. The air and moisture stability of the organozinc pivalates however may provide useful for couplings involving phosphonate coupling partners whose analogous boronate ester is less stable.  

Chapter 3 – Synthesis of biaryl monophosphonates via C-H activation
3.1 Introduction
In the first two parts of this work (Chapters 1 and 2), the nucleophilic phosphonate-functionalised coupling partner (boronate ester or organozinc reagent) was produced by functionalisation of the corresponding aryl bromide. An alternative, which has the advantage of requiring a less highly-functionalised precursor, is C-H activation of an aryl phosphonate.
The formation of carbon-boron bonds via C-H activation has been the subject of an extensive review.100 Iridium catalysis, in the presence of dinitrogen ligands (such as bipyridines or phenanthroline), has proven to be versatile in terms of catalytic activity and functional group tolerance.
In optimisation studies of C-H borylation, it was proposed that the most suitable bipyridine ligand to use was 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy).100 It has been proposed that substituents on the bipyridine scaffold were best positioned at the 4-position in order to reduce the steric bulk around the nitrogen atoms in the ligand, ensuring minimal steric repulsion when forming the active iridium catalytic species for C-H borylation. In addition, the use of bipyridine ligands containing electron donating substituents yielded more borylated product than those with electron withdrawing substituents. In testing solvents for the C-H borylation reaction, it was found that a higher yield of borylated product was obtained in hexane compared to more polar solvents. This may be due to the non-polar solvent’s inability to coordinate to the iridium metal centre which would otherwise hinder the catalysis of the C-H borylation reaction.100
C-H borylation has been studied on multi-ring aromatic scaffolds too, when taking into consideration functionalization of azulene, C-H borylation offers a unique way to introduce functional groups at the 2-position without the need for a directing group. Nucleophilic addition introduces substituents at positions 4, 6 and 8 and electrophilic substitutions at 1 and 3 (see Figure 78).100  





Figure 78 – Azulene structure and numbering for nomenclature.100
Sugihare and coworkers reacted azulene with B2(pin)2 in the presence of a catalytic amount of [Ir(COD)Cl]2 to yield the 2-borylated azulene 97 in 70% yield as well as 10% of the 1-borylated by-product 98 (see Figure 79).101



Figure 79 – C-H borylation of azulene using 1.1 equivalents of B2(pin)2.100
Marder treated naphthalene with 1.1 equivalents of B2(pin)2 in the presence of [Ir(COD)(OMe)]2 and dtbpy,  leading to a 44 % yield of 2-borylated naphthalene 99 and 10 % and 12 % of 2,6-diborylated and 2,7-diborylated naphthalene (100 and 101) respectively (see Figure 80). Treatment with excess B2(pin)2 yields both the aforementioned bis-borylated naphthalenes in a 1:1 ratio.102









Figure 80 – C-H borylation of naphthalene with B2(pin)2.100
Treatment of pyrene with 1.1 equivalents of B2(pin)2 resulted in the production of 2-borylated pyrene 102 in 68 % yield as well as 2,7-diborylated pyrene 103 in a 6 % yield (see Figure 81). Use of excess B2(pin)2 leads to production of the diborylated product only.102





Figure 81 – C-H borylation of pyrene with 1.1 equivalents of B2(pin)2.
It is key to note that the borylation of pyrenes occurs at different sites to those that are accessed during electrophilic substitutions (which occur at positions 1, 3, 6 and 8). As a result, this borylation chemistry gives access to unique scaffolds that could be further developed to provide key compounds for luminescence as well as the electronics industry.100
Two potential intermediates were hypothesised to be the active catalytic entity in the C-H borylation reaction utilising [Ir(COD)(OMe)]2 and B2(pin)2.100 The first being an Ir(III)(B{pin})3(dtbpy) five coordinate species 104, the second an Ir(I)(B{pin})(dtbpy) three coordinate species 105 (see Figure 82). The former is formed by dissociation of cyclooctene whereas the latter is formed by dissociation of both cyclooctene and reductive elimination. To determine the active catalytic species, 1,2-dichlorobenzene was borylated with [Ir(dtbpy)(ƞ2-COE)(Bpin)3] in the presence of B2(pin)2-d24 . The fact that the borylated product (ArBpin) was formed prior to the formation of any B2(pin)2 and also that ArBpin-d12 was not observed suggests there is no dissociation of B2(pin)2 prior to oxidative addition of 1,2-dichlorobenzene. This provided sufficient evidence that the trisboryl-Ir(III) species is the active catalyst for this C-H borylation reaction.100






Figure 82 – The two hypothesised active catalytic iridium complexes in C-H borylation reactions.
1,3-dithiane substituted aromatic compounds are known to exclusively monoborylate in the ortho-position without the requirement of either a bipyridine or phenanthroline ligand for the iridium catalyst (see Figure 83).103 The presence of this dithiane is synthetically useful as they are well known protecting groups for aldehydes and ketones. 



Figure 83 – General scheme of the C-H borylation of 2-arylsubstituted-1,3-dithianes with B2(pin)2.
Catalyst optimisation using 2-phenyl-1,3-dithiane showed that palladium catalysis with Pd(OAc)2 yielded no borylation product and both ruthenium and rhodium catalysis produced the ortho-borylated species in under 20% yield.103 Introduction of triphenylphosphine, tricyclohexylphosphine and di-tert-butyl bipyridine ligands all inhibited catalysis of borylation of the dithiane containing arenes. 
The substrate scope for this reaction even extended to acyclic thioethers, which displayed ortho-selectivity for C-H borylation in most cases.103 However, extensive studies by Li into the regioselectivity of methyl ortho-tolyl sulfide C-H borylation showed that the presence of one ortho-substituent forms a mixture of products, with C-H borylation product being formed as well as both mono- and di-benzylic borylation products being observed in 20, 27 and 28% yield respectively in reaction of one mole equivalent of B2(pin)2 (see Figure 84). Only benzylic borylation and diborylation was observed when 2,6-dimethylphenyl methyl sulfide was treated under the same C-H borylation conditions.103









Figure 84 – C-H borylation of methyl ortho- tolyl sulfide and 2,6-dimethylphenyl methyl sulphide.
ortho-Selectivity can also be achieved in C-H borylations of phenol and aniline starting materials, via protection using methylthiomethyl ethers.104 In this instance, the optimal ligand established by Kuninobu was a 4-trifluoromethyl phenyl substituted 2,2’-bipyridine 106 (see Figure 85). It should be noted that direct attachment of the trifluoromethyl group to the bipyridine structure (107) reduces the yield of product obtained drastically. Both electron withdrawing and donating ortho-substituents were well tolerated in these reactions.104







	Ligand
	Yield / %
	Ortho:(meta+para)

	

	90
	>30

	

	13
	>30

	

	88
	0.83



Figure 85 – Comparison of ligands for the C-H borylation of ortho-substituted methylthiomethyl ethers
In comparison of the optimised ligand alongside the more conventionally used 4,4’-di-tert-butyl-2,2’-bipyridine 108, the former yielded ortho-borylated products in good yields and ortho:(meta+para) ratio. The latter led to the formation of regioisomeric mixtures in which the meta-substituted boronate esters predominated.104
Kuninobu reported that replacing the methylthiomethyl ether protecting group with methoxymethylene ethers leads to a drastically reduced ortho:(meta and para) ratio of the borylated products formed. The ratio could be improved by utilising more electron withdrawing substituents on the bipyridyl ligand. This finding dictates that the presence of sulphur alpha to the oxygen of a phenol or nitrogen of an aniline ring as well as ligand with electron withdrawing substituents present are vital to controlling ortho C-H borylation in this manner. To regenerate the phenol or aniline, deprotection using iodine in methanol was utilised.104
Lan discovered that use of a bulky ligand for the iridium catalytic centre favoured meta C-H borylation in trimethylsilyl containing arenes.105 In addition to this, he proposed that the size of the intermediate iridium species after oxidative addition of the trimethylsilyl substituted arene in the commonly accepted Ir(III)/Ir(V) cycle results in a sterically congested heptacoordinated Ir(V) centre. He hypothesised that in the case of utilising sterically bulky ligands such as Xyl-MeO-BIPHEP (see Figure 86), an Ir(I)/Ir(III) cycle would be a much more logical mechanistic cycle for C-H borylation. The use of this bulky ligand (rather than the commonly used tetramethylphenanthroline or di-tert-butyl bipyridine ligands) means that heavy steric congestion is present on one side of the iridium centre. This in turn disfavours C-H borylation in the meta positions of substrates with only the para position being susceptible to the borylation reaction.105 This is supported by DFT studies which calculate the para C-H borylation is favoured over the meta C-H borylation by 4 kcal/mol, which is consistant with the 88:12 ratio of para:meta products observed in the borylation of trimethyl(phenyl)silane (see Figure 86).105








Figure 86 – C-H borylation of trimethylsilylbenzene with Xyl-MeO-BIPHEP as the ligand for the active iridium catalytic species.

Chattopadhyay developed a “L-shaped” biphenyl ligand which was designed to interact with the carbonyl oxygen of aryl esters in a bid to direct a subsequent C-H borylation reaction to the para position.106 The designer ligand chosen was able to tautomerize, which enhances it’s aromatic stability as well as providing a free hydroxyl substituent, which might be able to noncovalently interact with the carbonyl oxygen of the ester which will undergo C-H borylation (see Figure 87). This ligand also easily formed the standard trisboryl Ir(III) catalytically active species required for C-H borylation in the presence of [Ir(COD)OMe]2 and B2(pin)2. C-H borylation of ethyl benzoate at 25 oC utilising this specialised catalytic system produced a 6.1 : 1 ratio of para:meta borylated products. However, on raising the temperature to both 50 oC and 80 oC, this ratio diminished, yielding 5.7 : 1 and 3 : 1 ratios respectively, suggesting essential hydrogen bonding used to direct the C-H borylation to the para position of ethyl benzoate is lost at higher temperatures.106 










Figure 87 – Amide-iminol tautomerisation of Chattophyay’s “L-shaped” ligand and how the iminol form interacts with the substrate undergoing C-H borylation.
	Kuninobu also used a similar methodology using urea based ligands to direct C-H borylation to the meta position. Hydrogen bonding of the urea amide hydrogens to a carbonyl on the aryl species being borylated directs the iridium centre to preferentially meta-borylate the aryl ring.107 

Another factor that highly affected the selectivity ratio of the C-H borylation reaction under the conditions studied by Chattopadhyay was the choice of alkali metal salts used in the reaction. Three bases were screened, the tertiary-butoxides of lithium, sodium and potassium (see Figure 88). It was found that lithium tert-butoxide yielded no borylation product, exchange for sodium tert-butoxide yielded a 3.8 : 1 ratio of para:meta products, while potassium tert-butoxide further enhanced the regioselectivity, giving a 32.3 : 1 ratio of the para:meta- borylated products.106
	




	Temperature / oC
	M
	Ratio of para : meta  borylated products

	25
	-
	6.1 : 1

	50
	-
	5.7 : 1

	80
	-
	3.0 : 1

	50
	Li
	No ratio

	50
	Na
	3.8 : 1

	50
	K
	32.3 : 1



Figure 88 – Table showing the effect of changing alkali metal tert-butoxide salts used in C-H borylation of aromatic esters.
Maleczka and Smith have developed a methodology for harnessing the steric controlled C-H borylation process for a deuteration methodology of arenes and heteroarenes that could be manipulated to access hard to synthesise deutero-labelled compounds utilising mild and functional group tolerant conditions.108 A similar methodology was then further developed for diborylation of 2-substituted thiophenes, with each of the consecutive borylations occurring at the easiest C-H bond to break (see Figure 89). It was hypothesised that if the rate of the deborylation of a diborylated thiophene is similar to that of the borylation reactions required to make the substrate, it would be possible to make alternate, difficult to synthesise monoborylated thiophene regioisomers. 






Figure 89 – Diborylation of 2-substituted thiophene and the subsequent deborylation of the diborylated product, which forms a regioisomer of the original monoborylated species.
Upon attempting one pot borylation of a 2-substituted thiophene starting material, followed by a further borylation to the desired diborylated product, Maleczka and Smith noticed that the original deborylated starting material was present on analysis following completion of the second borylation reaction, despite 100% conversion of the substrate in the first borylation step.108 This suggests that protolytic deborylation of the monoborylated compound was occurring when attempting the second borylation reaction in the one pot methodology.
Marder and Steel investigated the borylation of N-protected indazoles and discovered that both N1 and N2 protected indazoles borylated in the 3 position, even when N2 is protected by bulky groups such as THP or benzyl groups (see Figure 90).109 The position of borylation is identified by the shift downfield of the 4-H resonance on the 1H NMR spectrum of the products in comparison to the starting material. It was also noted that in comparing the reactivity of analogous N1- and N2-protected indazoles, N2- protected indazoles were borylated quicker and in better yield than the N1-protected equivalent. This could be accounted for by the absence of adjacent azinyl lone pair of electrons in N2-protected substrates, hence the lack of repulsion makes the 3-position more susceptible to borylation.109 





Figure 90 – C-H borylation of N1 and N2 protected indazoles with B2(pin)2.
Further reaction of the borylated products of N1 protected indazoles in Suzuki-Miyaura coupling reactions were catalysed with CuCl. This prevented the indazole undergoing protodeborylation as a result of catalysing the transmetalation of the boronate ester. Again due to the lack of adjacent azinyl nitrogen lone pair of electrons to the B(pin) group, the addition of CuCl to Suzuki-Miyaura cross coupling reactions involving 3-borylated N2-protected indazole boronate esters produced no significant improvement in reaction rate or yield of the desired product.109 
	The ability of a heteroarene to undergo C-H borylation can be determined by the basicity of the heteroarene being borylated.110 It is also believed that the more nitrogen atoms present in the heteroarene undergoing borylation, the less applicable the general C-H borylation method is likely to be. In general, the regioselectivity of C-H borylation of arenes is heavily influenced by sterics, however in the case of heteroarenes, the regioselectivity of C-H borylation is dependant on both electronic and steric effects. For example furans, thiophenes, pyrroles and indoles undergo C-H borylation at the site of the most acidic C-H bond in the structure, while quinolines and pyridines will undergo C-H borylation gamma or beta to their basic nitrogen atoms.110 Borylation was studied in pyrimidines and benzoxazoles and it was discovered that substitution in the 2- position (i.e. between the heteroatoms in the heteroaromatic scaffold of the substrate) enhanced the yield of borylation in these species. Pyrazoles underwent C-H borylation beta to nitrogen except in the case of 3-trifluoromethyl substituted pyrazole, where position 5, adjacent to N(1), was borylated. The regiochemistry of this borylation agrees with that of electrophilic aromatic substitution of the same substrate.
	The problem of C-H borylation of nitrogen heterocycles, in which the presence of a Lewis basic nitrogen atom is found to inhibit catalysis due to co-ordination to the iridium,111 can be overcome by incorporating a C-2 substituent to hinder co-ordination and also by the presence of an electron withdrawing substituent which enables regioselective borylation at the more acidic C-H bond in cases where there is not an overriding steric preference (see Figure 91).


Figure 91 – Regioselective C-H borylation, numbers in parenthesis are calculated pKa values.111
In this part of the project, we planned to investigate the synthesis of phosphonate-substituted aryl boronates via a regioselective C-H borylation reaction. In order to ensure likely high regioselectivity, the substrates chosen were all meta-substituted aryl phosphonates (113 - 115). The three substituents (R) were chosen to include simple electron donating (Me), conjugatively electron withdrawing (CO2Me) and inductively electron withdrawing (CF3). Synthesis of the three aryl phosphonates (113 - 115) was envisaged by palladium catalysed phosphonation of the corresponding meta-substituted aryl bromides (109 - 111). Regioselective iridium catalysed C-H borylation to give the aryl boronates 116 - 118 would then be followed by palladium catalysed Suzuki-Miyaura coupling with a variety of aryl bromides to produce the biaryls 119 - 121 (Figure 92).















Figure 92 - Synthesis of biaryl monophosphonates 119, 120 and 121.
The accepted catalytic cycle for iridium-catalysed C-H borylation is shown below in Figure 93.112 The key features are insertion of a triborylated Ir(III) species 122 into the C-H bond of the aromatic substrate to generate an Ir(V) hydride 123 which subsequently undergoes reductive elimination of the arylboronate product 124. The triborylated Ir(III) species 122 is regenerated by oxidative addition of bis(pinacolato)diboron followed by reductive elimination of pinacol borane.















Figure 93 – Mechanism of Iridium-catalysed borylation.
	A study of the borylation of benzene using substituted bipyridine ligands with a range of iridium precursors such as [Ir(COD)Cl]2, [Ir(COD)2] BF4, [Ir(COD)(OH)]2, [Ir(COD)(OPh)]2, [Ir(COD)(OMe)]2 and  [Ir(COD)(OAc)]2 demonstrated that the most active catalyst was formed from [Ir(COD)(OMe)]2.113 In  this study, a range of common organic solvents was also screened and it was found that non-polar solvents such as hexane often gave better results than more polar coordinating solvents such as DME and DMF, confirming earlier findings.100  Although the most commonly used dinitrogen ligand appears to be 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy), Ohmura and Suginome have reported the use of 3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen) to give higher yields in some cases.114
	Ishiyama, Miyaura and Hartwig reported that the regioselectivity of C-H borylation catalysed by [Ir(COD)Cl]2 with bipyridyl ligand is predominantly controlled by steric factors.115 For example, in the borylation of anisole, the product was a 1:74:25 mixture of ortho-, meta– and para- boronates  respectively. In the case of 1,3 – disubstituted arenes, this control gave exclusively 3,5-disubstituted aryl boronate esters. For this reason, in our investigation of C-H borylation of aryl phosphonates, 3-substituted derivatives were chosen in order to avoid the complication of regioisomeric product mixtures.

3.2 Results and Discussion
3.2.1 Synthesis of the cyclometalated palladium pre-catalyst 
For the Suzuki-Miyaura coupling of the C-H activation-derived phosphonate boronates, we chose to use the cyclometalated aminobiphenyl XPhos-ligated palladium mesylate pre-catalyst 53 reported by Buchwald (see Figure 94).55 Unlike the chloride precursor 52 used in Chapter 1, this complex was not available in the group and was therefore prepared according to the literature procedure.



Figure 94 – The Pd(XPhos)OMs pre-catalyst
In order to synthesise the desired XPhos ligated palladium pre-catalyst, 2-phenylaniline 125 was reacted with methanesulfonic acid in diethyl ether for 30 minutes at room temperature to give [1’,1’-biphenyl]-2-aminium methanesulfonate 126 in 97% yield (see Figure 95).55




Figure 95 – Biaryl ammonium salt 126 synthesis.
Ammonium salt 126 was then reacted in toluene with palladium acetate, forming the palladium dimer 127 (see Figure 96).






Figure 96 – Formation of cyclometalated palladium dimer 127.
Once formed, the palladium dimer 127 was dissolved with XPhos in dry THF and stirred for 30 minutes at room temperature. Following recrystallisation, the desired pre-catalyst 53 was isolated in quantitative yield (see Figure 97).55 
Formation of the pre-catalyst 53 was confirmed by 31P NMR. The appearance of signals at both 64.4 and 35.4 ppm corresponded to those reported in the literature for compound 53.55






Figure 97 - Synthesis of palladium pre-catalyst 53.


3.2.2 Biarylmonophosphonate synthesis
3.2.2.1 Aryl halides phosphonation


Figure 98 – Formation of aryl phosphonates 113 - 115.
Synthesis of the aryl phosphonates 113 – 115 was accomplished by Pd(OAc)2/PPh3 catalysed coupling of diethyl phosphite 112 with aryl bromides 109 – 111, in the same way as used in Chapter 1 for the preparation of the ortho-bromophosphonate 45.49 
Reaction of each of methyl 3-bromobenzoate 109, 3-bromotoluene 110 and 3-bromo-1-trifluoromethylbenzene 111 with diethyl phosphite, N,N-diisopropylethylamine (DIPEA), palladium acetate (2 mol%) and triphenylphosphine (20 mol%) yielded the corresponding 3-substituted aryl phosphonates, 113 (R = CO2Me, 76 % yield), 114 (R = Me, 84 %) and 115 (R = CF3, 91 %) respectively (see Figure 98).49 

3.2.2.2 Borylation of phosphonates
	Previous studies of the C-H borylation reaction between bis(pinacolato) diboron [B2(pin)2] and simple aryl moieties without the desired phosphonate group present have shown that an iridium cyclooctadiene methoxy dimer catalyst and 3,4,7,8-tetramethyl-1,10-phenanthroline as a nitrogen chelating ligand are particularly effective and this also proved to be the case with the phosphonate group present (3,4,7,8-tetramethyl-1,10-phenanthroline was found to produce better yields when compared with 4,4’-di-tert-butyl 2-2’bipyridine). The best yields obtained in this reaction have been found when the reactions were carried out in either hexane or THF. The C-H borylation of each of the phosphonates was therefore screened in both solvents in this study to determine the optimum choice for these substrates (see Table 7).


	Starting Phosphonate
	Product
	NMR yield in Hexane / %
	NMR yield in THF / %

	
	
	
100
	
97

	
	
	
78
	
30

	
	
	
78
	
85



Table 7 – Comparison of the borylation of the aryl phosphonates 113-115 in both hexane and THF. NMR yields in both solvents were calculated from the ratio of reactant : product according to the relative integrals in the 31P NMR, in combination with the mass of the crude product.
The results shown in Table 7 indicate that for these aryl phosphonates, hexane was deemed the better solvent as it gave a marginally higher yield of methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 116, a similar yield of diethyl (3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(trifluoromethyl)phenyl)phosphonate 118 to that obtained in THF, and a substantially higher yield in the case of diethyl 3-methyl-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)]phenyl phosphonate 117. This finding is in agreement with the observations of Hartwig and Miyaura using non-phosphonated aryls.113 One possible reason for this is that the non-polar nature of this solvent reduces any solvent coordination to the iridium centre of the catalyst, ensuring less steric hindrance to the catalyst and hence making the catalyst more efficient in the desired C-H borylation reaction.
Methyl 3-(diethoxyphosphoryl)benzoate 113, diethyl (3-methylphenyl)phosphonate 114 or diethyl (3-(trifluoromethyl)phenyl)phosphonate 115 were reacted in dry hexane with bis(pinacolato)diboron (0.75 equivalents) in the presence of a catalytic system consisting of [Ir(COD)(OMe)]2 (2.5 mol%) and 3,4,7,8-tetramethyl-1,10-phenanthroline (5 mol%) at 70 oC over a period of 18 hours. Once cooled to room temperature, the reaction mixture of these C-H borylation reactions was passed through a silica plug and the solvent removed under reduced pressure. The success of the borylation of aryl phosphonates 113 – 115 was determined by 31P NMR, comparing the ratio of the product peak in comparison to that of starting material. 

These C-H borylation reactions could also be monitored by inspection of the 1H NMR spectra of 116, 117 and 118, particularly between 7.8 and 9.0 ppm, which contains the aromatic proton resonances. The substitution of the proton positioned meta to both the phosphonate and aliphatic substituents in the phosphonate starting materials 113, 114 and 115 for a B(pin) unit results in two doublets (J = 13.3 Hz, due to coupling with the phosphorus in the ortho-positioned phosphonate functional group) and a singlet, which represents the proton positioned para to the phosphonate functional group (see Figure 99).






Figure 99: Aromatic proton signals in the 1H NMR spectra of the starting material (top) and product (bottom) of the C-H borylation of aryl phosphonate 113 to form aryl boronate phosphonate 116.


The C-H borylation reaction could also be monitored by 31P NMR, as the starting material’s (113) signal is seen at 17.2 ppm (see Figure 100). Introduction of the B(pin) unit in the C-H borylation reaction leads to a new signal that is seen downfield in comparison to the starting material’s signal, at 17.5 ppm, indicating the starting material had been completely converted to the desired borylation product. (see Figure 101).

 [image: ]
Figure 100 – 31P NMR signal of the starting material, methyl 3-(diethoxyphosphoryl)benzoate 113.



Figure 101 - 31P NMR signal of the borylation product, methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 116.

When undertaking the C-H borylation reaction with the methyl substituted aryl phosphonate 114, 1H and 31P NMR analysis showed that the reaction was not reaching completion as quickly as the methyl ester (113) or the trifluoromethyl (115) analogues. As a result, the crude product was reacted by stirring in dry hexane for an extra 18 hours at 70 oC with more B2(pin)2 (0.75 equivalents), 3,4,7,8-tetramethyl phenanthroline (5 mol%) and iridium pre-catalyst [Ir(OMe)COD]2 (2.5 mol %).
Despite the extra time required to convert phosphonate 114 into aryl boronate phosphonate 117, the progress of this reaction could still easily be followed by both 1H and 31P NMR, with the phosphorus signal for the phosphonate starting material (114) appearing at 19.3 ppm, compared to the borylated phosphonate product’s (117) signal which is seen downfield at 19.4 ppm (see Figures 102 and 103). The 31P NMR spectrum also revealed no other phosphorus containing species were formed during the reaction.

 [image: ]
Figure 102 - 31P NMR signal of diethyl (3-methylphenyl)phosphonate starting material 114.
[image: ]









Figure 103 - 31P NMR signal of the product of borylation of 114, diethyl 3-methyl-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)]phenyl phosphonate 117.

Upon completion of the C-H borylation reaction, filtration of the reaction mixture through silica with an acetonitrile flush was performed. This ensured that any catalyst, HB(pin) by-product or starting materials [B2(pin)2 and phosphonates 113 – 115] were removed from the desired product. After filtration the solvent was removed under vacuum to yield the borylation products 116, 117 and 118, all of which appeared as brown oils and were utilised in cross-coupling reactions without further purification.

3.2.2.3 Using the boronate phosphonates in Suzuki-Miyaura cross-coupling 
Having successfully prepared the borylated aryl phosphonates 116, 117 and 118 by C-H borylation, Suzuki-Miyaura coupling to a range of commercially available aryl bromides (a-e) was performed (see Figure 104) to determine whether this route to the introduction of the phosphonate functionality into the nucleophilic coupling partners was viable for biaryl monophosphonate synthesis.   


Figure 104 - Suzuki-Miyaura cross-coupling reactions undertaken using 116, 117 and 118 with aryl bromides a-e.
	After the initial C-H borylation, the crude boronate was reacted with 0.5 mol% of the XPhos palladium pre-catalyst 53, 1.5 equivalents of the aryl bromides and 2 equivalents of K3PO4 in 3 mL of THF/water (2:1) for 18 h at 70 oC. The outcome of these tandem C-H borylation/Suzuki-Miyaura coupling reactions are shown in Table 8.	
	Entry a,b
	Aryl bromide
	Aryl phosphonate
	Product 
	Yield / %

	1
	

	113
	119a
	36

	2c
	
	114
	120a
	26

	3
	
	115
	121a
	27

	4
	
	113
	119b
	31

	5c
	
	114
	120b
	22

	6
	
	115
	121b
	31

	7
	
	113
	119c
	36

	8c
	
	114
	120c
	31

	9
	
	115
	121c
	30

	10
	
	113
	119d
	43

	11c
	
	114
	120d
	36








	Entry a,b
	Aryl bromide
	Aryl phosphonate
	Product
	Yield / %

	12
	
	113
	119e
	41

	13c
	
	114
	120e
	34


a Conditions for C-H borylation: Aryl phosphonate 113/115 (0.37 mmol), [Ir(COD)(OMe)]2 (2.5 mol%), Tmphen (5 mol %), B2(pin)2 (0.28 mmol), hexane (4 mL), 70 oC, 18 h.b Conditions for Suzuki-Miyaura coupling: aryl bromide (0.55 mmol), K3PO4 (0.73 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%), tetrahydrofuran (4 mL), water (2 mL), 70 oC, 18 h.c Conditions for C-H borylation : Aryl phosphonate 114 (0.37 mmol), [Ir(COD)(OMe)]2 (5 mol%), Tmphen (10 mol %), B2(pin)2 (0.56 mmol), hexane (4 mL), 70 oC, 18 h.
Table 8 - Suzuki-Miyaura cross-coupling of boronates 116, 117 and 118.
As seen in Table 8, the palladium-XPhos species formed by activation of the pre-catalyst is an effective catalyst for the coupling of the chosen electrophilic aryl bromides (a – e) with the aryl boronate phosphonates 116, 117 and 118. All of the Suzuki-Miyaura cross-coupling reactions with the aryl bromides in Table 8 did produce the desired biaryl product using only 0.5 mol% of the pre-catalyst at 70 oC for a duration of 18 hours. The overall yield for this two-step process ranged from 22% (entry 5) to 43% (entry 10).
In all cases, the most highly electron deficient, ester substituted, aryl phosphonate 113 gave the highest yield. In contrast, the yield of biaryl product was consistently lower by 5-10% when the more electron-rich 3-methyl-substituted phosphonate 114 was used (compare entries 1&2, 4&5, 7&8, 10&11 and 12&13). The trend was less clear for the CF3-substituted phosphonate 115 which performed the same as the 3-methyl derivative in coupling with 4-bromoacetophenone (entries 3&2) and 2-methylbromobenzene (entries 9&8) but performed as well as the ester-substituted phosphonate in the coupling with 4-bromobenzonitrile (entries 6&4).
In comparing the relative yields as a function of the aryl bromide electrophile, the trend is very similar when using either the ester-substituted phosphonate 113 or the methyl-substituted phosphonate 114. Higher overall yields were observed with the more electron-rich aryl bromides.
The 1-naphthylbromide gave the best yields, despite the anticipated steric hindrance to reaction in this position (entries 10&11). The 4-methyl substituted aryl bromide produced the next highest yields (entries 12&13) and 2-bromotoluene performed slightly less well, as might be expected on steric grounds. The poorest results were obtained using the 4-cyano substituted bromide (entries 4&5). This trend was not so evident with the CF3-substituted phosphonate 115.
Sterically hindered aryl bromides are expected to undergo oxidative addition more slowly, but should favour the reductive elimination step. Likewise it might be expected that electron-rich aryl bromides would undergo oxidative addition more slowly as they are less electrophilic in the reaction with the electron-rich metal phosphine complex. It is believed that stronger interactions exist between electron deficient electrophiles and the palladium. This means the ionic character of the palladium complex at the reductive elimination step of the catalytic cycle is larger compared to when an electron donating substituent is present on the electrophilic aryl halide, making the final carbon-carbon bond formation slower.116 This explains why it is believed that reductive elimination is thought to be the rate limiting step of Suzuki-Miyaura catalysis. The relatively good results with electron-rich and sterically hindered aryl bromides might, therefore, suggest that reductive elimination is the key step in this process.
Conversely, it might be that there is a favourable π-π interaction between the undoubtedly electron deficient aryl phosphonate and the more electron rich aryl halides. The higher yields obtained with the most electron deficient phosphonate 113 might reflect a more favourable transmetalation, perhaps the base-induced activation of the boronate is accelerated by a more electron deficient aryl.
Application of harsher conditions such as higher reaction temperatures may be a solution to overcoming the lower yields formed in future cross-couplings utilising electrophiles that have electron withdrawing substituents on their aryl ring. 
Since the overall process is the result of two consecutive reactions, any discussion of the relative performance of phosphonates and aryl bromides must acknowledge the caveat that the initial C-H borylation may not proceed equally in each case and that the systematically lower yields obtained with the 3-methyl substituted phosphonate 114 might be the result of a lower yielding borylation.
Overall the yields of meta-phosphonate substituted biaryls 119 – 121 are generally lower than those obtained in the Suzuki-Miyaura couplings from the pre-formed aryl boronates in Chapter 1 and in the Negishi couplings explored in Chapter 2. Nevertheless, this must be considered in the context that the C-H borylation route incorporates a more highly functionalised aryl phosphonate.

3.3 Future Work
	Future work to be carried out in this area includes optimisation of the reaction conditions for the tandem C-H borylation and Suzuki-Miyaura cross-coupling reactions of the studied meta-phosphonate substituted boronate esters with a wider range of aryl and heteroaryl halides than those used in this study, in order to obtain a better yield for the biaryl monophosphonate products. In addition, optimising the reaction conditions to avoid the formation of the by-product of protodeborylation of the boronate esters in the cross-coupling step would also be advantageous, as this would improve the yield of the desired cross-coupling product, and reduce the amount of phosphonate-containing byproducts thus facilitating purification. Variables that could be adjusted include the use of alternative solvent systems such as THF without water, with the reduced polarity potentially helping the solubility of the nucleophilic phosphonate coupling partners. Alternative ligands for the active palladium(0) catalytic species such as N-heterocyclic carbenes as well as other palladium  or alternate transition metal catalysts such as Pd2(dba)3 or copper chloride may also improve yields in the Suzuki cross couplings while limiting the formation of undesired by-products.
	In addition to changing the electrophilic coupling partner in the cross-coupling reactions, the nucleophilic phosphonate-substituted boronate esters can also be changed to create a more diverse range of biaryl monophosphonates. This can be achieved by reacting alternative meta-substituted aryl bromides with diethyl phosphite 112 as shown in Figure 98, before undergoing the C-H borylation and Suzuki-Miyaura reactions to synthesise an even wider range of biaryl monophosphonates.
	Upon synthesising biaryl monophosphonates from the coupling of the various potential boronate esters with a range of aryl and heteroaryl bromides, the phosphonates can be used as precursors to phosphine based ligands for other chemical reactions or to phosphonic acids for use in organic-inorganic nanohybrid catalysis64 or flow batteries,65 as well as tested for any biological activity such as in inhibition of metallo β-lactamase enzymes. 


3.4 Conclusion
	Iridium-catalysed borylation of three meta-substituted aryl phosphonates successfully produced the corresponding 3,5-disubstituted boronate esters with complete regioselectivity, which occurs as expected based on steric control, with both the substitution  pattern on the substrate undergoing C-H borylation as well as tmphen providing enough steric bulk on the active catalytic species to guide the borylation to the desired, least sterically hindered position on the aromatic ring.
In the case of the most electron rich, methyl substituted phosphonate 114, the C-H activation appeared to be more difficult than for the corresponding ester (113) and trifluoromethyl (115) substituted aryl phosphonates. Consequently, complete borylation of the methyl-substituted phosphonate (114) required repeated exposure to the iridium catalyst and B2(pin)2. This suggests that borylation of electron poor nucleophilic phosphonates via the methodology developed in this study is viable and can be used in making biaryl monophosphonate scaffolds for further development in bioactive compounds. In terms of the electron rich phosphonates however, introduction of the phosphonate functional group via the electrophilic coupling partner in Suzuki coupling may be potentially more advisable, due to the higher catalyst loadings in their C-H borylation. In cases where this isn’t possible, nucleophilic electron rich phosphonates have been proven to be successful in cross coupling and can be used as a back up synthetic methodology despite the increased catalyst loading and longer reaction times associated with these reactions. 
Suzuki-Miyaura cross-coupling of all three boronate esters with various electrophilic aryl bromides was catalysed by the XPhos ligated palladium pre-catalyst 53 to give a series of 3,5-disubstituted biaryl monophosphonates. The overall yields for the tandem C-H borylation/Suzuki-Miyaura coupling sequence were relatively poorer than those obtained in the boron-halogen exchange/Suzuki-Miyaura coupling sequence explored in Chapter 1. This is likely to reflect the more challenging demands of C-H activation compared to the borylation of aryl bromides (breaking a C-H bond compared to a weaker C-Br bond). Further manipulation and optimisation of the catalyst (such as the use of alternate active transition metals like ruthenium or rhodium, or use of iridium catalysts in combination with other ligands that have been successfully employed in C-H borylation, such as Xyl-OMe-BIPHEP used by Lan103)  and conditions (higher temperatures may be used to drive the reactions to completion faster while using higher boiling solvents such as toluene to aid this) required in the C-H borylation to reduce the amount of undesired byproduct formed may lead to C-H borylation of phosphonates becoming either an equally or more viable method of introducing an nucleophilic phosphonate in the Suzuki-Miyaura reaction in comparison to the boron halogen exchange discussed in Chapter 1. 


4 Experimental
General comments
	All chemicals were purchased from commercial suppliers (Sigma Aldrich, Apollo, Fluorochem and Alfa Aesar) and used without further purification except where indicated. Handling of all air-sensitive materials was carried out using Schlenk line techniques, using flame-dried glassware under nitrogen. Where necessary, solvents were dried prior to use. Dichloromethane was distilled from calcium hydride; ethanol from magnesium; 1,4-dioxane and tetrahydrofuran (THF) from sodium/benzophenone; toluene and hexane from sodium. 
A Varian 800 FT-IR Scimitar Series infrared spectrometer was used to record IR spectra. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on a JEOL ECS 400, Bruker Avance 300, Jeol Lambda 500, or a Bruker Avance 700 MHz instrument. 1H and 13C NMR were referenced against CDCl3 (δH = 7.26 ppm, δC = 77.2 ppm). 1H NMR spectra are reported as follows: chemical shifts measured in ppm from internal tetramethylsilane on the δ scale, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet and m = multiplet, br = broad). 13C NMR chemical shifts are reported in ppm from tetramethylsilane on the δ scale, using solvent resonance as the internal standard. Mass spectrometry analysis was performed in-house using a Micromass LCT premier Mass Spectrometer in Electrospray (ES) mode or by the National Mass Spectrometry Facility in Swansea. Thin layer chromatography was performed on EM reagent 0.25 mm silica gel 60F254 plates. Visualisation was accomplished with UV light and aqueous potassium permanganate (VII) solution. Column chromatography of all purified products was carried out using Fluorochem LC3025 (40-63 μm) silica gel. 


Diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (42)


Bis(pinacolato)diboron (2.60 g, 10.2 mmol), [Pd(dppf)Cl2] (0.25 g, 0.34 mmol, 5 mol%) and  potassium acetate (2.00g, 20.5 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl 2-bromophenylphosphate (2.00 g, 6.82 mmol) and dry 1,4-dioxane (40 mL) were then transferred to the Schlenk flask and the reaction mixture was refluxed and stirred for 18 hours. After the reflux had finished, the reaction mixture was cooled to room temperature and water (20 mL) was added to dilute the reaction mixture. The resulting mixture was extracted with diethyl ether (3 x 50 mL) and the diethyl ether extracts were dried (MgSO4), filtered and the solvent of the filtrate removed under reduced pressure. Purification of the brown oil crude product by column chromatography (4.5 x 22 cm silica column, ethyl acetate : petrol 2 : 1) gave diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate 42 (77 %, 1.78 g, 5.23 mmol) as a green oil.
1H NMR (400 MHz, CDCl3) δ 7.82 – 7.77 (1H, m, Ar-H), 7.58 – 7.55 (1H, m, Ar-H), 7.47 – 7.38 (2H, m, Ar-H), 4.13 – 4.04 (4H, m, OCH2CH3), 1.35 (12H, s, C(CH3)2 ), 1.28 (6H, t, J = 7.0 Hz, OCH2CH3).
13C NMR (125 MHz, CDCl3) δ 133.6 (d, J = 17.3 Hz), 132.4 (d, J = 11.2 Hz), 131.5 (d, J = 187.8 Hz), 131.3 (d, J = 3.1 Hz), 129.2 (d, J = 14.8 Hz), 84.4, 62.2 (d, J = 5.2 Hz), 24.9, 16.4 (d, J = 6.6 Hz)
31P NMR (162 MHz, CDCl3) δ 20.5 (s)
11B NMR (128 MHz, CDCl3) δ 30.3 (s)
IR (neat) (cm-1): 2979.2, 2936.4, 1654.1, 1590.9, 1519.5, 1152.3
Rf (ethyl acetate : petrol, 2 : 1) = 0.58
HRMS – Anal. Calcd. for C16H26O5BP: 341.1689, found: [M+H]+ = 341.1678 
These data are in agreement with the literature.49
Potassium (2-(diethoxyphosphoryl)phenyl)trifluoroborate (43)
	


Diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.10 g, 0.29 mmol), dry acetonitrile (1 mL) and dry methanol (1 mL) were placed into a flame dried, nitrogen filled Schlenk flask. Potassium fluoride (0.07 g, 1.2 mmol) in water (0.2 mL) was added under nitrogen to the reaction mixture and left to stir at room temperature for 5 minutes. L-(+)-tartaric acid (0.09 g, 0.60 mmol) dissolved in dry THF (1 mL) was added dropwise to the reaction mixture over 5 minutes. After stirring the reaction mixture for an extra 2 minutes, it was diluted with dry acetonitrile (3 mL). The reaction mixture was again stirred for 2 more minutes before further diluting with dry acetonitrile (1 mL). After 5 minutes of stirring, the reaction mixture was filtered, with the Schlenk flask and the collected precipitate being washed with acetonitrile (3 x 5 mL). The solvent of the combined filtrates was removed under reduced pressure to yield a colourless oil, which was then heated to 60 oC under high vacuum to yield potassium (2-(diethoxyphosphoryl)phenyl)trifluoroborate 43 (65 %, 0.06 g, 0.19 mmol) as a grey solid.
1H NMR (400 MHz, DMSO-d6) δ 7.66 – 7.59 (2H, m, Ar-H), 7.28 (1H, t, 7.3 Hz, Ar-H), 7.16 – 7.12 (1H, m, Ar-H), 3.95 – 3.82 (4H, m, OCH2CH3), 1.16 (6H, t, J = 7.1 Hz, OCH2CH3).
13C NMR (125 MHz, DMSO-d6) δ 134.2 (d, J = 19.7 Hz), 132.4 (d, J = 12.2 Hz), , 130.6 (d, J = 3.0 Hz), 130.5 (d, J = 185.5 Hz), 125.7 (d, J = 14.8 Hz), 61.3 (d, J = 5.3 Hz), 16.7 (d, J = 6.5 Hz).
31P NMR (162 MHz, DMSO-d6) δ 22.0 (s)
11B NMR (128 MHz, DMSO-d6) δ 1.7 (m)
19F NMR (376 MHz, DMSO-d6) δ -136.6 (s)
Melting point: decomposed at 200 oC.
IR (neat) (cm-1): 3051.7, 2983.7, 2906.8, 1172.4, 989.2
HRMS – Anal. Calcd. for C10H14O3BPF3K: 320.0929, found: [M+H]+ = 320.0931. 

Diethyl 2-bromophenylphosphate (45)



	Palladium acetate (0.07 g, 0.3 mmol) and triphenylphosphine (0 .817 g, 3.1 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. 1-Bromo-2-iodobenzene (2.00 mL, 15.6 mmol), diisopropylethylamine (17.0 mL, 97.3 mmol), diethyl phosphite (10.0 mL, 77.9 mmol) and dry ethanol (60 mL) were then added to the Schlenk flask and the reaction mixture was refluxed for 48 hours. The reaction mixture was left to cool to room temperature, then the mixture was diluted by adding diethyl ether (200 mL). Hydrochloric acid (1M, 100 mL) was also added to acid wash the reaction mixture. The resulting aqueous layer was extracted with further diethyl ether (3 x 200 mL) and the combined diethyl ether layers washed with aqueous sodium hydroxide (2.5 M, 50 mL), brine (50 mL), dried (MgSO4) and filtered. The filtrate’s solvent was removed under reduced pressure to leave the crude product as a yellow oil. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, ethyl acetate: petrol 2:1) gave diethyl 2-bromophenylphosphate 45 (74 %, 3.36 g, 11.5 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3) δ 8.03 - 7.97 (1H, m, Ar-H), 7.67 - 7.63 (1H, m, Ar-H), 7.41 - 7.33 (2H, m, Ar-H), 4.24 - 4.06 (4H, m, OCH2CH3) 1.34 (6H, t, J = 7.1Hz, OCH2CH3)
13C NMR (125 MHz, CDCl3) δ 136.2 (d, J = 8.2 Hz), 134.3 (d, J = 11.0 Hz), 133.7 (d, J = 2.6 Hz), 129.4 (d, J = 192.0 Hz), 126.9 (d, J = 13.6 Hz), 125.1 (d, J = 3.9 Hz), 62.6 (d, J = 5.6 Hz), 16.3 (d, J = 6.5 Hz)  
31P NMR (162 MHz, CDCl3) δ 15.4 (s)
IR (neat) (cm-1): 3065.9, 2982.8, 2935.0, 2905.9, 1639.1, 1579.7, 1560.5, 1149.8

Rf (Ethyl acetate : Petrol, 2 : 1) = 0.61

HRMS –  C10H14O3PBr: 292.9937, found: [M+H]+ = 292.9940 
These data are in agreement with the literature.49

1-Bromonaphthalen-2-yl trifluoromethanesulfonate (47) 


	1-Bromo-2-naphthol (5.00 g, 22.4 mmol) was placed into a flame dried, nitrogen filled Schlenk flask. Pyridine (3.63 mL, 44.8 mmol), triflic anhydride (4.71 mL, 28.0 mmol) and dry dichloromethane (23 mL) were then added to the Schlenk flask and the resulting mixture stirred for 1 hour at room temperature. After washing with hydrochloric acid (1M, 15 mL) and saturated aqueous sodium hydrogencarbonate (10 mL), the aqueous layer formed was then extracted with dichloromethane (3 x 30 mL) and the combined organic extracts were dried (MgSO4), filtered and the solvent removed under reduced pressure to leave the crude product. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, petrol : ethyl acetate 50 : 1) gave 1-bromonaphthalen-2-yl trifluoromethanesulfonate 47 (85%, 6.75 g, 19.1 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.31 (1H, d, J = 8.6 Hz, Ar-H), 7.89 (2H, d, J = 8.6 Hz, Ar-H), 7.71 – 7.67 (1H, m Ar-H), 7.63 – 7.59 (1H, m, Ar-H), 7.43 (1H, d, J = 9.0 Hz, Ar-H).
13C NMR (125 MHz, CDCl3) δ 145.1, 133.1, 132.7, 129.8, 128.9, 128.4, 127.9, 127.8, 120.0, 118.8 (q, J = 321 Hz), 116.3.
Melting point: 30.6 – 31.0 oC
IR (neat) (cm-1): 3085.8, 1591.6 
Rf (petrol : ethyl acetate, 50 : 1) = 0.44
HRMS – Anal. Calcd. for C11H6O3SBrF3: 353.9173, found: [M+H]+ = 353.9172.



Diethyl (1-bromonaphthalen-2-yl)phosphonate (48)


	1-Bromonaphthalen-2-yl trifluoromethanesulfonate (3.00 g, 8.48 mmol), tris(dibenzylideneacetone)dipalladium (0.194 g, 0.212 mmol, 5 mol % Pd) and 1,3-bis(diphenylphosphino)propane (0.175 g, 0.424 mmol, 5 mol % ligand)  were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl phosphite (1.30 mL, 10.2 mmol), diisopropylethylamine (2.20 mL, 12.7 mmol) and dry toluene (20 mL) were then added to the Schlenk flask and the reaction mixture was stirred at 110 oC for 40 hours. The reaction mixture was filtered through celite and the solvent from the resulting filtrate removed under reduced pressure to leave the crude product as an orange oil. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, petrol : ethyl acetate 3 : 2) gave diethyl (1-bromonaphthalen-2-yl)phosphonate 48 (86 %, 2.51 g, 7.30 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.46 (1H, d, J = 7.8 Hz, Ar-H), 8.03 (1H, dd, J = 12.3 and 8.5 Hz, Ar-H), 7.87 - 7.82 (2H, m, Ar-H), 7.65 - 7.59 (2H, m, Ar-H), 4.28 - 4.09 (4H, m, OCH2CH3), 1.36 (6H, t, J = 7.1 Hz, OCH2CH3).
13C NMR (125 MHz, CDCl3) δ 136.1 (d, J = 1.9 Hz), 132.6 (d, J = 13.0 Hz), 130.4 (d, J = 7.9 Hz), 128.8, 128.5, 128.3, 128.2, 127.7 (d, J = 190.8 Hz), 127.7, 127.5, 62.8 (d, J = 5.5 Hz), 16.4 (d, J = 6.7 Hz)
31P NMR (162 MHz, CDCl3) δ 16.1 (s)
Melting point: 63.1 – 64.1 oC. (Literature:  66 - 67 oC) 24
IR (neat) (cm-1): 2980.7, 1586.8, 1548.9, 1155.9, 984.5
Rf (petrol : ethyl acetate, 3 : 2) = 0.32
HRMS – Anal. Calcd. for C14H16O3PBr: 343.1576, found: [M+H]+ = 343.1573.


Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (49)

	

Diethyl (1-bromonaphthalen-2-yl)phosphonate (1.50 g, 4.37 mmol), bis(pinacolato)diboron (1.66 g, 6.55 mmol), potassium acetate (1.28 g, 13.11 mmol) and Pd(dppf)Cl2 (0.159 g, 0.218 mmol, 5 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Dry 1,4-dioxane (22 mL) was added to the Schlenk flask and the resulting mixture stirred at 90 oC for a period of 18 hours. The reaction mixture was left to cool to room temperature and diluted by adding water (20 mL). The resulting mixture was extracted using diethyl ether (3 x 50 mL) and the combined diethyl ether layers were dried (MgSO4), filtered and the solvent of the filtrate removed under reduced pressure to leave the crude product as a brown oil. Purification of the crude product by column chromatography (4.5 x 22 cm silica column, ethyl acetate : petrol 2 : 1) gave diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate 49 (82%, 1.40 g, 3.59 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.08 - 8.06 (1H, m, Ar-H), 7.88 – 7.81 (2H, m, Ar-H), 7.72 (1H, dd, J = 11.3 and 8.5 Hz, Ar-H), 7.54 – 7.52 (2H, m, Ar-H), 4.22 – 4.14 (2H, m, OCH2CH3), 4.07 - 3.99 (2H, m, OCH2CH3), 1.53 (12H, s, C(CH3)2), 1.29 (6H, t, J = 7.1 Hz, OCH2CH3).
13C NMR (125 MHz, CDCl3) δ 135.4, 135.2, 134.3 (d, J = 2.6 Hz), 129.4 (d, J = 184.8 Hz), 129.1 (d, J = 14.1Hz), 128.6, 128.4, 127.8, 126.7, 126.6 (d, J = 10.7 Hz), 84.8, 62.1 (d, J = 4.5 Hz), 25.9, 16.4 (d, J = 6.5 Hz).
31P NMR (162 MHz, CDCl3) δ 21.4 (s)
11B NMR (128 MHz, CDCl3) δ 29.6 (s)
Melting point: 86 - 88 oC.
IR (neat) (cm-1): 2979.0, 2933.6, 1154.3, 990.8
Rf (ethyl acetate : petrol, 2 : 1) = 0.78
HRMS – Anal. Calcd. for C20H28O5BP: 391.1846, found: [M+H]+ = 391.1842.

[Pd{κ2-N2′,C1-2-(2′-aminophenyl)phenyl}Cl{11-(dicyclohexylphosphino)-12-phenyl-9,10-dihydro-9,10-ethenoanthracene}] (52)
	



[Pd{k2-N2′,C1-2-(2′-aminophenyl)phenyl}(μ-Cl)]2 (0.10 g, 0.16 mmol) and acetone (9 mL) were added to a 100 mL round bottomed flask. A solution of CyKITPHOS (0.16 g, 0.32 mmol) was dissolved in dichloromethane (6 mL) was placed in the round bottomed flask and the resulting mixture was stirred for 2 hours at room temperature. The solvent of the reaction mixture was removed under reduced pressure to leave the crude product as a dark green solid. The crude product was purified by column chromatography (2 x 14 cm silica column, dichloromethane : methanol (97 : 3)) to give [Pd{κ2-N2′,C1-2-(2′-aminophenyl)phenyl}Cl{11-(dicyclohexylphosphino)-12-phenyl-9,10-dihydro-9,10-ethenoanthracene}] 52 (100%, 0.13 g, 0.16 mmol) as a brown solid.
1H NMR (400 MHz, CDCl3) δ 7.81 (1H, br s, Ar-H), 7.51 – 7.44 (1H, m, Ar-H), 7.40 – 7.35 (1H, m, Ar-H), 7.33 – 7.10 (11H, m, Ar-H), 7.03 (4H, br d, Ar-H), 6.97 (1H, t, J = 7.4 Hz), 6.57 (1H, t, J = 7.2 Hz), 6.16 – 6.11 (1H, m, Ar-H), 6.10 – 6.02 (1H, m, bridgehead H) 5.20 (1H, d, J = bridgehead H), 4.98 – 4.76 (1H, m, N-H), 4.62 – 4.50 (1H, m, N-H), 2.91 – 2.75 (1H, m, Cy-H), 2.26 – 2.12 (1H, m, Cy-H), 1.72 – 1.50 (3H, m, Cy-H), 1.41 – 1.12 (5H, m, Cy-H) 1.02 – 0.89 (8H, m, Cy-H), 0.79 – 0.64 (2H, m, Cy-H), 0.28 – 0.14 (1H, m, Cy – H), 0.11 - -0.05 (1H, m, Cy – H).
13C NMR (125 MHz, CDCl3) δ 159.4, 148.2, 145.0, 144.7, 144.4, 143.7, 140.4 (d, J = 1.5 Hz), 140.0, 139.2, 135.7 (d, J = 8.9 Hz), 135.5, 134.9 (d, J = 29.5 Hz), 128.7, 128.1, 127.7, 127.6, 126.9, 126.8, 126.3, 125.2 (d, J = 5.2 Hz), 125.0, 124.6, 123.8, 123.0, 122.7, 120.3, 62.3 (d, J = 6.4 Hz), 56.5 (d, J = 15.2 Hz), 37.3 (d, J = 26.4 Hz), 36.6 (d, J = 20.5 Hz), 32.4, 30.9, 30.2, 29.8, 28.0, 27.6, 27.5, 27.3, 26.3, 25.9
31P NMR (162 MHz, CDCl3) δ 48.1 (s)
Melting point: 187.7 – 188.4 oC. 
IR (neat) (cm-1): 3330.5, 3255.3, 3110.8, 3044.0, 2927.2, 2850.5, 1608.6, 1570.6.
Rf (dichloromethane:methanol (97:3)) = 0.37
LRMS – found: [M+H]+ = 787.2 

(2-Dicyclohexylphosphino-2’,4’,6’-triisopropyl-1,1’-biphenyl)[2-(2’-amino-1,1’-biphenyl)]palladium(II) methanesulfonate pre-catalyst (53)45 


	2-Aminobiphenyl mesylate palladium dimer 37 (1.00 g, 1.48 mmol) and XPhos ligand (1.41 g, 2.96 mmol) were placed into a flame dried Schlenk flask and dry THF (5 mL) was added. The reaction mixture was stirred at room temperature for 30 mins, after which 90 % of the solvent was removed under reduced pressure to give the crude product, which was seen as a brown oil with precipitate. Purification via trituration with hexanes gave the (2-dicyclohexylphosphino-2’,4’,6’-triisopropyl-1,1’-biphenyl)[2-(2’-amino-1,1’-biphenyl)]palladium(II) methanesulfonate pre-catalyst 39 as a grey solid (2.06 g, 3.00 mmol, 86 % yield).
31P NMR (162 MHz, CDCl3):  = 64.4, 35.4. This is consistent with the data reported in the literature.55


[Pd{κ2-N2′,C1-2-(2′-aminophenyl)phenyl}Cl{11-(diphenylphosphino)-12-phenyl-9,10-dihydro-9,10-ethenoanthracene}] (58)

	



[Pd{k2-N2′,C1-2-(2′-aminophenyl)phenyl}(μ-Cl)]2 (0.25 g, 0.41 mmol) and acetone (9 mL) were added to a 100 mL round bottomed flask. A solution of PhKITPHOS (0.38 g, 0.81 mmol,) in dichloromethane (6 mL) was added to the round bottomed flask and the reaction mixture was stirred for 2 hours at room temperature. The solvent of the mixture was removed under reduced pressure to leave the crude product as a dark green solid. The crude product was purified by column chromatography (2 x 13 cm silica column, dichloromethane until all impurities had been collected followed by dichloromethane : methanol (99 : 1)) to give [Pd{κ2-N2′,C1-2-(2′-aminophenyl)phenyl) }Cl{11-(diphenylphosphino)-12-phenyl-9,10-dihydro-9,10-ethenoanthracene}] 58 (60%, 0.38 g, 0.48 mmol) as a brown solid.
1H NMR (400 MHz, CDCl3) δ 7.42–6.80 (29H, m, Ar-H), 6.25 – 6.21 (1H, m, Ar-H), 6.15 (1H, t, J = 7.2 Hz, Ar-H), 5.32 (1H, d, J = 3.5 Hz, 1H, bridgehead H), 5.18 (1H, d, J = 7.7 Hz, bridgehead H), 4.77 (2H, br s, NH2)
13C NMR (125 MHz, CDCl3) δ 162.1 (d, J = 7.7 Hz), 148.1, 144.8, 144.4, 139.9, 138.6, 138.5, 138.4, 137.5, 137.4, 135.3 (br), 135.3, 135.2, 130.2, 129.7, 128.0 – 127.6 (m), 127.2 (d, J = 4.2 Hz), 126.0, 125.5, 125.1, 125.0 (d, 1.4), 124.0, 123.2, 120.4, 61.0 (d, J = 7.8 MHz), 55.4 (d, J = 5.5 Hz)
31P NMR (162 MHz, CDCl3) δ 30.9 (s)
Melting point: 184.8 – 186.2 oC.
IR (neat) (cm-1): 3053.6, 1569.9 
Rf (dichloromethane : methanol, 99 : 1) = 0.69
HRMS – Anal. Calcd. for C46H35NPClPd: 773.1230, found: [M+H]+ = 773.1208

Diethyl [1,1’-biphenyl]-2-yl phosphonate (62a) 

	

Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS) (0.00078g, 0.001 mmol, 0.5 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.102 g, 0.3 mmol), bromobenzene (0.02 mL, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred at 70 oC for 1 hour. The reaction mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica and the solvent of the filtrate removed under reduced pressure to yield the crude product as a green oil. Purification of the crude product by column chromatography (2 x 11 cm silica column, ethyl acetate: petrol 2:1) gave diethyl [1,1’-biphenyl]-2-yl phosphonate 62a (67%, 0.0386 g, 0.133 mmol) as a colourless oil.
1H NMR (400 MHz, CDCl3) δ 8.03 (1H, qd, J = 14.4 and 1.4 Hz, Ar-H), 7.54 (1H, tt, J = 7.4 and 1.4 Hz, Ar-H), 7.45 – 7.34 (6H, m, Ar-H), 7.33 – 7.29 (1H, m, Ar-H), 3.96 – 3.76 (4H, m, OCH2CH3), 1.10 (6H, t, J = 7.0 Hz, OCH2CH3).
13C NMR (125 MHz, CDCl3) δ 146.1 (d, J = 9.8 Hz), 141.5 (d, J = 4.1 Hz), 133.9 (d, J = 9.7 Hz), 132.0. (d, J = 2.7 Hz), 131.5 (d, J = 14.2 Hz), , 129.4, 127.6, 127.5, 127.0 (d, J = 187.1 Hz), 127.0 (d, J = 14.5 Hz), 61.9 (d, J = 6.1 Hz), 16.1 (d, J = 6.9 Hz).
31P NMR (162 MHz, CDCl3) δ 18.8 (s)
IR (neat) (cm-1): 3057.2, 2981.1, 2931.9, 2903.6, 1590.4, 1562.5, 1156.2, 992.4            
Rf (ethyl acetate : petrol, 2 : 1) = 0.78
HRMS – Anal. Calcd. for C16H19O3P: 291.1150, found: [M+H]+ = 291.1139


Diethyl (4'-methoxy-[1,1'-biphenyl]-2-yl)phosphonate (62b)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) dissolved in dry THF (5 mL) was added to the Schlenk flask and the solution was cooled to 0 °C. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred at 0 °C for 120 minutes under nitrogen to form the Grignard reagent. The reaction mixture was left to warm to room temperature and Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 4-bromoanisole (0.083 g, 0.44 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added to the reaction mixture, which was allowed to react at room temperature under nitrogen for 18 hours. The reaction was quenched with water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the filtrate’s solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 3:1) gave diethyl (4'-methoxy-[1,1'-biphenyl]-2-yl)phosphonate 62b (70%, 0.0762g, 0.238 mmol) as a colourless oil.


1H NMR (400 MHz, CDCl3): δ 7.95 (1 H, ddd, J = 8.7 Hz, 8.6 Hz, 0.5 Hz), 7.49-7.46 (1 H, m), 7.39 - 7.28 (3 H, m), 7.24 - 7.22 (1 H, m), 6.87 - 6.84 (2H, m), 3.89 – 3.77 (4 H, m), 3.82 (3H, s), 1.12 (6 H, t, J = 8.4 Hz),

13C NMR (125 MHz, CDCl3): δ 159.1 (s), 145.6 (d, J = 3.7 Hz), 133.2 (s), 133.0 (s), 133.0 (s), 132.0 (s), 131.7 (s), 131.6 (d, J = 2.8 Hz), 130.8 (s), 128.8 (d, J = 5.1 Hz), 127.3 (d, J = 187.5 Hz), 126.9 (d, J = 8.2Hz) 112.9 (s), 61.8 (d, J = 22.8 Hz), 55.3 (s), 16.2 (d, J = 24.4 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 18.4.

IR (neat) (cm-1): 2982.3, 1610.2, 1517.3, 1153.9, 990.5
Rf (petrol : ethyl acetate, 3 : 1)  = 0.10
HRMS - Anal. Calcd. for C17H21O4P: 321.1252, found: [M+H]+ = 321.1256.

Diethyl (4'-chloro-[1,1'-biphenyl]-2-yl)phosphonate (62c)











A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) dissolved in dry THF (5 mL) was added to the solution and was cooled to 0 °C. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred for 120 minutes at 0 °C under nitrogen to form the Grignard reagent. The reaction mixture was left to warm to room temperature and Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 4-bromochlorobenzene (0.035 mL, 0.37 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added to the polyfunctional arylzinc pivalate and allowed to react at room temperature under nitrogen for 18 hours. The reaction was diluted with water (5 mL) and then extracted with EtOAc (3 × 15 mL). The EtOAc layers were combined, dried (MgSO4), filtered and the solvent of the filtrate was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 2:1) gave diethyl (4'-chloro-[1,1'-biphenyl]-2-yl)phosphonate 62c as a colourless oil. However, due to the presence of diethylphenylphosphonate after the column, the yield was calculated using the mass of the mixed products and the integration of the 31P NMR peaks (29%, 0.0320g, 0.098 mmol).


1H NMR (400 MHz, CDCl3): 7.95 (1 H, ddd, J = 8.9 Hz, 8.2 Hz, 0.5 Hz), 7.77-7.72 (1 H, m), 7.49 - 7.47 (1 H, m), 7.41 - 7.37 (2 H, m), 7.30 - 7.26 (2 H, m), 7.22 – 7.20 (1H, m) 3.85 – 3.77 (4 H, m), 1.06 (6 H, t, J = 8.1 Hz),

13C NMR (125 MHz, CDCl3): N/A as product obtained is contaminated with diethylphenylphosphonate.

31P {1H} NMR (400 MHz, CDCl3): δ 18.0.

IR (neat) (cm-1): 2985.0, 1523.9, 1156.1, 989.8
Rf (petrol : ethyl acetate, 2 : 1)  = 0.29
HRMS - Anal. Calcd. for C16H18ClO3P: 325.0761, found: [M+H]+ = 325.0760


Diethyl (4’-acetyl-[1,1’-biphenyl]-2-yl) phosphonate (62k)

	


Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00078g, 0.001 mmol, 0.5 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.102 g, 0.3 mmol), 4-bromoacetophenone (0.03 mL, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added to the Schlenk flask and the resulting mixture was stirred at 70 oC for 16 hours. The reaction mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica and the solvent of the filtrate removed under reduced pressure to yield the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’-acetyl-[1,1’-biphenyl]-2-yl phosphonate 62k (43%, 0.0287 g, 0.086 mmol) as a colourless oil.
1H NMR (400 MHz, CDCl3) δ 8.03 (1H, ddd, J = 14.3, 7.8 and 1.2 Hz, Ar-H), 7.98 (2H, d, J = 8.3 Hz, Ar-H), 7.57 (1H, tt, J = 7.6 and 1.4 Hz, Ar-H), 7.53 (2H, d, J = 8.4 Hz, Ar-H), 7.47 (1H, tdd, J = 7.6, 3.4 and 1.2 Hz, Ar-H), 7.30 (1H, ddd, J = 7.1, 5.6 and 0.8 Hz, Ar-H) 3.97 – 3.82 (4H, m, OCH2CH3), 2.63 (3H, s, C(O)CH3), 1.12 (6H, t, J = 7.1 Hz, OCH2CH3).
13C NMR (125 MHz, CDCl3) δ 198.0, 146.5 (d, J = 4.3 Hz), 144.9 (d, J = 9.6 Hz), 136.1 (s), 133.9 (d, J = 9.5 Hz), 132.2 (d, J = 2.5 Hz), 131.1 (d, J = 13.9 Hz), 129.8, 127.7, 127.5, 127.0 (d, J = 187.2 Hz) 126.1, 62.0 (d, J = 6.1 Hz), 26.8, 16.2 (d, J = 6.6 Hz).
31P NMR (162 MHz, CDCl3) δ 18.2 (s)
IR (neat) (cm-1): 3064.0, 2983.1, 2903.5, 1680.8, 1605.3, 1569.9, 1152.9, 991.7
Rf (ethyl acetate : petrol, 2 : 1) = 0.22
HRMS – Anal. Calcd. for C18H21O4P: 333.1256, found: [M+H]+ = 333.1268.

Diethyl (4'-methyl-[1,1'-biphenyl]-2-yl)phosphonate (62l)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was dissolved in dry THF (5 mL) and the solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred at 0 °C for 120 minutes under nitrogen to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 4-bromotoluene (0.109 g, 0.64 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was allowed to react at room temperature under nitrogen for 18 hours. The reaction was quenched with water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 3:2) gave diethyl (4’-methyl-[1,1’-biphenyl]-2-yl phosphonate 62l (77%, 0.0794 g, 0.261 mmol) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ 7.96 (1 H, d.q, J = 8.3 Hz), 7.48 – 7.45 (1 H, m), 7.39 -7.35 (1 H, m), 7.27 – 7.23 (3 H, m), 7.13 (2 H, d, J = 8.5 Hz), 2.33 (3 H, s), 3.90 – 3.76 (4 H, m), 1.07 (6 H, t, J = 8.0 Hz),

13C NMR (125 MHz, CDCl3): δ146.1 (s), 138.5 (s), 137.1 (s), 133.9 (d, J = 40.3 Hz), 131.9 (d, J = 12.1 Hz), 131.5 (d, J = 52.2  Hz), 129.2 (s), 128.2 (s), 126.7 (d, J = 187.3 Hz), 126.0 (s), 61.8 (d, J = 20.3 Hz), 21.2 (s), 16.1 (d, J = 28.2 Hz).

31P {1H} NMR (400 MHz, CDCl3): δ 18.3.

IR (neat) (cm-1): 2982.3, 1594.3, 1559.8, 1517.3, 1152.3, 991.8
Rf (petrol : ethyl acetate, 3 : 2)  = 0.36
HRMS - Anal. Calcd. for C17H21O3P: 305.1309, found: [M+H]+ = 305.1307

Diethyl (3'-methyl-[1,1'-biphenyl]-2-yl)phosphonate (62m)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was dissolved in dry THF (5 mL) and the resulting solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred at 0 °C for 120 minutes under nitrogen to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 3-bromotoluene (0.076 g, 0.44 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the resulting mixture was allowed to react for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 5:1) gave diethyl (3’-methyl-[1,1’-biphenyl]-2-yl phosphonate 62m as a colourless oil. However due to the presence of diethylphenylphosphonate after the column, the yield was calculated using the mass of the mixed products and the integration of the 31P NMR peaks (45%, 0.0465 g, 0.15 mmol).


1H NMR (400 MHz, CDCl3): δ 7.94 (1 H, dd, J = 8.0 Hz, 3.9 Hz), 7.46 (1 H, m), 7.36 - 7.25 (2 H, m), 7.29 - 7.06 (4 H, m),  3.89 – 3.72 (4 H, m), 2.31 (3 H, s), 1.06 (6 H, t, J = 8.0 Hz),

13C NMR (125 MHz, CDCl3): N/A as product obtained is contaminated with diethylphenylphosphonate.

31P {1H} NMR (400 MHz, CDCl3): δ 18.2.

IR (neat) (cm-1): 2985.0, 1607.6, 1589.0, 1562.4, 1151.9, 993.6
Rf (petrol : ethyl acetate, 5 : 1)  = 0.057
HRMS - Anal. Calcd. for C17H21O3P: 305.1307, found: [M+H]+ = 305.1309


Diethyl (4'-cyano-[1,1'-biphenyl]-2-yl)phosphonate (62n)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was dissolved in dry THF (5 mL) and the resulting solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred for 120 minutes at 0 °C under nitrogen to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 4-bromobenzonitrile (0.109 g, 0.60 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was allowed to react under nitrogen for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 2:1) gave diethyl (4'-cyano-[1,1'-biphenyl]-2-yl)phosphonate 62n (58%, 0.0622g, 0.19 mmol) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ 8.00 (1 H, ddd, J = 9.0 Hz, 8.7 Hz, 0.6 Hz), 7.68 (2 H, d, J = 6.7 Hz), 7.56 - 7.39 (4 H, m), 7.25 - 7.23 (1 H, m), 3.96 – 3.75 (4 H, m), 1.09 (6 H, t, J = 9.2 Hz),

13C NMR (125 MHz, CDCl3): δ 145.2 (d, J = 8.4 Hz), 142.9 (s), 132.8 (d, J = 18.5Hz), 131.2 (d, J = 12.8 Hz), 130.3 (s), 129.8 (d, J = 56.3 Hz), 129.2 (s), 126.8 (d, J = 186.9 Hz), 125.1 (s), 117.8 (s), 110.3 (s), 61.0 (d, J = 24.6 Hz), 15.1 (d, J = 28.1 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 17.2.

IR (neat) (cm-1): 2982.3, 2231.2, 1610.2, 1589.0, 1154.5, 990.3
Rf (petrol : ethyl acetate, 2 : 1)  = 0.06
HRMS - Anal. Calcd. for C17H18NO3P: 316.1121, found: [M+H]+ = 316.1103.

Diethyl (3'-cyano-[1,1'-biphenyl]-2-yl)phosphonate (62o) 










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was dissolved in dry THF (5 mL) and the resulting solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred for 120 minutes at 0 °C to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 3-bromobenzonitrile (0.080 g, 0.44 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was allowed to react under nitrogen for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 5:1) gave diethyl (3'-cyano-[1,1'-biphenyl]-2-yl)phosphonate 62o (29%, 0.0311g, 0.098 mmol) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ 8.00 (1 H, ddd, J = 8.9 Hz, 8.5 Hz, 0.4 Hz), 7.73 – 7.70 (1 H, m), 7.66 - 7.62 (2 H, m), 7.57 - 7.53 (1 H, m), 7.49 -7.43 (2H, m), 7.26 – 7.23 (1H, m), 3.94 – 3.79 (4 H, m), 1.09 (6 H, t, J = 8.7 Hz),

13C NMR (125 MHz, CDCl3): δ 143.3 (d, J = 8.9 Hz), 142.6 (d, J = 2.3 Hz), 134.0 (d, J = 8.7 Hz), 133.9 (s), 133.0 (s), 132.2 (s), 131.2 (s), 131.0 (s), 128.3 (s), 130.0 (s), 127.9 (s), 127.8 (s) 127.3 (d, J = 188.0 Hz), 117.8 (s), 110.3 (s), 62.0 (d, J = 20.2 Hz), 16.1 (d, J = 25.4 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 17.4.

IR (neat) (cm-1): 2985.0, 2228.6, 1591.6, 1578.4, 1562.4, 1157.3, 989.3
Rf (petrol : ethyl acetate, 5 : 1)  = 0.06
HRMS - Anal. Calcd. for C17H18NO3P: 316.1121, found: [M+H]+ = 316.1103


Diethyl (3'-methoxy-[1,1'-biphenyl]-2-yl)phosphonate (62q)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was dissolved in dry THF (5 mL) and the resulting solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred for 120 minutes at 0 °C to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 3-bromoanisole (0.083 g, 0.44 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was allowed to react under nitrogen for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 3:1) gave diethyl (3'-methoxy-[1,1'-biphenyl]-2-yl)phosphonate 62q (70%, 0.0762g, 0.238 mmol) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ 7.96 (1 H, ddd, J = 9.0 Hz, 8.7 Hz, 0.7 Hz), 7.51-7.46 (1 H, m), 7.40 - 7.35 (1 H, m), 7.29 - 7.21 (2 H, m), 6.98 - 6.93 (2 H, m), 6.87 – 6.83 (1 H, m) 3.93 – 3.74 (4 H, m), 3.78 (3H, s), 1.07 (6 H, t, J = 9.2 Hz),

13C NMR (125 MHz, CDCl3): δ 157.1 (s), 145.8 (d, J = 4.1 Hz), 143.1 (s), 134.2 (s), 132.1 (s), 131.6 (d, J = 9.5 Hz), 129.0 (s), 128.9 (d, J = 186.9 Hz), 127.1 (d, J = 7.9 Hz), 121.6 (s), 115.1 (s), 113.8 (s), 62.1 (d, J = 20.1 Hz), 55.7 (s), 16.2 (d, J = 25.6 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 18.2.

IR (neat) (cm-1): 2982.3, 1602.3, 1589.0, 1562.4, 1150.9, 992.1
Rf (petrol : ethyl acetate, 3 : 1)  = 0.09
HRMS - Anal. Calcd. for C17H21O4P: 321.1259, found: [M+H]+ = 321.1256

Diethyl (2-(pyridin-3-yl)phenyl)phosphonate (62r)










A Schlenk flask was flame-dried and allowed to cool to room temperature and back-filled with nitrogen. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) dissolved in dry THF (5 mL) was added and the solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred for 120 minutes under nitrogen at 0 °C to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The resulting mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 3-bromopyridine (0.043 mL, 0.45 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was allowed to react under nitrogen for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined and dried (MgSO4), filtered and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate : methanol, 10:1) gave diethyl (2-(pyridin-3-yl)phenyl)phosphonate 62r (51%, 0.0505g, 0.173 mmol) as a colourless oil.

1H NMR (400 MHz, CDCl3): δ 8.56 (2H, s), 8.02 (1 H, ddd, J = 9.6 Hz, 9.3 Hz, 0.6 Hz), 7.76-7.73 (1 H, m), 7.56 - 7.52 (1 H, m), 7.46 - 7.43 (1 H, m), 7.30 - 7.26 (2 H, m), 3.92 – 3.80 (4 H, m), 3.78 (3H, s), 1.08 (6 H, t, J = 8.8 Hz),

13C NMR (125 MHz, CDCl3): δ 149.4 (d, J = 8.2 Hz), 148.3 (d, J = 12.1 Hz), 142.0 (d, J = 4.8 Hz), 137.1 (d, J = 10.5 Hz), 134.5 (s), 134.0 (d, J = 5.1 Hz), 132.2 (d, J = 2.0 Hz), 131.3 (d, J = 3.9 Hz), 127.7 (d, J = 4.0 Hz), 127.6 (d, J = 185.4 Hz), 122.4 (s), 62.0 (d, J = 20.1 Hz), 16.1 (d, J = 23.89 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 17.5.

IR (neat) (cm-1): 2985.0, 1594.3, 1570.4, 1152.3, 989.6
Rf (ethyl acetate : methanol, 10 : 1)  = 0.37
HRMS - Anal. Calcd. for C15H18NO3P: 292.1109, found: [M+H]+ = 292.1103.

Diethyl (2-(3H-1λ3-thiophen-3-yl)phenyl)phosphonate (62s)










A Schlenk flask was flame-dried and left to cool to room temperature. Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) dissolved in dry THF (5 mL) and the resulting solution was cooled using an ice bath. iPrMgCl (0.19 mL, 0.37 mmol) was added and the reaction mixture was stirred under nitrogen for 120 minutes at 0 °C to form the Grignard reagent. After warming the reaction mixture to room temperature, Zn(OPiv)2 (0.100 g, 0.37 mmol) was then added. The reaction mixture was stirred for 40 minutes at room temperature to form the polyfunctional arylzinc pivalate. 3-bromothiophene (0.035 mL, 0.37 mmol), Pd(XPhos)OMs (0.0014 g, 0.0017 mmol), and XPhos (0.0081 g, 0.0017 mmol) were added and the reaction mixture was left to react under nitrogen for 18 hours at room temperature. The reaction was diluted using water (5 mL) and then extracted with EtOAc (3 × 15 mL). The organic layers were combined, dried (MgSO4) and the solvent was removed under reduced pressure. Purification of the crude product by column chromatography (2 x 12 cm silica column, petrol : ethyl acetate, 2:1) gave diethyl (2-(3H-1λ3-thiophen-3-yl)phenyl)phosphonate 62s as a colourless oil. However, due to the presence of diethylphenylphosphonate after the column, the yield was calculated using the mass of the mixed products and the integration of the 31P NMR peaks (60%, 0.0604g, 0.204 mmol).

1H NMR (400 MHz, CDCl3): 7.94 (1 H, ddd, J = 9.1 Hz, 8.8 Hz, 0.6 Hz), 7.78-7.71 (1 H, m), 7.48 - 7.45 (1 H, m), 7.43 - 7.33 (2 H, m), 7.27 - 7.24 (1 H, m), 7.21 – 7.19 (1H, m) 3.86 – 3.78 (4 H, m), 1.08 (6 H, t, J = 9.8 Hz),

13C NMR (125 MHz, CDCl3): N/A as product obtained is contaminated with diethylphenylphosphonate.

31P {1H} NMR (400 MHz, CDCl3): δ 18.2.

IR (neat) (cm-1): 2979.6, 1716.4, 1591.6, 1567.8, 1150.9, 994.1
Rf (petrol : ethyl acetate, 2 : 1)  = 0.29
HRMS - Anal. Calcd. for C14H17O3PS: 297.0718, found: [M+H]+ = 297.0714


Diethyl (1-(4’-methoxyphenyl)naphthalen-2-yl)phosphonate (63a)

	


Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00078g, 0.001 mmol, 0.5 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (0.117 g, 0.3 mmol), 4- bromoanisole (0.037 g, 0.20 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred for 2 hours at 70 oC. The reaction mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica, flushing with CH2Cl2/MeOH (9:1) and the solvent of the filtrate removed under reduced pressure to leave the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (1-(4’-methoxyphenyl)naphthalen-2-yl)phosphonate 63a (68%, 0.0504 g, 0.136 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.07 (dd, J = 12.1, 8.6 Hz, 1H, Ar-H), 7.93–7.90 (m, 1H, Ar-H), 7.88 (d, J = 8.5 Hz, 1H, Ar-H), 7.54 (t, J = 7.4 Hz, 1H, Ar-H), 7.50 (d, J = 8.5 Hz, 1H, Ar-H), 7.41–7.37 (m, 1H, Ar-H), 7.29 (d, J = 8.6 Hz, 2H, Ar-H), 7.01 (d, J = 8.6 Hz, 2H, Ar-H), 4.00–3.82 (m, 4H, -OCH2CH3), 3.90 (s, 3H, -OCH3), 1.20 (t, J = 7.1 Hz, 6H, -OCH2CH3);
13C NMR (125 MHz, CDCl3) δ 159.3, 145.4 (d, J = 10.4 Hz,), 135.2 (d, J = 2.5 Hz), 133.5 (d, J = 16.1 Hz), 131.8, 130.5 (d, J = 5.7 Hz), 128.4 (d, J = 10.1 Hz), 127.9, 127.8, 127.8, 127.3 (d, J = 14.4 Hz), 126.6, 125.1 (d, J = 188 Hz), 113.0, 61.8 (d, J = 6.0 Hz), 55.4, 16.3 (d, J = 6.7 Hz);
31P NMR (162 MHz, CDCl3) δ 19.0 (s)
Melting point: 105 oC;
IR (neat) (cm-1): 3064.0, 2985.1, 2906.4, 1683.6, 1608.1, 1570.8, 1237.3, 1021.8, 972.4, 956.9
HRMS - Anal. Calcd. for C21H24O4P: 371.1412, found: [M+H]+ = 371.1397.

Diethyl (1-(4-chlorophenyl)naphthalen-2-yl)phosphonate (63b)

	

Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00078g, 0.001 mmol, 0.5 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (0.117 g, 0.3 mmol), 4- chlorobromobenzene (0.0383 mg, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred for 2 hours at 70 oC. The mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica, flushing with CH2Cl2/MeOH (9:1) and the solvent of the filtrate removed under reduced pressure to leave the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (1-(4-chlorophenyl)naphthalen-2-yl)phosphonate 63b (81%, 0.061 g, 0.162 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.07 (dd, J = 12.1, 8.6 Hz, 1H, Ar-H), 7.95 (dd, J = 8.6, 3.7 Hz, 1H, Ar-H), 7.90 (d, J = 8.2 Hz, 1H, Ar-H), 7.57 (ddd, J = 8.1, 5.0, 2.9 Hz, 1H, Ar-H), 7.46 (d, J = 8.3 Hz, 2H, Ar-H), 7.42–7.41 (m, 2H, Ar-H), 7.31 (d, J = 8.3 Hz, 2H, Ar-H), 4.02–3.84 (m, 4H, OCH2CH3), 1.20 (t, J = 7.1 Hz, 6H, OCH2CH3);
13C NMR (125 MHz, CDCl3) δ 144.0 (d, J = 9.9 Hz), 136.9 (d, J = 5.2 Hz), 135.1 (d, J = 2.4 Hz), 133.9, 132.9 (d, J = 15.7 Hz), 132.1, 128.3 (d, J = 9.7 Hz), 128.1, 128.0, 127.8 (d, J = 14.0 Hz), 127.8, 127.5, 126.9, 125.1 (d, J = 188 Hz), 62.0 (d, J = 5.9 Hz), 16.3 (d, J = 6.7 Hz);
31P NMR (162 MHz, CDCl3) δ 18.6 (s)
Melting point: 60–61 oC;
IR (neat) (cm-1): 3061.0, 2984.8, 2907.6, 1679.6, 1606.7, 1570.2, 1241.1, 1049.3, 1016.8, 955.2, 818.7, 749.4, 666.7, 566.2
HRMS - Anal. Calcd. for C20H20O3PCl: 375.0863, found: [M+H]+ = 375.0868.

Diethyl (1-(o-tolyl)naphthalen-2-yl)phosphonate (63c)
	


Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00312g, 0.004 mmol, 2.0 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (0.117 g, 0.3 mmol), 2- bromotoluene (0.034 mL, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred for 16 hours at 70 oC. The mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica, flushing with CH2Cl2/MeOH (9:1) and the solvent of the filtrate removed under reduced pressure to leave the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (1-(o-tolyl)naphthalen-2-yl)phosphonate 63c (76%, 0.054 g, 0.152 mmol) as a colourless oil.
1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J = 12.1, 8.6 Hz, 1H, Ar-H), 7.94–7.92 (m, 1H, Ar-H), 7.90 (d, J = 8.6 Hz, 1H, Ar-H), 7.55 (t, J = 7.44 Hz, 1H, Ar-H), 7.39–7.28 (m, 5H, Ar-H), 7.21 (d, J = 6.8 Hz, 1H, Ar-H), 3.99–3.73 (m, 4H, -OCH2CH3), 1.92 (s, 3H, CH3), 1.19 (t, J = 7.1 Hz, 6H, OCH2CH3);
13C NMR (125 MHz, CDCl3) δ 145.0 (d, J = 10.0 Hz), 137.9 (d, J = 5.2 Hz), 137.7, 135.1 (d, J = 2.5 Hz), 132.5 (d, J = 16.3 Hz), 130.8, 129.4, 128.4 (d, J = 10.3 Hz), 128.1, 127.9, 127.4 (d, J = 14.5 Hz), 127.2, 126.9, 125.0, 125.0 (d, J = 190 Hz), 62.0 (d, J = 6.5 Hz), 61.9 (d, J = 6.0 Hz), 20.1, 16.4 (d, J = 6.6 Hz), 16.2 (d, J = 6.8 Hz);
31P NMR (162 MHz, CDCl3) δ 18.6 (s)
IR (neat) (cm-1): 3064.0, 2983.1, 2903.5, 1680.8, 1605.3, 1569.9,1241.3, 1049.4, 1020.9, 955.7, 753.1, 649.6, 570.4, 533.5.
HRMS – Anal. Calcd. for C18H21O4P: 333.1256, found: [M+H]+ = 333.1268.

Diethyl (1-(2-methoxyphenyl)naphthalen-2-yl)phosphonate (63d)
	


Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00312g, 0.004 mmol, 2.0 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (0.117 g, 0.3 mmol), 2- bromoanisole (0.037 g, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred for 16 hours at 70 oC. The mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica, flushing with CH2Cl2/MeOH (9:1) and the solvent of the filtrate removed under reduced pressure to leave the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (1-(2-methoxyphenyl)naphthalen-2-yl)phosphonate 63d (77%, 0.0570 g, 0.154 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.11 (dd, J = 12.0, 8.6 Hz, 1H, Ar-H), 7.92 (dd, J = 8.6, 3.7 Hz, 1H, Ar-H), 7.88 (d, J = 8.2 Hz, 1H, Ar-H), 7.53 (ddd, J = 8.1, 6.0, 1.9 Hz, 1H, Ar-H), 7.47–7.43 (m, 1H, Ar-H), 7.41–7.35 (m, 2H, Ar-H), 7.23 (dd, J = 7.4, 1.7 Hz, 1H, Ar-H), 7.07 (td, J = 7.5, 1.0 Hz, 1H, Ar-H), 7.01 (d, J = 8.3 Hz, 1H, Ar-H), 4.00–3.78 (m, 4H, -OCH2CH3), 3.64 (s, 3H, -OCH3), 1.17 (t, J = 7.0 Hz, 6H, -OCH2CH3);
13C NMR (125 MHz, CDCl3) δ 157.6, 142.6 (d, J = 9.6 Hz), 135.0 (d, J = 2.2 Hz), 132.9 (d, J = 15.9 Hz), 132.3, 129.6, 128.7 (d, J = 10.2 Hz), 128.0, 127.8, 127.4 (d, J = 14.4 Hz), 127.4, 127.2 (d, J = 5.2 Hz), 126.5, 125.1 (d, J = 188 Hz), 120.0, 110.2, 61.9 (d, J = 5.5 Hz), 61.7 (d, J = 5.9 Hz), 55.4, 16.3 (d, J = 6.7 Hz), 16.2 (d, J = 6.7 Hz);
31P NMR (162 MHz, CDCl3) δ 19.0 (s)
Melting point: 60–61 oC;
IR (neat) (cm-1): 3064.0, 2983.1, 2903.5, 1680.8, 1605.3, 1569.9, 1226.2, 1212.4, 1047.8, 1021.1, 974.7, 754.9, 648.5;
HRMS - Anal. Calcd. for C21H23O4P: 371.1412, found: [M+H]+ = 371.1412.

Diethyl (1-(pyridin-2-yl)naphthalen-2-yl)phosphonate (63e)
	


Potassium phosphate (0.085 g, 0.4 mmol) and Pd(CyKITPHOS)  (0.00156g, 0.002 mmol, 1.0 mol% Pd) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalen-2-yl)phosphonate (0.117 g, 0.3 mmol), 2- bromopyridine (0.032 g, 0.2 mmol), dry THF (2 mL) and water (1 mL) were added and the resulting mixture was stirred for 16 hours at 70 oC. The reaction mixture was allowed to cool to room temperature and diluted by the addition of diethyl ether (5 mL). The resulting mixture was filtered through silica flushing with CH2Cl2/MeOH (9:1) and the solvent of the filtrate removed under reduced pressure to leave the crude product as a colourless oil. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (1-(pyridin-2-yl)naphthalen-2-yl)phosphonate 63e (58%, 0.040 g, 0.116 mmol) as a colourless solid.
1H NMR (400 MHz, CDCl3) δ 8.77 (d, J = 4.9 Hz, 1H, Ar-H), 8.06 (dd, J = 11.8, 8.5 Hz, 1H, Ar-H), 7.98 (dd, J = 8.6, 3.8 Hz, 1H, Ar-H), 7.91 (d, J = 8.2 Hz, 1H, Ar-H), 7.84 (td, J = 7.7, 1.8 Hz, 1H, Ar-H), 7.58–7.53 (m, 2H, Ar-H), 7.43–7.39 (m, 2H, Ar-H), 7.33 (d, J = 8.5 Hz, 1H, Ar-H), 4.06–3.91 (br m, 4H, -OCH2CH3), 1.19 (t, J = 6.9 Hz, 6H, -OCH2CH3);
13C NMR (125 MHz, CDCl3) δ 157.6 (d, J = 5.9 Hz), 148.9, 143.8 (d, J = 10.1 Hz), 135.9, 135.3 (d, J = 2.5 Hz), 132.5 (d, J = 15.9 Hz), 128.3 (d, J = 23.8 Hz), 128.3, 128.1, 128.1, 127.1, 127.1, 126.4, 124.4 (d, J = 186 Hz), 122.8, 62.0 (d, J = 5.6 Hz), 16.3 (d, J = 4.4 Hz); 
31P NMR (162 MHz, CDCl3) δ 18.5 (s)
Melting point: 97–99 oC;
IR (neat) (cm-1): 3064.0, 2983.1, 2903.5, 1680.8, 1605.3, 1569.9, 1239.6, 1047.7, 1017.2, 960.6, 782.1, 747.4, 656.3, 565.9
HRMS - Anal. Calcd. for C19H21O3NP: 342.1259, found: [M+H]+ = 342.1257.

Zinc Pivalate 



[bookmark: _GoBack]Pivalic acid (4.03 g, 40 mmol) was dissolved in dry THF (30 mL) in a flame-dried Schlenk flask. The flask was cooled to 0°C. Zn(Et)2 (1.0 M in hexanes, 20 mL, 20 mmol) was added dropwise using a syringe pump with stirring. When the addition of Zn(Et)2 was completed, the mixture was left to warm to room temperature and stirred for 30 minutes. The resulting Zn(OPiv)2 was a white solid which did not dissolve in THF. The solvent was removed under vacuum on the Schlenk line with an external trap. The Zn(OPiv)2 was kept in the Schlenk flask under nitrogen when not in use.117


Metalation of Diethyl-2-bromophosphonate with D2O (96)





Diethyl 2-bromophenylphosphonate (0.083 g, 0.34 mmol) was added to a solution of i-PrMgCl (2.0 M in THF, 0.19 mL, 0.37 mmol) in dry THF (5 mL) and allowed to react at 0 °C with stirring. The reaction times for two tests were 40 minutes and 120 minutes respectively. D2O (0.100 mL, mmol) was added dropwise and the mixture was stirred for 30 minutes. H2O (5 mL) was added and the reaction mixture extracted with EtOAc (3 × 15 mL). The EtOAc layers were combined, dried (MgSO4), filtered and the solvent was removed under reduced pressure. The product 96 was a very pale yellow oil. 

1H NMR (400 MHz, CDCl3): δ 7.77 – 7.74 (1 H, m), 7.51 – 7.46 (1 H, m), 7.43 – 7.39 (2 H, m), 4.12 – 3.98 (4 H, m), 1.25 (6 H, t, J = 8.0 Hz). 

31P {1H} NMR (400 MHz, CDCl3): δ 18.8.

.Methyl 3-(diethoxyphosphoryl)benzoate (113)



	
Palladium acetate (0.07 g, 0.3 mmol) and triphenylphosphine (0.817 g, 3.1 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. Methyl 3-bromobenzoate (3.35 g, 15.6 mmol), diisopropylethylamine (17.0 mL, 97.3 mmol) and diethyl phosphite (10.0 mL, 77.9 mmol) and dry ethanol (60 mL) were then added and the reaction mixture was refluxed for 48 hours. The reaction mixture was left to cool to room temperature, and diluted by the addition of diethyl ether (200 mL). Hydrochloric acid (1M, 100 mL) was added to acid wash the reaction mixture. The resulting aqueous layer was extracted with diethyl ether (3 x 200 mL) and the diethyl ether extracts were washed with aqueous sodium hydroxide (2.5 M, 50 mL), brine (50 mL), dried (MgSO4), filtered and the solvent removed under reduced pressure to leave the crude product as a yellow oil. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, ethyl acetate: petrol 2:1) gave methyl 3-(diethoxyphosphoryl)benzoate 113 (76 %, 3.23 g, 11.9 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3) δ 8.39 (dtd, 1H, J = 13.8, 1.7 and 0.5 Hz, Ar-H) 8.13 (ddd, 1H, J = 7.9, 3.0 and 1.3 Hz, Ar-H), 7.93 (ddt, 1H, J = 12.9, 7.6 and 1.4 Hz, Ar-H), 7.49 (tdd, 1H, J = 7.7, 4.0 and 0.4 Hz, Ar-H), 4.14 – 3.98 (m, 4H, -OCH2CH3), 3.85 (s, 3H, C(O)(OCH3), 1.25 (td, J = 7.1 and 0.4 Hz OCH2CH3)
13C NMR (125 MHz, CDCl3) δ 166.0 (d, J = 2.0 Hz), 135.9 (d, J = 10.0 Hz), 133.2 (d, J = 2.8 Hz), 132.7 (d, J = 10.9 Hz), 130.4 (d, J = 15.1 Hz), 130.2 (d, J = 189.8 Hz), 128.7 (d, J = 14.9 Hz), 62.3 (d, J = 5.5 Hz), 52.3 (s), 16.3 (d, J = 6.4 Hz). 
31P NMR (162 MHz, CDCl3) δ 17.1 (s)
IR (neat) (cm-1): 3043.7, 2983.9, 2955.0, 2906.3, 1724.6, 1579.7, 1560.5, 1156.3, 990.2

Rf (Ethyl acetate : Petrol, 2 : 1) = 0.31

HRMS - Anal. Calcd. for C12H18O5P: 273.0892, found: [M+H]+ 273.0891


Diethyl m-tolylphosphonate (114)



	
Palladium acetate (0.07 g, 0.3 mmol) and triphenylphosphine (0.817 g, 3.1 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. 3-bromotoluene (1.90 mL, 15.6 mmol), diisopropylethylamine (17.0 mL, 97.3 mmol) and diethyl phosphite (10.0 mL, 77.9 mmol) and dry ethanol (60 mL) were then added and the reaction mixture was refluxed for 48 hours. The reaction mixture was left to cool to room temperature, and diluted by the addition of diethyl ether (200 mL). Hydrochloric acid (1M, 100 mL) was added to acid wash the reaction mixture. The resulting aqueous layer was extracted with diethyl ether (3 x 200 mL) and the diethyl ether extracts were washed with aqueous sodium hydroxide (2.5 M, 50 mL), brine (50 mL), dried (MgSO4), filtered and the solvent removed under reduced pressure to leave the crude product as a yellow oil. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, ethyl acetate: petrol 2:1) gave diethyl m - tolylphosphonate 114 (84 %, 2.99 g, 13.1 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3) δ 7.58 – 7.48 (2H, m, Ar-H), 7.29 – 7.26 (2H, m, Ar-H), 4.11 – 3.95 (4H, m, -OCH2CH3), 2.31 (3H, s, -CCH3), 1.24 (6H, t, J = 7.1 Hz, -OCH2CH3)
13C NMR (125 MHz, CDCl3) δ 138.2 (d, J = 14.9 Hz), 133.1 (d, J = 3.2 Hz), 132.2 (d, J = 10.0 Hz), 128.7 (d, J = 9.7 Hz), 128.3 (d, J = 15.8 Hz), 128.1 (d, J = 186.8 Hz), 62.0 (d, J = 5.4 Hz), 21.3 (s), 16.3 (d, J = 6.5 Hz).
31P NMR (162 MHz, CDCl3) δ 19.3 (s)
IR (neat) (cm-1): 3043.7, 2981.8, 2905.8, 1724.6, 1579.7, 1582.5, 1150.9, 991.5
Rf (Ethyl acetate : Petrol, 2 : 1) = 0.34
HRMS - Anal. Calcd. for C11H17O3P: 229.0813, found: [M+Na]+ 251.0814.


Diethyl (3-(trifluoromethyl)phenyl)phosphonate (115)



	
Palladium acetate (0.07 g, 0.3 mmol) and triphenylphosphine (0.817 g, 3.1 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. 3- bromobenzotrifluoride (2.18 mL, 15.6 mmol), diisopropylethylamine (17.0 mL, 97.3 mmol) and diethyl phosphite (10.0 mL, 77.9 mmol) and dry ethanol (60 mL) were then added and the reaction mixture was refluxed for 48 hours. The reaction mixture was left to cool to room temperature, and diluted by the addition of diethyl ether (200 mL). Hydrochloric acid (1M, 100 mL) was added to acid wash the reaction mixture. The resulting aqueous layer was extracted with diethyl ether (3 x 200 mL) and the diethyl ether extracts were washed with aqueous sodium hydroxide (2.5 M, 50 mL), brine (50 mL), dried (MgSO4), filtered and the solvent removed under reduced pressure to leave the crude product as a yellow oil. Purification of the crude product by column chromatography (4.5 x 18 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (3-(trifluoromethyl)phenyl)phosphonate 115 (91%, 4.01 g, 14.2 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3) δ 8.00 (d, 1H, J = 13.7 Hz, Ar-H), 7.93 (dd, 1H, J = 13.0 and 7.6Hz, Ar-H), 7.73 (d, 1H, J = 7.8 Hz, Ar-H), 7.54 (td, 1H, J = 7.8 and 3.8 Hz, Ar-H), 4.16 - 3.99 (m, 4H, -OCH2CH3), 1.26 (t, 6H, J = 7.2 Hz, -OCH2CH3)
13C NMR (125 MHz, CDCl3) δ 134.8 (d, J = 9.4 Hz), 130.8 (dd, J = 32.9 and 15.7 Hz), 130.0 (d, J = 190.4 Hz), 129.1 (s), 129.1 – 128.7 (m), 128.4 (dq, J = 11.2 and 3.6 Hz), 123.5 (qd, J =272.6 and 2.2 Hz), 62.4 (d, J = 5.5 Hz), 16.1 (d, J = 6.3 Hz).
31P NMR (162 MHz, CDCl3) δ 16.3 (s)
IR (neat) (cm-1): 3049.1, 2985.7, 2908.7, 1608.3, 1153.5, 989.5

Rf (Ethyl acetate : Petrol, 2 : 1) = 0.29

HRMS - Anal. Calcd. for C11H14O3PF3: 283.0711, found: [M+H]+ 283.0705.
Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (116)


Iridium ([1,5-cyclooctadiene][methoxy]) dimer (0.0061 g, 0.00918 mmol) 3,4,7,8-tetramethyl-1,10-phenanthroline (0.00434 g, 0.0184 mmol) and bis(pinacolato)diboron (0.069 g, 0.28 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. Methyl 3-diethyl phenylphosphonoate (0.10 g, 0.37 mmol) and dry hexane (4 mL) were then added to the reaction mixture, which was stirred for 18 hours at 70 oC. The reaction mixture was left to cool to room temperature, and diluted by the addition of acetonitrile (2 mL). The resulting solution was passed through silica and the solvent from the resulting filtrate removed under reduced pressure to leave the product as a yellow oil. The crude product 116 was used without further purification.
1H NMR (300 MHz, CDCl3)  8.59 (s, 1H, Ar-H), 8.51 (d, 1H, J = 13.2 Hz, Ar-H), 8.40 (d, 1H, J = 12.5 Hz, Ar-H), 4.22 – 4.03 (m, 4H, -OCH2CH3), 3.91 (s, 3H, -OCH3), 1.32 (s, 12H, four x –CH3 (Bpin)), 1.30 (t, 6H, J = 7.4 Hz, -OCH2CH3).
31P NMR (162 MHz, CDCl3) δ 17.5 (s)


Diethyl 3-methyl-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)]phenyl phosphonate (117) 



Iridium ([1,5-cyclooctadiene][methoxy]) dimer (0.0061 g, 0.00918 mmol) 3,4,7,8-tetramethyl-1,10-phenanthroline (0.00434 g, 0.0184 mmol) and bis(pinacolato)diboron (0.069 g, 0.28 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl m-tolylphosphonate (0.084 g, 0.37 mmol) and dry hexane (4 mL) were then added to the reaction mixture, which was stirred for 18 hours at 70 oC. The reaction mixture was left to cool to room temperature, and diluted by the addition of acetonitrile (2 mL). The resulting solution was passed through silica and the solvent from the resulting filtrate removed under reduced pressure to leave the product as a yellow oil. The crude product 117 was used without further purification.
1H NMR (300 MHz, CDCl3)  7.94 (d, 1H, J = 13.9 Hz, Ar-H), 7.70 (s, 1H, Ar-H), 7.65 (d, 1H, J = 14.5 Hz, Ar-H), 4.14 – 3.94 (m, 4H, -OCH2CH3), 2.31 (s, 3H, -CH3), 1.27 (s, 12H, four -CH3 (BPin)), 1.21 (t, 6H, J = 7.5 Hz, -OCH2CH3). 
31P NMR (162 MHz, CDCl3):  19.4 (s)


Diethyl (3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(trifluoromethyl)phenyl)phosphonate (118)





Iridium ([1,5-cyclooctadiene][methoxy]) dimer (0.0061 g, 0.00918 mmol) 3,4,7,8-tetramethyl-1,10-phenanthroline (0.00434 g, 0.0184 mmol) and bis(pinacolato)diboron (0.069 g, 0.28 mmol) were placed into a flame dried, nitrogen filled Schlenk flask. Diethyl (3-(trifluoromethyl)phenyl)phosphonate (0.104 g, 0.37 mmol) and dry hexane (4 mL) were then added to the reaction mixture, which was stirred for 18 hours at 70 oC. The reaction mixture was left to cool to room temperature, and diluted by the addition of acetonitrile (2 mL). The resulting solution was passed through silica and the solvent from the resulting filtrate removed under reduced pressure to leave the product as a yellow oil. The crude product 118 was used without further purification.
1H NMR (300 MHz, CDCl3)  7.93 (d, 1H, J = 14.1 Hz, Ar-H), 7.68(s, 1H, Ar-H), 7.64 (d, 1H, J = 14.4 Hz, Ar-H), 4.13 – 3.91(m, 4H, -OCH2CH3), 2.30 (s, 3H, -CH3), 1.26 (s, 12H, four -CH3 (BPin)), 1.19 (t, 6H, J = 7.2 Hz, -OCH2CH3). 
31P NMR (162 MHz, CDCl3)  18.2 (s)


Methyl 4'-acetyl-5-(diethoxyphosphoryl)-[1,1'-biphenyl]-3-carboxylate (119a)



4-Bromoacetophenone (0.110 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.147 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave methyl 4'-acetyl-5-(diethoxyphosphoryl)-[1,1'-biphenyl]-3-carboxylate 119a (36%, 0.052 g, 0.133 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.47 (dt, 1H, J = 6.5 Hz, Ar-H), 8.27 (dt, 1H, J = 13.4 Hz, Ar-H), 8.07 (dt, 4H, J = 8.9 Hz, Ar-H), 7.75 (dt, 2H, J = 8.5 Hz, Ar-H), 4.34 – 4.04 (m, 4H, -CH2), 3.98 (s, 3H, -OCH3), 2.65 (s, 3H, -COCH3), 1.36 (t, 6H, J = 7.14 Hz, -OCH2CH3)
13C NMR (75MHz, CDCl3)  197.6 (s), 166.07 (s), 143.5, 140.8, 136.8 (s), 134.7 (d, J = 8.0 Hz), 132.0 (s), 131.8 (s), 131.6 (s), 131.4 (s), 130.9 (d, J = 188.2 Hz) 129.2 (s), 127.56(s), 62.7 (d, J = 20.3 Hz), 52.7 (s), 26.9 (s), 16.5 (d, J = 24.8 Hz)
31P NMR (162 MHz, CDCl3)  16.7 (s)
IR (neat) (cm-1): 2986.4, 1724.4, 1682.3, 1606.6, 1539.1, 1153.1, 991.3
Rf (ethyl acetate : petrol, 2 : 1)  = 0.20
HRMS - Anal. Calcd. for C20H24O6P: 391.1311, found: [M+H]+ 391.1311
Methyl 4’-cyano-5-(diethoxyphosphoryl)-[1,1’biphenyl]-3-carboxylate (119b)


4-Bromobenzonitrile (0.100 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.147 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave methyl 4'-cyano-5-(diethoxyphosphoryl)-[1,1'-biphenyl]-3-carboxylate 119b (31%, 0.043 g, 0.114 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.48 (d, J = 12.2, 1H, Ar-H), 8.44 (s, 1H, Ar-H), 8.24 (d, J = 14.8 Hz, 1H, Ar-H), 7.77 (d, J = 1.9 Hz, 4H, Ar-H), 4.27 – 4.09 (m, 4H, -CH2), 3.99 (s, 3H, -OCH3), 1.58 (t, 6H, J = 7.7 Hz, -OCH2CH3)
31P NMR (162 MHz, CDCl3)  16.4 (s)
IR (neat) (cm-1): 2985.8, 2235.7, 1682.3, 1648.9, 1539.1, 1155.8, 993.4
Rf (ethyl acetate : petrol, 2 : 1)  = 0.23
HRMS - Anal. Calcd. for C19H21NO5P: 374.1157, found: [M+H]+ = 374.1157


Methyl 5-(diethoxyphosphoryl)-2’-methyl-[1,1’-biphenyl]-3-carboxylate (119c)


2-Bromotoluene (0.094 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.147 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave methyl 5-(diethoxyphosphoryl)-2'-methyl-[1,1'-biphenyl]-3-carboxylate 119c (36%, 0.048 g, 0.133 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.37 (d, 1H, J = 13.3 Hz, Ar-H), 8.12 (s, 1H, Ar-H), 7.90 (d, 1H, J = 12.2 Hz, Ar-H), 7.35 – 6.96 (m, 4H, Ar-H), 4.25 – 3.97 (m, 4H, -CH2), 3.87 (s, 3H, -OCH3), 2.18 (s, 3H, -CH3), 1.27 (t, 6H, J = 7.64 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  166.3 (s), 142.8 (s), 139.8 (s), 136.6 (s), 135.3 (s), 134.1 (s), 131.3 (s), 130.6 (s), 129.9 (d, J = 9.2 Hz), 129.2 (d, J = 187.6 Hz), 128.9 (s), 126.2 (s) 125.7 (s), 62.6 (d, J = 20.9 Hz), 52.6 (s), 20.5 (d, J = 8.5 Hz), 16.5 (d, J = 25.6 Hz)
31P NMR (162 MHz, CDCl3)  17.1 (s)
IR (neat) (cm-1): 2983.1, 1727.6, 1593.2, 1155.9, 988.3
Rf (ethyl acetate : petrol, 2 : 1)  = 0.30
HRMS - Anal. Calcd. for C19H24O5P: 363.1361, found: [M+H]+ = 363.1366


Methyl 3-(diethoxyphosphoryl)-5-(naphthalen-1-yl)benzoate (119d)


1-Bromonaphthalene (0.114 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.147 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave methyl 3-(diethoxyphosphoryl)-5-(naphthalen-1-yl)benzoate 119d (43%, 0.062 g, 0.156 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.56 (dt, 1H, J = 14.0 Hz, Ar-H), 8.37 (s, 1H, Ar-H), 8.14 (dt, 1H, J = 13.2 Hz, Ar-H), 7.2 (t, 1H, J = 5.4 Hz, Ar-H), 7.75 (d, 1H, Ar-H), 7.57 – 7.42 (m, 5H, Ar-H), 4.25 – 4.04 (m, 4H, -CH2), 3.96 (s, 3H, -OCH3), 2.41 (s, 3H, -CH3), 1.35 (t, 6H, J = 7.8 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  166.3 (s), 141.7 (d, J = 8.7 Hz), 137.9 (s), 137.4 (s), 137.3 (s), 135.0 (s), 133.2 (s), 131.8 (s), 131.3 (d, J = 9.1 Hz), 130.9 (d, J = 187.6 Hz), 130.8 (s), 130.3 (s) 129.2 (s), 128.7 (d, J = 9.2 Hz), 127.5 (s), 126.5 (d, J = 15.2 Hz), 125.4 (d, J = 8.9 Hz), 62.7 (d, J = 20.6 Hz), 52.6 (s), 16.6 (d, J = 26.0 Hz)
31P NMR (162 MHz, CDCl3)  17.0 (s)
IR (neat) (cm-1): 2982.9, 1725.3, 1592.1, 1152.7, 991.0
Rf (ethyl acetate : petrol, 2 : 1)  = 0.27
HRMS - Anal. Calcd. for C22H24O5P: 399.1361, found: [M+H]+ = 399.1362



Methyl 5-(diethoxyphosphoryl)-4'-methyl-[1,1'-biphenyl]-3-carboxylate (119e)
4-Bromotoluene (0.100 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Methyl 3-(diethoxyphosphoryl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.147 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave methyl 5-(diethoxyphosphoryl)-4’-methyl-[1,1’-biphenyl]-3-carboxylate 119e (41%, 0.055 g, 0.156 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.33 (dt, 2H, J = 15.8 Hz, Ar-H), 8.15 (dt, 1H, J = 13.6 Hz, Ar-H), 7.35 (dd, 4H, J = 80 Hz, 8.7 Hz, Ar-H), 4.25 – 4.04 (m, 4H, -CH2), 3.96 (s, 3H, -OCH3), 2.41 (s, 3H, -CH3), 1.35 (t, 6H, J =7.24 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  166.4 (s), 142.1 (d, J = 8.6 Hz), 138.5 (s), 136.2 (s), 134.4 (d, J = 8.6 Hz), 131.8 (s), 131.7 (s), 131.2 (d, J = 9.1 Hz), 131.1 (s), 130.7 (d, J = 187.6 Hz), 130.5 (s), 130.0 (d, J = 9.0 Hz), 127.2 (s), 62.6 (d, J = 20.6 Hz), 52.6 (s), 21.3(d, J = 8.7 Hz), 16.5 (d, J = 25.8 Hz)
31P NMR (162 MHz, CDCl3)  17.3 (s)
IR (neat) (cm-1): 2983.1, 1727.6, 1593.2, 1154.6, 993.4
Rf (ethyl acetate : petrol, 2 : 1)  = 0.47
HRMS - Anal. Calcd. for C19H23O5P: 362.1181, found: [M+Na]+ 385.1182


Diethyl (4’-acetyl-5-methyl-[1,1’-biphenyl]-3-yl)phosphonate (120a)


4-Bromoacetophenone (0.110 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.131 g, 0.37 mmol)  was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’-acetyl-5-methyl-[1,1’-biphenyl]-3-yl)phosphonate 120a (26%, 0.033 g, 0.096 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.02 (dt, 1H, J = 7.8 Hz, Ar-H), 7.85 (d, 1H, Ar-H), 7.67 (dt, 1H, J = 7.8 Hz, Ar-H), 7.60 (d, 1H, Ar-H), 7.43 – 7.41 (m, 3H), 4.16 – 3.98 (m, 4H, -CH2), 2.57 (s, 3H, Ar-CH3), 2.41 (s, 3H, -CH3), 1.28 (t, 6H, J = 7.5 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  197.9 (s), 144.8 (d, J = 8.7 Hz), 140.4 (s), 140.3 (s), 139.3 (d, J = 8.4 Hz), 136.3 (s), 132.1 (d, J = 8.9 Hz), 129.9 (d, J = 9.1 Hz), 129.1 (s), 128.8 (d, J = 187.6 Hz), 128.8 (d, J = 8.4 Hz) 127.9 (d, J = 9.0 Hz), 127.5 (s), 62.4 (d, J = 20.3 Hz), 26.8 (s), 21.6 (d, J = 8.7 Hz), 16.6 (d, J = 26.0 Hz)
31P NMR (162 MHz, CDCl3)  18.7 (s)
IR (neat) (cm-1): 2985.7, 1654.6, 1593.2, 1150.8, 989.9
Rf (ethyl acetate : petrol, 2 : 1)  = 0.48
HRMS - Anal. Calcd. for C19H24O4P: 347.1412, found: [M+H]+ = 347.1413


Diethyl (4’-cyano-5-methyl-[1,1’-biphenyl]-3-yl)phosphonate (120b)


4-Bromobenzonitrile (0.100 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.131 g, 0.37 mmol)  was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’-cyano-5-methyl-[1,1’-biphenyl]-3-yl)phosphonate 120b (22%, 0.027 g, 0.081 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  7.75 – 7.71 (m, 2H, Ar-H), 7.71 (s, 1H, Ar-H), 7.66 – 7.56 (m, 2H, Ar-H), 7.37 – 7.35 (m, 2H, Ar-H), 7.67 (dt, 1H, J = 7.8 Hz, Ar-H), 7.60 (d, 1H, Ar-H), 7.43 – 7.41 (m, 3H, Ar-H), 4.19 – 4.03 (m, 4H, -CH2), 2.41 (s, 3H, Ar-CH3), 2.32 (s, 3H, -CH3), 1.28 (t, 6H, J = 7.5 Hz, -OCH2CH3)
31P NMR (162 MHz, CDCl3)  18.4 (s)
IR (neat) (cm-1): 2983.1, 2256.6, 1593.2, 1154.7, 990.6
Rf (ethyl acetate : petrol, 2 : 1)  = 0.33
HRMS - Anal. Calcd. for C18H21NO3P: 330.1259, found: [M+H]+ = 330.1269 


Diethyl (2’,5-dimethyl-[1,1’-biphenyl]-3-yl)phosphonate (120c)


2-Bromotoluene (0.094 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.131 g, 0.37 mmol)  was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (2’,5-dimethyl-[1,1’-biphenyl]-3-yl)phosphonate 120c (31%, 0.036 g, 0.115 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)   7.65 (s, 1H, Ar-H), 7.69 (d, 1H, J = 7.8 Hz, Ar-H), 7.53 (s, 1H, Ar-H), 7.32 – 7.21 (m, 4H, Ar-H), 4.21 – 4.06 (m, 4H, -CH2), 2.44 (s, 3H, -ArCH3), 2.25 (s, 3H, -CH3), 1.34 (t, 6H, J = 7.1 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  141.5 (s), 140.0 (d, J = 8.7 Hz), 137.3 (d, J = 8.9 Hz), 137.2 (d, J = 8.5 Hz), 134.2 (s), 133.8 (d, J = 8.4 Hz), 130.0 (s), 129.8 (s), 129.5 (d, J = 186.9 Hz), 128.9 (d, J = 8.6 Hz), 125.9 (s) 124.8 (s), 61.9 (d, J = 20.6 Hz), 20.2 (s), 19.7 (d, J = 8.9 Hz), 16.6 (d, J = 25.1 Hz)
31P NMR (162 MHz, CDCl3)  19.1 (s)
IR (neat) (cm-1): 2980.6, 1595.7, 1152.3, 992.2
Rf (ethyl acetate : petrol, 2 : 1)  = 0.48
HRMS - Anal. Calcd. for C18H23O3P: 319.1463, found: [M+H]+ = 319.1465


Diethyl (3-methyl-5-(naphthalen-1-yl)phenyl)phosphonate (120d)


1-Bromonaphthalene (0.114 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.131 g, 0.37 mmol)  was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (3-methyl-5-(naphthalen-1-yl)phenyl)phosphonate 120d (36%, 0.047 g, 0.133 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)   7.92 (d, 1H, J = 7.9 Hz, Ar-H), 7.86 (s, 1H, Ar-H), 7.82 (d, 1H, J = 8.1Hz, Ar-H), 7.72 (m, 2H, Ar-H), 7.55 – 7.39 (m, 5H, Ar-H), 4.23 – 4.04 (m, 4H, -CH2), 2.48 (s, 3H, Ar-CH3), 2.04 (s, 3H, CH3), 1.35 (t, 6H, J = 7.1 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  141.7 (d, J = 8.7 Hz), 137.9 (s), 137.4 (s), 135.0 (s), 134.5 (s), 133.2 (s), 131.8 (s), 131.2 (d, J = 9.1 Hz), 130.8 (d, J = 187.6 Hz), 130.5 (s), 130.3 (s) 129.2 (s), 128.7 (d, J = 9.2 Hz), 127.5 (s), 126.5 (d, J = 15.2 Hz), 125.4 (d, J = 8.9 Hz), 62.7 (d, J = 20.6 Hz), 52.6 (s), 16.6 (d, J = 26.0 Hz)
31P NMR (162 MHz, CDCl3)  19.1 (s)
IR (neat) (cm-1): 2982.0, 1592.8, 1149.7, 990.7
Rf (ethyl acetate : petrol, 2 : 1)  = 0.40
HRMS - Anal. Calcd. for C21H24O3P: 355.1463, found: [M+H]+ = 355.1463


Diethyl (4’,5-dimethyl-[1,1’-biphenyl]-3-yl)phosphonate (120e)


4-Bromotoluene (0.094 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)phosphonate (0.131 g, 0.37 mmol)  was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’,5-dimethyl-[1,1’-biphenyl]-3-yl)phosphonate 120e (34%, 0.040 g, 0.126 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)   7.74 (d, 1H, J = 7.7 Hz, Ar-H), 7.54 (s, 1H, Ar-H), 7.49 (s, 1H, Ar-H), 7.30 (m, 4H, Ar-H), 4.15 – 3.99 (m, 4H, -CH2), 2.38 (s, 3H, -CH3), 2.33 (s, 3H, -CH3), 1.27 (t, 6H, J = 7.5 Hz, -OCH2CH3)
13C NMR (75 MHz, CDCl3)  140.7 (d, J = 8.6 Hz), 138.2 (s), 137.1 (s), 136.8 (s), 131.2 (d, J = 9.0 Hz), 130.8 (d, J = 187.6 Hz), 130.1 (d, J = 8.7 Hz), 128.1 (s), 127.9 (s), 127.2 (s), 126.9 (d, J = 9.1 Hz), 126.3 (s), 62.2 (d, J = 20.7 Hz), 20.6 (s), 20.3 (d, J = 8.6 Hz), 16.6 (d, J = 25.7 Hz)
31P NMR (162 MHz, CDCl3)  19.1 (s)
IR (neat) (cm-1): 2981.2, 1597.3, 1153.7, 993.4
Rf (ethyl acetate : petrol, 2 : 1)  = 0.45
HRMS - Anal. Calcd. for C18H24O3P: 319.1463, found: [M+H]+ = 319.1463


Diethyl (4'-acetyl-5-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)phosphonate (121a)



4-Bromoacetophenone (0.110 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(trifluoromethyl)phenyl)phosphonate (0.151 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’-acetyl-5-(trifluoromethyl)-[1,1’-biphenyl]-3-yl)phosphonate 121a (27%, 0.040 g, 0.099 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.18 (d, 1H, J = 12.0 Hz, Ar-H), 7.98 (m, 4H, Ar-H), 7.65 (d, 2H, J = 9.0 Hz, Ar-H), 4.13 (m, 4H, -CH2), 2.59 (s, 3H, O=CCH3), 1.30 (t, 6H, J = 6.0 Hz, -OCH2CH3),
13C NMR (75 MHz, CDCl3)  197.4 (s), 142.9 (s), 141.3 (d, J = 15.0 Hz), 136.9 (s), 133.7 (d, J = 10.0 Hz), 131.9 (m), 130.4 (s), 129.2 (s), 127.9 (m), 127.7 (m), 127.5 (s), 123.9 (q, J = 272.0 Hz), 62.7 (d, J = 5.0 Hz), 25.8 (d, J = 6.0 Hz), 16.4 (d, J = 6.0 Hz)
31P NMR (162 MHz, CDCl3)  15.8 (s)
IR (neat) (cm-1): 2984.5, 1685.1, 1607.1, 1564.2, 1154.1, 991.8
HRMS - Anal. Calcd. for C19H20F3O4P: 401.1129, found: [M+H]+ = 401.1129


Diethyl (4'-cyano-5-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)phosphonate (121b)


4-Bromobenzonitrile (0.100 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(trifluoromethyl)phenyl)phosphonate (0.151 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (4’-cyano-5-(trifluoromethyl)-[1,1’-biphenyl]-3-yl)phosphonate 121b (31%, 0.044 g, 0.115 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  8.15 (d, 1H, J = 12.0 Hz, Ar-H), 8.02 (d, 1H, J = 12.0 Hz, Ar-H) 7.92 (s, 1H, Ar-H), 7.75 – 7.72 (m, 2H, Ar-H),7.68 – 7.65 (m, 2H, Ar-H), 4.21 – 4.01 (m, 4H, -CH2), 1.30 (t, 6H, J = 6.0 Hz, -OCH2CH3).
13C NMR (75 MHz, CDCl3)  142.9 (s), 140.5 (d, J = 15.0 Hz), 133.7 (d, J = 10.0 Hz), 136.9 (s), 133.0 (s), 132.1 (s), 132.2 – 131.9 (m), 129.2 (s), 128.9 - 128.6 (m), 128.0 (s), 127.8 – 127.5 (m), 122.4 (q, J = 272.0 Hz), 118.4 (s), 62.8 (d, J = 6.0 Hz), 25.8 (d, J = 6.0 Hz), 16.4 (d, J = 6.0 Hz)
31P NMR (162 MHz, CDCl3)  15.5 (s)
IR (neat) (cm-1): 2984.4, 2229.0, 1608.7, 1509.2, 1152.3, 994.2
HRMS - Anal. Calcd. for C18H18NO3F3P: 384.0976, found: [M+H]+ = 384.0975


Diethyl (2'-methyl-5-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)phosphonate (121c)


2-Bromotoluene (0.094 g, 0.551 mmol), Pd(XPhos)OMs pre-catalyst (0.5 mol%, 1.5 mg, 1.84 x 10-3 mmol) and K3PO4 (0.17 g, 0.734 mmol) were added to a Schlenk flask. Diethyl (3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(trifluoromethyl)phenyl)phosphonate (0.151 g, 0.37 mmol) was dissolved in dry THF (4 mL), transferred to the Schlenk flask and finally H2O (2 mL) was added to this solution. The reaction mixture was heated for 18 hours at 70 oC, after which the reaction mixture was filtered through silica, flushing with diethyl ether, then the solvent was removed under reduced pressure to yield the crude product. Purification of the crude product by column chromatography (2 x 12 cm silica column, ethyl acetate: petrol 2:1) gave diethyl (2’-methyl-5-(trifluoromethyl)-[1,1’-biphenyl]-3-yl)phosphonate 121c (30%, 0.041 g, 0.111 mmol) as a colourless oil.
1H NMR (300 MHz, CDCl3)  7.98 (d, 1H, J = 12.0 Hz, Ar-H), 7.89 (d, 1H, J = 12.0 Hz, Ar-H) 7.71 – 7.68 (m, 1H, Ar-H), 7.44 – 7.41(m, 2H, Ar-H), 7.22 – 7.17 (m, 5H, Ar-H), 4.23 – 3.99 (m, 4H, -CH2), 2.19 (s, 3H, -CH3), 1.29 (t, 6H, J = 6.0 Hz, -OCH2CH3).
13C NMR (75 MHz, CDCl3)  143.2(d, J = 14.0 Hz), 139.2 (s), 135.6 (d, J = 10.0 Hz), 135.2 (s), 133.0 (s), 132.3 – 132.0 (m), 131.3 -131.0 (m), 130.7 (s), 130.6 (s), 129.8 – 129.6 (m), 129.5 (s), 128.4 (s), 126.9 -126.7 (m), 126.2 (s), 123.6 (q, J = 272.0 Hz), 62.6 (d, J = 6.0 Hz), 20.3 (s), 16.4 (d, J = 6.0 Hz)
31P NMR (162 MHz, CDCl3)  16.3 (s)
IR (neat) (cm-1): 2963.2, 1602.4, 1149.3, 996.1
HRMS - Anal. Calcd. for C18H21O3F3P: 373.1179, found: 373.1180


[1’,1’-biphenyl]-2-aminium methanesulfonate (126)45


2-Aminobiphenyl (3.00 g, 17.7 mmol) was dissolved in diethyl ether (60 mL) and transferred to a pre-flame dried round-bottomed flask. Methane sulfonic acid (1.14 mL, 17.7 mmol) was added dropwise and the reaction mixture was stirred at room temperature for 30 minutes. The resulting solid was isolated by filtration and washed with diethyl ether (3 x 10 mL). The solid was dried under high vacuum on a Schlenk line, which yielded [1’,1’-biphenyl]-2-aminium methanesulfonate 126 (97%, 4.55 g, 0.017 mol) as a mauve solid, to which no further purification was required.

2-aminobiphenyl-mesylate palladium dimer (127)45


Palladium acetate (1.00 g, 4.45 mmol) and [1’,1’-biphenyl]-2-aminium methanesulfonate (1.18 g, 4.45 mmol) were placed in a previously flame-dried Schlenk flask. Toluene (17 mL) was added and the resulting mixture was stirred for 45 minutes at 50 oC. The reaction mixture was left to cool to room temperature, after which it was filtered. The resulting solid was washed firstly with toluene (25 mL) followed by diethyl ether (25 mL). The solid was dried under high vacuum on a Schlenk line for 7 hours, yielding 2-aminobiphenyl-mesylate palladium dimer 127 (56%, 1.68 g, 2.50 mmol) as a grey solid, to which no further purification was required.
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