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Abstract 

 

Control of selectivity in palladium-catalysed cross-coupling reactions using a sulfonated phosphine 

ligand – Robert Pearce-Higgins 

Non-covalent interactions are routinely used by enzymes to control selectivity of chemical reactions 

during biosynthesis. This prevalence in nature has inspired chemists to adapt these interactions to 

control selectivity in small molecule catalysis. This thesis describes efforts towards utilising non-

covalent interactions to influence site-selectivity and enantioselectivity during palladium-catalysed 

cross-coupling reactions – a category of transformations used widely by synthetic chemists for many 

purposes.  

This thesis focuses on members of the privileged dialkylbiarylphosphine ligand class, specifically 

sSPhos, which is the commercially available sulfonated variant of SPhos. The first part investigates the 

use of this ligand to impart site-selectivity in the cross-coupling of 3,4-dichloroarenes containing an 

acidic directing group. Selectivity was proposed to arise from an electrostatic interaction between the 

deprotonated substrate, the cation of the base and the anionic ligand.  

An intriguing characteristic of sSPhos is that it is a chiral molecule due to its desymmetrisation upon 

sulfonation. Resolution of the two enantiomers was achieved initially by preparative supercritical fluid 

chromatography in collaboration with AstraZeneca, and later by chemical resolution using a chiral 

auxiliary, work described in this thesis. The second half of this thesis evaluates the efficacy of this new 

chiral ligand in two classes of asymmetric Suzuki-Miyaura coupling: desymmetrisation, and formation 

of atropisomers. Desymmetrisation was investigated on protected benzyhydrylamines resulting in 

good to excellent enantioselectivities being observed. The formation of atropisomeric biaryls was 

investigated with a wide range of coupling partners, with moderate to good enantioselectivity 

observed for coupling partners containing polar functionality. Excellent enantioselectivity was 

observed for the synthesis of 2,2’-biphenols: a scaffold prevalent in natural products as well as in 

numerous privileged catalysts.  

Overall, this work demonstrates the utility of the privileged ligand sSPhos on controlling site- and 

enantio- selectivity in palladium-catalysed cross-coupling reactions using non-covalent interactions. 
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1. Introduction 

a. Introduction to palladium-catalysed cross-coupling 

Palladium-catalysed cross couplings have revolutionised the synthesis of both simple and complex 

molecules in recent years.1 With a plethora of suitable commercially available starting materials, they 

can be used both for late stage modifications and early on in a synthetic sequence to rapidly increase 

molecular complexity. The importance of these couplings was highlighted by the 2010 Nobel prize in 

Chemistry awarded to Richard Heck, Ei-ichi Negishi and Akira Suzuki “for palladium-catalysed cross 

couplings in organic synthesis”.2 The basic scheme for coupling reactions is shown below, with the 

coupling of an electrophilic and nucleophilic reagent via an organopalladium intermediate (Figure 1). 

 

The electrophilic partner is often an organic halide or pseudo halide (I, Br, OTf, Cl), with these C–X 

bonds being susceptible to oxidative addition by Pd(0). There is significantly more variation in the 

nucleophilic partner (Figure 2); they are mostly reagents containing C–M bonds where M is an 

electropositive atom. Among the earliest examples of catalytic cross-coupling was the arylation of an 

olefin by Ozaki in 1971;3 a theme developed further by Heck in 1972 to introduce what is now known 

as the Heck reaction.4 Simultaneously, work was being performed by Corriu and Kumada in the 

coupling of aryl and alkyl Grignards with aryl and vinyl halides using nickel catalysis.5,6 This work was 

expanded to use a Pd catalyst by Murahashi in 1975, becoming the reaction now known as the 

Kumada-Corriu coupling.7 Since these initial works, the field has expanded to include the couplings of 

alkynes,8–10 organostannanes,11–13 organosilanes,14,15 organozincs,16 boronic esters and acids,17,18 and 

more recently heteroatom nucleophiles such as amines and alcohols.19–26 These developments have 

greatly increased the utility and diversity of Pd-catalysed cross-coupling, with each coupling partner 

having different reactivity and functional group tolerance.  

Figure 1: General scheme for palladium-catalysed cross coupling reactions. Heck reactions (eq. 1) and other 
coupling reactions (eq. 2). For Buchwald-Hartwig aminations and Sonogashira couplings, eq 2 applies with 

R’M = RNH2 and RCCH respectively. 
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Although there is variation in the coupling partners used, the general mechanism is similar for a 

number of cross-couplings, where oxidative addition of the organic halide to palladium is followed by 

a transmetalation step, and then reductive elimination to afford the coupled product (Figure 3).27 

Often, oxidative addition is the rate determining step of this process, and this step can be accelerated 

by the use of electron rich and bulky ligands.27 Whilst it may seem counter-intuitive that bulky ligands 

boost oxidative addition – a step in which two species bind to the palladium – they promote ligand 

dissociation from palladium; revealing vacant co-ordination sites which accelerate oxidative addition.  

 

i. Industrial application 

The simple and established mechanism outlined in Figure 3 together with the diverse pool of readily 

available reagents has led to the widespread adoption of palladium catalysed cross-coupling 

methodology into industry, with Suzuki-Miyaura coupling being the second most common reaction in 

medicinal chemistry, behind amide formation.28 Although palladium catalysts are relatively expensive 

(>£50/g),29 the ability to perform large scale reactions with extremely low catalyst loadings under 

Figure 2: A selection of nucleophilic coupling partners used in coupling reactions. 

Figure 3: General catalytic cycle for palladium-catalysed cross-coupling. 
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anaerobic conditions allows for a cost-effective transformation.30 This is highlighted by the 100 g scale 

synthesis of 4-hydoxyethylsulfonylstyrene (HESS, 1) which has been shown to have promising 

applications in waterborne polymer coatings (Scheme 1).31,32  

 

Suzuki-Miyaura couplings have also been used early on in commercial synthetic routes. Merck 

employed a multi-kilo coupling as the first step in a 5 kg synthesis of an oral poly ADP ribose 

polymerase (PARP) inhibitor 3 (Scheme 2).30,33 They could achieve superior conversion using a low 

catalyst loading (2 mol%) of the air stable Pd(dppf)Cl2 complex. In contrast, the previous method 

utilised a more expensive aryl iodide starting material in addition to using Pd(PPh3)4 as the catalyst, 

which is both air and temperature sensitive.  

 

Coupling reactions can also be carried out at a late stage in a synthetic sequence with sensitive 

substrates, as shown by Ravn and co-workers in their synthesis of the diacyl glycerolacyltransferase-1 

(DGAT-1) inhibitor 4 (Scheme 3).34 They achieve 99% yield, with no epimerisation of the α-keto 

stereocentre in 4 due to the mild conditions available to cross coupling reactions. Since the Suzuki-

Miyaura coupling is utilised as the final step of the synthesis and this molecule has potential in human 

medicine, it was imperative that the potentially toxic metals were efficiently removed. It was 

Scheme 1: Large scale synthesis of 4-hydoxyethylsulfonylstyrene (1) via a late-stage Suzuki-Miyaura coupling. 

Scheme 2: Multi-kilo synthesis of oral PARP inhibitor 3 by Merck, employing a Suzuki-Miyaura coupling as the 
first step. 
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demonstrated that treatment with acid washed clay, a functionalized silicate (Silicycle, 3-

mercaptopropyl) and then recrystallisation yielded the product in an overall 89% yield with only 6 ppm 

of Pd and 66 ppm of Fe (from a previous step). 

 

ii. Dialkylbiaryl phosphine ligands 

Phosphine ligands are the most common class of ligand used for palladium catalysed cross-couplings, 

although NHC ligands have recently gathered attention.35,36 Trialkylphosphines and triarylphosphines 

are the simplest classes, the most common ligands of these classes are triphenylphosphine and 

tricyclohexylphosphine. Dialkylbiaryl phosphines are a broad range of ligands developed initially in the 

Buchwald group, with the general structure shown below (Figure 4).37 These ligands have many 

advantages over trialkyl- and triarylphosphines, such as providing desired products in higher yields 

under milder conditions, enabling the use of relatively unreactive aryl chlorides, and their modular 

design enabling the tuning of sterics and electronics to optimise challenging reactions.38 With the help 

of mechanistic studies Buchwald and co-workers have thoroughly described the effect of structural 

variation on these scaffolds.37–39 The efficacy of these ligands is such that a wide range are now 

commercially available. 

Scheme 3: Late-stage Suzuki-Miyaura coupling to afford the DGAT-1 inhibitor 4. 
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An important moiety in these ligands that differentiates them from trialkyl- and triarylphosphines is 

the bottom arene ring of the biaryl motif. It not only increases the rate of oxidative addition and 

reductive elimination by stabilising co-ordinatively unsaturated intermediates, but also significantly 

reduces catalyst degradation by oxygen, allowing faster reactions with lower catalyst loadings.39 An 

interaction between the ipso- carbon of this ring and palladium has been identified in crystal 

structures, showing these ligands can almost be considered bidentate (Figure 5).40,41 Due to the 

proximity of this ring to palladium, installing bulky groups on this ring can increase the proportion of 

the active mono-ligated palladium catalyst LPd(0) rather than the co-ordinatively saturated inactive 

L2Pd(0). Installing a bulky substituent ortho- to phosphorous accentuates this interaction by forcing 

the phosphorous and palladium to reside over the lower ring, further favouring reductive elimination. 

 

The synthetic route to these ligands has evolved over time, optimising for a scalable, simple and 

modular route to these important ligands. The initial synthesis of the first Buchwald ligand DavePhos 

(L2) started with a lithium-halogen exchange on N,N-dimethyl-2-bromoaniline, then quenched with 

triisopropyl borate. The resulting boronic acid was subjected to a Suzuki coupling with 1-bromo-2-

iodobenzene to give aryl bromide 5. The corresponding organolithium was formed, and quenched 

Figure 4: Describing the effects of structural variation of the dialkylbiaryl phosphine scaffold, as described by 
Buchwald and co-workers. Figure adapted from Chemical Science: Surry, D. S.; Buchwald, S. L. Chem. Sci. 2011, 

2 (1), 27–50. 

Figure 5: Representation of an X-ray structure of an oxidative addition complex with ligand tBuBrettPhos 
obtained by Buchwald and co-workers, highlighting the interaction between the ipso carbon and palladium. 
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with dicyclohexylphosphinyl chloride to furnish the ligand DavePhos (L2) in a 29% yield over the three 

steps (Scheme 4).42 Whilst this synthesis enabled the discovery of the utility of this class of ligands, the 

route was not easily scalable, required three distinct steps and was relatively low yielding.  

 

The next development came with the introduction of JohnPhos (L3) and tBuJohnPhos (L4).43–45 These 

ligands are unsubstituted on the bottom ring, allowing commercially available 2-bromobiphenyl to be 

the starting material (Scheme 5). It was found that these ligands performed comparably or better than 

DavePhos (L2) in both Suzuki couplings and Buchwald-Hartwig aminations.  

 

The major shift in the synthetic route came in 2000, with the development of a new synthesis via a 

benzyne intermediate.46 Buchwald and co-workers discovered that the addition of 2-

chlorobromobenzene to an aryl Grignard with an equivalent of magnesium afforded the 2-biphenyl 

magnesium scaffold 6 in one step, which once quenched with copper (I) chloride and a phosphine 

chloride afforded ligands in a one pot procedure (Scheme 6). This synthetic route was shown to be 

general, with 14 ligands made through this method in the initial report. 

 

Scheme 4: First synthesis of DavePhos, as reported in 1998. 

Scheme 5: Synthesis of JohnPhos and tBuJohnPhos from 2-bromobiphenyl. 

Scheme 6: Novel synthesis of dialkylbiaryl phosphines via a benzyne intermediate. 
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Attempted scale-up of this new route highlighted several drawbacks. The formation of the initial 

Grignard reagent from N,N-dimethyl-2-chloroaniline for DavePhos was found to be unreliable, and the 

separation of the stoichiometric copper salts from the ligands was challenging on large scale and 

required excessive amounts of solvents to be successful. These issues were addressed in 2001, with a 

detailed analysis of the synthesis on a commercial scale.47 Buchwald and co-workers found that use of 

N,N-dimethyl-2-bromoaniline formed the initial Grignard reagent reliably. Catalytic loading of copper 

chloride was found to be adequate for achieving high conversion. Expensive dicyclohexylphosphine 

chloride could be made from phosphorous trichloride and two equivalents of cyclohexylmagnesium 

chloride and used crude, significantly reducing costs of synthesis. These findings rendered the 

commercial synthesis faster, more reliable and cheaper, paving the way for this ligand class to become 

widely commercially available.  

A major advance in ligand design came with the advent of a new ligand: SPhos (L5).48 Buchwald and 

co-workers developed this ligand through rational design and it proved to be the most successful 

ligand for Suzuki-Miyaura couplings, with superior catalytic capabilities allowing facile coupling of aryl 

chlorides, sterically hindered halides and boronic acids, and coupling of heteroaryls which could 

detrimentally co-ordinate to palladium. The structure of SPhos (L5) allowed an even more streamlined 

synthesis compared to previous ligands in this class.49 The synthesis commenced with ortho-lithiation 

of 1,3-dimethoxybenzene, and subsequent reaction of intermediate 7 with dicyclohexylphosphine 

chloride could be done without the addition copper (I) chloride, vastly simplifying the synthesis 

(Scheme 7).  

 

In 2008, Buchwald and co-workers developed a new class of ligand bearing functionality on the ring 

attached to phosphorous. These ligands provided vast improvements in Buchwald-Hartwig 

aminations, allow lower catalyst loadings to be used and less reactive substrates such as aryl mesylates 

and aryl chlorides.50,51 Most notable examples in this ligand class include BrettPhos (R = 2,4,6 

triisopropyl, R’ = OMe, R’’ = Cy) and tBuBrettPhos (R = 2,4,6 triisopropyl, R’ = OMe, R’’ = tBu) (Scheme 

8). This progress in ligand design was accompanied by a new method for forming the benzyne 

intermediate, starting from 3-fluoroanisole (Scheme 8). After ortho-metalation of 3-fluoroanisole, 

decomposition to the required benzyne intermediate occurs, which then reacts with the required 

Scheme 7: Synthesis of SPhos. 
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aryllithium or aryl Grignard to form the biaryl structure. Quenching with bromine or iodine, followed 

by lithium halogen exchange and reaction with the desired phosphine chloride furnished these ligands 

with only one isolated intermediate.  

 

Buchwald and co-workers then developed water-soluble versions of these ligands which allowed 

Suzuki-Miyaura and Sonogashira couplings to be performed in water.52 Water-soluble phosphine 

ligands have been widely investigated in green chemistry to enable palladium-catalysed cross-

couplings in water.53,54 Many of these water-soluble ligands contain sulfonate groups to promote 

solubility, a number of which are now commercially available (Figure 6).55–61 

 

By appending a sulfonate group to SPhos to form sSPhos (L11), Buchwald and Anderson showed that 

these water-soluble variants could achieve the coupling of both hydrophobic and hydrophilic 

compounds in excellent yields and low catalyst loadings .52 A wide range of halides and boronic acids 

could be coupled at room temperature at low catalyst loadings (1-2 mol%). Upon heating, desired 

products could be obtained in reduced reaction times (10 minutes) or with lower catalyst loadings 

(0.1-0.5 mol%), demonstrating the thermal stability of the catalytic system (Scheme 9a). Pyridines, 

unprotected indoles, and primary amines could be successfully coupled even though these groups 

often chelate to metals poisoning the catalyst. Sonogashira reactions could also be performed with 

the water soluble ligand sXPhos (L10) in a CH3CN:H2O biphasic system (Scheme 9b). They 

Scheme 8: Synthesis of ligands with substituents on the ring attached to phosphorous.  

Figure 6: Selection of sulfonated phosphine ligands used in palladium-catalysed cross-couplings in water. 
aCommercially available.  
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demonstrated the first successful coupling of propiolic acid (8), an alkyne that is especially susceptible 

to nucleophiles as well as prone to polymerisation in the presence of palladium. 

 

This work was extended by Buchwald and Pentelute to the successful Pd catalysed S-arylation of 

cysteine residues on unprotected peptides in aqueous media (Scheme 10).41 Combining the ligand, 

aryl halide and a palladium precatalyst forms oxidatively added complexes such as 9 which, when 

added to a peptide under ambient aqueous conditions, successfully arylated cysteine in the presence 

of various other functional groups. Macrocyclisation of the peptides was also achieved by forming 

dimers of the palladium complex by using di-halide arenes as precursors. These complexes were 

combined with a di-cysteine peptide to afford the macrocyclised peptide in quantitative yields. 

 

Scheme 9: Suzuki-Miyaura and Sonogashira couplings in water using water soluble ligands, including the first 
successful coupling of propiolic acid (8). 

Scheme 10: Using a water-soluble phosphine ligand to achieve the cysteine S-arylation on unprotected 
peptides. 
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b. Site selectivity in cross coupling reactions 

i. Intrinsic site-selectivity in polyhalogenated arenes 

Whilst the utility of cross coupling reactions is apparent, successfully performing sequential couplings 

can be challenging due to competition between different (pseudo)halides in systems bearing multiple 

reaction sites.62 The most common solution to this is to use different halides, which will react 

preferentially per their bond dissociation energy; I (65 kcal mol-1) > Br (81 kcal mol-1) > Cl (96 kcal mol-

1).63 However, these mixed polyhalogenated arenes are often more difficult to make and more 

expensive to buy than the equivalent polyhalogenated arene with the same halide (e.g. 3,4-

dichlorotoluene = £74/kg, 4-bromo-3-chlorotoluene = £448/kg).64,65  

Fortunately, for many heteroarenes, intrinsic bias in the substrate can be exploited to achieve 

selective coupling to a single halide in a molecule bearing that halide at multiple positions. This 

intrinsic selectivity is often present, due to the perturbed nature of the aromatic system, and there is 

a plethora of research into understanding and exploiting these biases to achieve iterative coupling of 

polyhalogenated heteroarenes.66–68 The dominant effect in these perturbed systems is electronics; the 

least electron-rich C–X bond is the most reactive. Examples from the groups of Takle, Bach and 

Sarpong highlight the utility of exploiting this selectivity in synthesis (Figure 7).69–72  

In some cases, arenes can feature an intrinsic bias as well (Figure 8). Given the presence of strongly 

electron donating or withdrawing groups pendant to the ring, the most electron-deficient C–X bond 

would react preferentially (Figure 8b).73  This effect is like the one observed for heteroaromatics, but 

is conceptually easier to identify in arenes due to the unperturbed nature of the aromatic system. 

Sterics can also be used to disfavour cross-coupling at halides near sterically demanding groups (Figure 

8c).74–78 All these effects are highlighted in the work by Langer and co-workers, where bistriflates and 

dibromoarenes are selectively coupled due to electronic or steric effects (Figure 9).73,75,79–82 If neither 

a strong steric or electronic bias is present, minimal selectivity will be observed (Figure 8d). 
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Figure 7: Examples of exploiting the intrinsic site-selectivity of cross-coupling reactions with polyhalogenated 
heteroarenes. 

Figure 8: Figure highlighting the intrinsic selectivity for oxidative addition in selected arenes. Halides 
highlighted in blue will react preferentially. 
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ii. Directed site-selectivity 

A more versatile approach to achieve site-selective cross-couplings is to use co-ordinating directing 

groups. Co-ordination to the metal centre enables fast-intramolecular oxidative addition to occur into 

a proximal C–X bond. Houpis and co-workers demonstrated this approach whereby benzoic acids 

could switch preferentially between ortho and para functionality depending on the steric properties 

of the ligand used (Figure 10a).83 They suggest that without a bulky phosphine ligand, the carboxylate 

group can co-ordinate to the palladium and undergo an intramolecular oxidative addition to afford 

the ortho product with >20:1 o:p selectivity (Figure 10b). However, with a bulky phosphine ligand 

palladacycle formation is sterically disfavoured, resulting in formation of the para product with 11.5:1 

p:o selectivity. 

Figure 9: Examples by Langer and co-workers of steric and electronic biases in arenes.  
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Manabe and co-workers developed a bi-functional ligand L13 to achieve ligand-controlled selectivity 

in the ortho-selective Kumada couplings of phenols. Using an excess of Grignard reagent to 

deprotonate the phenolic substrate, the oxyanions are co-ordinated to magnesium to achieve 

selective oxidative addition at the ortho- position (Scheme 11).68,84–89 By using the bulky bidentate 

ligand dppf, the selectivity can be reversed due to steric bias favouring oxidative addition into the 

para- halide. 

 

Since this report, Manabe and co-workers have further developed this methodology to encompass 

site-selective Kumada couplings to anilines and indoles, as well as ortho selective Sonogashira coupling 

on phenols and anilines to synthesise benzofurans and indoles (Scheme 12a and b).90–95 These 

Figure 10: Carboxylate directed Suzuki-Miyaura coupling as reported by Houpis and co-workers. Selectivity can 
be reversed by using a bulky ligand, negating the directing interaction of the carboxylate group. 

Scheme 11: Site-selective Kumada coupling directed by the novel triaryl ligand L13, as reported by Manabe and 
co-workers. 



30 
 

developments were used in combination to achieve the three-step synthesis of 2,5,7-trisubstituded 

indoles from N-acetyl-2,4,6-trichloroaniline (Scheme 12c).96 

 

Whilst this work demonstrates the possibility of using a transient interaction between the ligand and 

substrate to achieve site-selective oxidative addition on otherwise unbiased systems, there have 

currently been no reports of directed approaches for the more arene positions other than ortho. 

  

Scheme 12: Summary of the developments by Manabe and co-workers in ligand-directed cross-coupling 
reactions. (a) Ortho selective Kumada coupling on anilines, indoles and phenols, (b) Ortho-selective 

Sonogashira coupling and subsequent cyclisation to make benzophenones and indoles, (c) Synthesis of 2,5,7 
trisubstituted indoles from N-acetyl-2,4,6-trichloroaniline. 
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c. Atroposelective cross-couplings via direct C–C axis formation 

i.  Importance of atropisomers 

Atropisomers are a form of stereoisomerism, caused by the restricted rotation around either a single 

or multiple bonds.97 Atropisomers are abundant in natural products, often being synthesised 

selectively to yield a single isomer in nature (Figure 11).98–104 Atropisomer interconversion often does 

not require breaking and reforming bonds, merely overcoming the energy barrier to rotation of the 

restricted bond or bonds. To be considered an atropisomer and not merely a rotamer, a compound 

requires a half-life of interconversion that exceeds 1000 seconds at room temperature, corresponding 

to an energy barrier of 23.3 kcal mol-1.97,101 However, the interconversion barrier can be influenced by 

the conditions, for example the hibarimicin family of atropisomeric natural products have been 

reported to naturally be the S configuration at the biaryl axis, which isomerises to the unnatural R 

configuration in neutral (pH = 7) methanol at 60 °C within 30 minutes.102,103 However, this conversion 

is slowed in acidic medium, suggesting that the deprotonated compound has a reduced barrier to 

rotation.  

 

Atropisomers are also prevalent in pharmaceuticals. Analogously to compounds possessing point 

chirality, atropisomers often have different biological properties, and therefore should ideally be 

evaluated as a single atropisomer for a drug formulation.105 For this reason, the possibility of 

interconversion is particularly pertinent. Atropisomeric compounds can be put into three different 

classes depending on their rotation energy barrier.106,107 Class 1, with an energy barrier below 20 kcal 

Figure 11: Select examples of natural products containing an atropisomeric axis. 
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mol-1 rapidly interconvert on second timescale or faster, and can be regarded as rotamers rather than 

two distinct isomers. Class 2, with an energy barrier between 20 and 30 kcal mol-1, slowly interconvert 

on a timescale of minutes to months and raise issues for their use as drugs. The isomers are distinct 

compounds, but their interconversion means formulating a drug with just one isomer is very difficult 

and would interconvert whilst being stored after formulation. Class 3, with energy barriers above 30 

kcal mol-1, effectively do not interconvert at room temperature with half-lives beyond a year. Below 

are selected examples of drug candidates with an atropisomeric axis, and the different biological 

properties of the atropisomers (Figure 12).108–111  

 

Due to their importance, there have been a range of methodologies developed for the 

enantioselective synthesis of atropisomers.112,113 Herein, the focus will be on methodology which uses 

palladium-catalysed cross-coupling to enantioselectively form the atropisomeric C–C axis.  

ii. Diastereoselective approaches 

The first reports of selective atropisomer formation utilised pre-existing chirality in the substrate to 

influence the atropisomeric axis. In 2000, Uemura and co-workers reported using optically active 

arene-chromium complexes to diastereoselectively form an atropisomer via a Suzuki-Miyaura 

coupling (Table 1).114,115 They reported exclusive formation of one diastereomer for a variety of arenes 

Figure 12: Select examples of atropisomeric drug candidates and the variation in their biological properties. 
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and boronic acids. It was also demonstrated that most products could equilibrate to the 

thermodynamic anti-product 12b at high temperatures, allowing the selective formation of one 

atropisomer or the other depending on temperature for some compounds. This method of 

stereoinduction was later applied to the stereoselective synthesis of the atropisomeric A–B biaryl 

bond present in vancomycin.116 

 

R R’ Yield 12a (%) Yield 12b (%) 

Me Me 96 0 

CHO Me 82 0 

CH2OH Me 77 0 

Me OMe 91 3 

CH2OH OMe 85 5 

Me CHO 0 95 

CHO CHO 0 43 

 

Later, the transfer of point chirality onto a chiral axis was demonstrated by Colobert and co-workers 

in the diastereoselective cross-coupling of chiral sulfoxides.117 Using β-methoxy sulfoxide aryl iodides, 

coupling with various boronic acids could be achieved with up to >99:1 dr and quantitative yield 

(Scheme 13). Using the free hydroxyl instead of methoxy was also possible but resulted in reduced 

yields and scope. 

Table 1: Diastereoselective Suzuki-Miyaura cross-coupling to form an atropisomeric axis from planar 
chiral chromium complexes. 
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Whilst these approaches allowed for the highly selective formation of atropisomeric axes, the use of 

pre-existing chirality precludes the general usefulness of this methodology. Subsequently, focus has 

shifted onto the development of chiral ligands for an enantioselective reaction using two achiral 

substrates to form an enantioenriched product. 

iii. First reported enantioselective Suzuki-Miyaura coupling 

The earliest reports of enantioselective cross-couplings were Kumada couplings; using a Grignard 

reagent as the coupling partner. The first of these was reported in 1975 by Kumada, Tamao and co-

workers with the nickel catalysed cross coupling of 1-bromo-2-methylnaphthalene and 2-methyl-1-

naphthyl magnesium chloride.118 However, low enantioselectivity was observed (up to 12% ee) when 

using a binaphthyl-derived ligand. The first highly selective example of Kumada coupling was reported 

by Hayashi and co-workers in 1988.119 Using a chiral ferrocene ligand, three different binaphthyls were 

synthesised with selectivities up to 95% ee (Scheme 14).  

 

However, the main limitation of Kumada couplings is the use of aryl Grignard reagents, which are 

moisture and air-sensitive and have low functional group tolerance. To address this shortcoming, 

Scheme 13: Diastereoselective Suzuki-Miyaura cross-coupling to form an atropisomeric axis from point chiral β-
methoxy sulfoxides. 

Scheme 14 Enantioselective nickel catalysed Kumada cross-coupling to form enantioenriched binaphthalenes. 
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research turned to developing an enantioselective Suzuki-Miyaura coupling. With the use of bench 

stable and functional group tolerant boronic acids, a more general protocol could be realised.  

To this effect, the first enantioselective Suzuki couplings were reported independently by the groups 

of Cammidge120,121 and Buchwald122 in 2000. Cammidge and co-workers further developed the 

ferrocene monophosphine ligands which had given promising results in Kumada couplings; and found 

that by substituting the methoxy group on L16 with dimethylamino to get L17, good to excellent ee’s 

were observed (Scheme 15a). However, yields were moderate, reactive aryl iodides were required, 

and the formation of only two binaphthalenes were reported. 

Buchwald’s report built upon their experience with designing monophosphine ligands and designed a 

chiral binaphthyl variant of DavePhos (L2): KenPhos (L18) (Scheme 15b). By including a co-ordinating 

phosphonate or nitro group onto the aryl halide, they could induce excellent enantioselectivity with a 

variety of boronic acids. The products could be recrystallised to >99% ee and derivatised to chiral 

phosphines, which could potentially be used as a new set of chiral ligands.  

 

Buchwald and co-workers expanded on this work in 2010, by analysing different directing groups as 

well as performing an in-depth computational studies into the origins of the selectivity observed.123 

Using the same ligand as before (KenPhos L18), other functionalities containing an X=O bond were 

evaluated for their ability to direct enantioselectivity. Diphenylphosponates 14, phosphine oxides 15 

and amides were successful, however esters 13 generated lower selectivities (Scheme 16). Amongst 

the amides, cumylamide 16 was the best substrate, allowing high yields of the biaryl and excellent 

enantioselectivity. The diversity of this directing group was investigated, allowing the synthesis of 

phenyl-naphthyl biaryl products with the directing group on either ring, and a couple examples of the 

Scheme 15 The first enantioselective Suzuki-Miyaura couplings by Cammidge and co-workers (a) and Buchwald 
and co-workers (b). 
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synthesis of chiral biphenyls: the first report of this (Scheme 17). The cumylamide group can be 

removed by treatment with triflic acid, leaving the free C(O)NH2 amide, which after recrystallisation 

was isolated as a single enantiomer.  

 

 

The origin of enantioselectivity was investigated by DFT on a phosphonate substrate.123 Starting from 

an X-ray structure of the intermediate 17, they analysed various reductive elimination transition states 

that give rise to the two enantiomers (Scheme 18, Figure 13). Fourteen transition states were 

Scheme 16: Different directing groups evaluated by Buchwald for the enantioselective Suzuki-Miyaura 
couplings with (S)-KenPhos ((S)-L18) as the ligand. 

Scheme 17: Scope of the cumylamide directing group, including two examples of enantioselective biphenyl 
couplings: the first examples of this type. 
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identified, and the lowest energy pathway found corresponded to the correct (S) enantiomer in the 

product. The enantiomer could be determined solely from the dihedral angle through the new C–C 

bond formed: if the angle was 1-179°, the (R) enantiomer was formed and an angle of -1- -179° formed 

the (S) isomer (Figure 14). It is proposed that the phosphonate group undergoes weak P=O - - H–C 

interactions with the ligand and the other coupling partner, which contribute to the stabilisation of 

certain transition states and give rise to the observed enantioselectivity.  

 

 

Scheme 18: Enantioselective Suzuki-Miyaura coupling reaction studied computationally by Buchwald and co-
workers. Reductive elimination from intermediate 17 was studied in detail. 

Figure 13: 3D representation of intermediate 17, describing the different orientations that can be present. Each 
of these was analysed for transition states going to either enantiomer. Atoms from the ligand (S)-KenPhos ((S)-

L18) are faded for clarity. Reprinted (adapted) with permission from Shen, X.; Jones, G. O.; Watson, D. A.; 
Bhayana, B.; Buchwald, S. L. J. Am. Chem. Soc. 2010, 132 (32), 11278–11287. Copyright 2010 American 

Chemical Society.  
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iv. Further advances 

Since the first reports in 2000, there have been many advances in ligand design, allowing a wider range 

of biaryls to be synthesised enantioselectively through Suzuki-Miyaura coupling.124–127 There have 

been a wide variety of ligands which have been developed, which can be categorised loosely into 

ligand families. The developments within each ligand class are summarised here. 

Bisphosphines 

Whilst bisphosphine ligands have been used in a variety of asymmetric transition-metal catalysed 

reactions, there is a relative paucity of highly selective examples for Suzuki-Miyaura coupling. Colobert 

and co-workers reported in 2002 the coupling of 2-methoxy-1-naphthylboronic acid and 1-iodo-2-

methoxynaphthalene using (R)-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl ((R)-BINAP) or (R)-2,2′-

bis(di-p-tolylphosphino)-1,1′-binaphthyl ((R)-TolBINAP).128 They discovered that the Pd to ligand ratio 

is crucial for enantioselectivity, seeing variations from -22% to 29% ee just by varying the ratio.  

Mikami and co-workers later reported the use of cationic palladium complexes to achieve good 

enantioselectivity in the synthesis of binaphthalenes using (S)-2,2'-bis(dicyclohexylphosphino)-1,1'-

binaphthyl ((S)-Cy-BINAP).129 Coupling 1-bromo-2-methoxynaphthalene with 1-naphthyl boronic acid 

proceeded with 70% ee, however other 2-substituted naphthalenes yielded lower selectivities 

(Scheme 19).  

Figure 14: Lowest energy computed transition states for each of the two enantiomers. Weak C–H - - O=P 
interactions deemed important for stability are highlighted in green. The dihedral angles between C1 and C4 

through the new C–C bond are shown below, with values of 1-179° giving the R enantiomer, and -1- -179° 
giving S. Atoms from the ligand (S)-KenPhos ((S)-L18) are faded for clarity. Reprinted (adapted) with permission 

from Shen, X.; Jones, G. O.; Watson, D. A.; Bhayana, B.; Buchwald, S. L. J. Am. Chem. Soc. 2010, 132 (32), 
11278–11287. Copyright 2010 American Chemical Society. 
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The use of Pd nanoparticles stabilised by chiral bisphosphines to catalyse asymmetric Suzuki-Miyaura 

couplings have also been reported by Fujihara and co-workers.130 By using nanoparticles stabilised by 

(S)-BINAP, they could achieve the coupling of 1-bromo-2-methoxynaphthalene and 1-naphthyl 

boronic acid with 69% ee and good yields. They also achieve the selective coupling with 1-bromo-2-

methoxynaphthalene and o-tolyl boronic acid, but with lower selectivity (55% ee).  

Pincer ligands 

Pincer ligands are tridentate ligands which engulf the metal centre within a rigid structure. They have 

had many successes in asymmetric palladium catalysis, including cyclopropanation, Michael additions  

and hydrophosphination of alkenes.131 With this success, this class of ligands were attempted in 

atropisomeric Suzuki-Miyaura coupling. Iwasa and co-workers reported the use of a Pd-Pincer ligand 

complex to catalyse asymmetric cross-coupling.132 They report low enantioselectivities, but do not 

elaborate on the ligand in this report. It is interesting that selectivity can be obtained with this class 

of ligands, as it is believed the mechanism goes through a Pd(II/IV) cycle, unlike the typical Pd(0/II) 

cycle for cross couplings (Scheme 20).  

 

Other notable attempts come from the group led by Gong and Song in 2010 and 2014.133,134 They 

synthesised novel unsymmetric PCN (L20) and CNN (L21) pincer ligands and apply them to a selection 

Scheme 19: The use of a cationic palladium complex with a biphosphine ligand to achieve enantioselective 
Suzuki-Miyaura couplings, as reported by Mikami and co-workers. 

Scheme 20: Iwasa and co-workers’ report of asymmetric Suzuki-Miyaura cross-coupling using a palladium 
pincer complex. 
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asymmetric reactions. Unfortunately, both classes were only partially successful in Suzuki-Miyaura 

couplings, leading to moderate selectivities and reactivities (Scheme 21). 

 

Hydrazone containing ligands 

Hydrazone containing ligands were pioneered by Fernandez, Lassaletta and co-workers, with the first 

report in 2008.135 They reported using a C2-symmetric bis-hydrazone complex as the catalyst, and 

achieve good to excellent enantioselectivities (Scheme 22). The catalysts were found to be less active 

than Buchwald-type monophosphines but could achieve high conversion in 14 hours at 80 °C, albeit 

with reduced selectivity. The best selectivities were achieved at room temperature, though needed 

long reaction times (7 days) and resulted in reduced yields. However, these limitations do not detract 

from the high selectivities observed and opened the door to another potentially fruitful class of 

ligands.  

 

Scheme 21: Examples of using pincer ligands in Suzuki-Miyaura cross coupling by Gong and Song. 

 

Scheme 22: Using bis-hydrazone ligands to achieve high selectivity in Suzuki-Miyaura cross-coupling, as 
reported by Fernandez, Lassaletta and co-workers. 
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The selectivity of these ligands was proposed to be due to the propeller shape that the phenyl groups 

on the ligand form around the metal centre when ligated. Taking into consideration the assumption 

that there is restricted rotation around both Pd–C, especially at low temperatures, there are two 

possible configurations of the complex after oxidative addition: I1(A) and I1(B) (Figure 15). I1(A) was 

proposed to be the most stable through a π-π interaction (highlighted by the arrow, Figure 15). After 

transmetallation, there are four possible configurations, of which only one contains two beneficial π-

π interactions: I2(A)-anti. This low energy intermediate would perform conrotatory reductive 

elimination, with both C–Pd bonds rotating anticlockwise to avoid steric clash with the ligand. 

 

 

Later, these ligands were subjected to detailed mechanistic and computational experiments by 

Denmark, Houk and co-workers in asymmetric Hiyama couplings (Figure 16).136 They found that 

complex L22 gave the best results, and adding ortho- substituents or electron deficient substituents 

to the aromatic rings significantly reduced the observed enantioselectivities. It was shown that the 

selectivity of the Hiyama coupling was identical to the corresponding Suzuki-Miyaura coupling, 

implying that they both go through a common intermediate which precedes the enantiodetermining 

step. After analysing the lowest energy configurations for complex 18, they found that the most stable 

configuration occurred when the naphthyl rings point away from the ligand’s phenyl rings, contrary to 

what Lassaletta, Fernandez and co-workers had previously proposed (Figure 15, Figure 16).135 Analysis 

Figure 15: Proposed mechanism of stereoselectivity with bis-hydrazone ligands. Favourable π-π interactions are 
highlighted by arrows, with I2(A)-anti being the lowest energy with two interactions. The Pd–C bonds rotate 

anticlockwise during reductive elimination to avoid phenyl-naphthyl steric clash between substrate and ligand. 
Reprinted (adapted) with permission from Bermejo, A.; Ros, A.; Fernández, R.; Lassaletta, J. M. J. Am. Chem. 

Soc. 2008, 130 (47), 15798–15799. Copyright 2008 American Chemical Society. 
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of the complex without any substrate bound (Figure 16, right panel) led to a quadrant-led method of 

enantioinduction, where the NW and SE quadrants are blocked by the phenyl rings on the ligand 

(Figure 17). It was found that conrotatory clockwise rotation of the naphthyl groups during reductive 

elimination yielded the lowest energy transition state and led to the (S)-isomer, which was in 

accordance with the experimental results. The lowest (R)-isomer transition state was 2.9 kcal mol-1 

higher, leading to a predicted er of 99:1, in agreement of the experimentally observed 95:5 ratio.  

 

 

 

Figure 16: Left: Palladium complex 18 examined computationally. Middle: Calculated lowest energy 
configuration of 18, with the naphthyl B rings pointing away from the ligand’s phenyl rings. Right: Complex 18 

with the naphthyl substrates omitted. Quadrants are overlayed, with the ligand’s phenyl rings protruding in the 
NW and SE quadrants, blocking these quadrants. Reprinted (adapted) with permission from Denmark, S. E.; 

Chang, W. T. T.; Houk, K. N.; Liu, P. J. Org. Chem. 2015, 80 (1), 313–366 
(https://pubs.acs.org/doi/abs/10.1021/jo502388r). Copyright 2015 American Chemical Society, further 

permissions related to the material excerpted should be directed to the American Chemical Society. 

Figure 17: Proposed quadrant explanation for selectivity in Hiyama couplings with C2 symmetric bis-
hydrazones, proposed by Denmark, Houk and co-workers. The naphthyl rings on the substrate point into the 

open NE and SW quadrants. 

https://pubs.acs.org/doi/abs/10.1021/jo502388r
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To address the reduced reactivity of these complexes, Fernandez, Lassaletta and co-workers 

developed hybrid phosphino-hydrazone ligands, with the hope of achieving increased reactivity and 

retaining high enantioselectivities.137 Gratifyingly, high reactivity was observed even at room 

temperature with catalysts L23a and L23b; however, enantioselectivity was slightly lower than in the 

previous report (Scheme 23).135 This loss in selectivity could be due to the loss of one of the C2-

symmetric hydrazones. In general, catalyst L23a gave higher yields but lower enantioselectivities than 

L23b. Despite this, they achieve the more challenging class of coupling to form a biphenyl with 82% 

ee, a motif which is absent from most substrate scopes in this field. 

 

To probe the origins of this selectivity, and which steps contribute to the enantioinduction, the 

oxidative addition complexes 19a and 19b were synthesised (Figure 18). It was found that 19a, with 

the relatively unhindered naphthalene ring, had free rotation around the C–Pd bond at 80 °C, as seen 

by a coalescence of the 31P NMR peaks. The complex was isolated as a 1:1 mixture of the two 

atropisomers, which were likely to slowly interconvert at room temperature. Upon addition of boronic 

acid 20, product was obtained in 36% ee (40% ee in the catalytic reaction). Since there was 

interconversion after oxidative addition, this suggests that the enantiodetermining step is either 

transmetallation or reductive elimination, or a combination of the two. However, for complex 19b 

bearing the more sterically hindered 2-methoxynaphthalene, the oxidative addition complex was 

obtained as a 7:1 mix of atropisomers (by 31P NMR). Restricted rotation was still observed at elevated 

temperatures, with no peak broadening in the NMR at 80 °C. Upon addition of 1-naphthyl boronic acid 

(21), product 22 was obtained in 60% ee (66% ee in the catalytic reaction). The lack of interconversion 

after oxidative addition suggests this step and later steps could both be crucial in determining the 

selectivity of the product.  

Scheme 23: Using phosphino-hydrazones in asymmetric cross couplings, including a rare example of direct 
formation of a biphenyl, as reported by Fernandez, Lasaletta and co-workers. 
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Ferrocene and chiral sulfinamide phosphine ligands. 

Ferrocene derived phosphine ligands have been demonstrated previously for asymmetric cross-

couplings, with reports from Hayashi’s119 and Cammidge’s120,121 groups described previously. The 

development of these ligands did not stop there: in 2003 Johannsen and co-workers reported an air 

stable planar-chiral ferrocene monophosphine which enabled asymmetric cross couplings.138 These 

ligands can be made relatively easily using a chiral sulfoxide-directed ortho-lithiation and quench, 

allowing a modular route to this class of ligands.139 Testing this class against the benchmark synthesis 

of 2,2’-dimethylbinaphthyl yielded moderate selectivities, with ligand L24 giving the best ee (Scheme 

24).  

Figure 18: Investigations into the effect of oxidative addition on enantioselectivity through the analysis of pre-
synthesised oxidative addition complexes. Using a bulkier aryl bromide prevented interconversion of the two 

complex diastereomers and led to higher ee observed in the product. 
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One of the issues seen with naphthyl boronic acids is that the reactions often suffer from high levels 

of protodeborylation, thus requiring large excesses or use of the boronic esters to achieve good 

conversion. This issue was investigated by Espinet and co-workers, who found that this was due to 

these boronic acids being contaminated with HCl from the final step of their synthesis.140 They found 

that through a simple silica filtration, the HCl was removed and their reactivity was comparable to the 

corresponding boronic ester. They showcased this improvement by repeating Cammidge and co-

workers’ initial work (Scheme 15a, page 35) and showed that reduced temperature and boronic acid 

loading could be used to gain the same results. This work was furthered for the use of microwave 

heating to accelerate cross-coupling, using the same ligand as Cammidge.141 The microwave heated 

reactions resulted in product formation in as little as one hour, compared to multiple hours or days 

with conventional heating. Unfortunately, this reduction in reaction time came with the trade-off of 

lower enantioselectivities, with ees being reduced by 10-20% for most reactions.  

Recently, the use of chiral sulfinamide ligands has garnered attention in asymmetric Suzuki-Miyaura 

couplings. Qiu and co-workers reported using ligand L25 on 1-bromo-2-phosphonate naphthalenes 

with a variety of boronic acids to achieve enantioenriched biaryls in excellent enantioselectivities 

(Scheme 25).142 Phosphine oxides also work well as directing groups, and both the phosphine oxides 

and phosphonates can be converted to novel chiral phosphine ligands, with procedures previously 

reported by Buchwald.122 A drawback is the long reaction times (84 hours), but this methodology 

allows these valuable products to be formed in good to high yield and excellent selectivity. 

Scheme 24: Asymmetric Suzuki-Miyaura coupling using a planar-chiral ferrocene ligand. 
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This work was extended by Wu, Zhang and co-workers, who utilised a ferrocene-sulfinamide ligand 

L26 structure with a total of three chiral centres (Scheme 26).143 These ligands could achieve even 

higher selectivities with phosphine oxide and phosphonate substrates reported previously, and with 

reduced reaction times compared to Qiu and co-workers’ work (Scheme 25). Derivatisation of the 

chiral phosphines was demonstrated, and selected products were tested as ligands in the 

hydrosilylation of alkenes, yielding high enantioselectivities (>90% ee). The large-scale synthesis of 

phosphine oxide (S)-23 was achieved, yielding 84 g of product (53% yield) optically pure after 

recrystallisation, along with 39.9 g recovered starting material (28%) (Scheme 26).  

 

Ether-tethered Buchwald-type ligands 

Considering the utility demonstrated by Buchwald-type dialkylbiaryl phosphine ligands in non-

enantioselective Suzuki couplings, it is unsurprising that work has been done to develop chiral variants 

Scheme 25: Excellent enantioselectivity achieved using a chiral sulfinamide phosphine ligand L25 in a Suzuki-
Miyaura cross-coupling. 

Scheme 26: Use of a chiral ferrocene based sulfinamide ligand L26 to achieve excellent enantioselectivity in the 
coupling of ortho-phosphonates and phosphine oxides. Synthesis of optically pure (S)-23 was achieved on a 100 

g scale. 
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that can afford high enantioselectivity in asymmetric Suzuki-Miyaura coupling. One of these efforts, 

developed by the Qiu group, uses a chiral diol moiety to tether the biaryl scaffold of the ligand, forming 

a single atropisomer. One of the first reported ligands were P,N bifunctional ligands L27a/L27b, similar 

to KenPhos (L18).144 Another ligand reported in the same year was ligand L28, more structurally similar 

to SPhos.145 Both ligands were used to selectively couple ortho-phosphonate substrates, with 

moderate to good enantioselectivity (Scheme 27). The P,O ligand L28 outperformed it’s P,N ligand 

counterparts L27a/L27b with respect to enantioselectivity, although a smaller scope was reported.  

 

The group then extended this work to the coupling of aryl bromides possessing an ortho phosphine 

oxide group, which as has been discussed previously, can be converted to novel axially chiral 

phosphine ligands in one step.146 For this transformation, it was found that ligand L29 performed best 

when used for coupling with ortho-alkoxy boronic acids, and ligand L30 performed better when using 

ortho-formyl boronic acids (Scheme 28). The reactions with formyl boronic acids were found to 

generally yield higher selectivities than with the equivalent alkoxy boronic acids. Compound 24 was 

formed in 93% ee, and after a single recrystallisation was obtained in >99% ee. This enantiopure 

compound could be converted into a novel chiral phosphine-imidazoline ligand 25 over four steps 

(Scheme 29). 

Scheme 27: Use of ether-tethered P,N and P,O bifunctional ligands in Suzuki-Miyaura coupling, as reported by 
Qiu and co-workers. 
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DFT studies of the reaction with o-phosphonates showed that when using 2-formylboronic acid, a key 

interaction was present between the formyl proton and the palladium centre (Figure 19). The filled 

d(z2) orbital of palladium interacts with the C(O)–H σ* orbital, leading to a three-centre-four-electron 

bond between carbon, hydrogen and palladium. This bidentate binding, in addition to the bidentate 

binding of the phosphonate, led to a highly organised octahedral transition state for reductive 

elimination. The predicted ee for this reaction was 88%, which corresponded well to the experimental 

value of 95%. 

Scheme 28: Enantioselective Suzuki-Miyaura cross-coupling of ortho-phosphine oxides using an ether tethered 
ligand or Cy-MOP. 

Scheme 29: Synthesis of a novel phosphine-imidazoline ligand 25 starting from an asymmetric Suzuki-Miyaura 
coupling.  
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Qiu and co-workers next performed a systematic study into the importance of the ether chain linker 

length and nature of the aryl groups on the phosphorus.147 They published a new synthetic route, 

which ends in a kinetic resolution via a double SN2 reaction on racemic biaryls to afford the desired 

ligands (Scheme 30).  

 

They found that enantioselective coupling of quinoline phosphonates was possible, and ligand L31 

((R,R,Sa), n = 2, Ar = Ph) performed best for this task. The coupling of heteroaryls can be challenging 

Figure 19: DFT analysis of the reductive elimination transition states from the complex (left) showed a key C–H–
Pd interaction. The lowest energy transition state is shown in detail in the middle, and in cartoon form on the 

right, highlighting the key C–H–Pd and P=O–Pd interactions leading to an octahedral geometry. 
 Middle image reprinted (adapted) with permission from Zhou, Y.; Zhang, X.; Liang, H.; Cao, Z.; Zhao, X.; He, Y.; 

Wang, S.; Pang, J.; Zhou, Z.; Ke, Z.; Qiu, L. ACS Catal. 2014, 4 (5), 1390–1397. Copyright 2014 American 
Chemical Society. 

 

Scheme 30: Modular synthesis of ether-bridged phosphine ligands. The final step occurs with full 
diastereoselectivity, precluding the need for a long resolution sequence.  
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due to the co-ordinating nature of the heteroatom, but despite this the reaction proceeded with good 

to excellent stereoselectivity. Returning to the coupling of naphthyl phosphonates showed that ligand 

L32 ((S,S,Ra), n = 0, Ar = 3,5-Me2C6H3) performed best for this substrate class, with a slight 

improvement in selectivities observed in comparison to ligand L28 showcased previously (Scheme 31, 

previous example Scheme 27).  

 

This work was extended by Qiu and co-workers to the coupling of 3-bromopyridines, utilising amides 

and nitro groups as directing groups.148 Using a slightly different ligand L33, these substrates can be 

coupled with moderate to excellent enantioselectivities (Scheme 32). 

 

Chiral-at-phosphorous Buchwald-type ligands 

Another method of creating chiral Buchwald-type ligands has been to tether the phosphorous within 

a ring and impart point chirality on phosphorous through this ring (Figure 20). This area has been 

Scheme 31: Stereoselective Suzuki-Miyaura coupling of quinoline and naphthyl phosphonates using ether-
bridged phosphine ligands.  

Scheme 32: Stereoselective Suzuki-Miyaura coupling of 3-bromopyridine derivatives. 
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pioneered by the Tang Group, with many different variants of the ligands now reported.149 Unlike the 

ligands by Qiu and co-workers, these ligands are not atropisomers due to the bottom ring being 

symmetrical in all cases. The chirality is present directly at the phosphorous atom and the alkyl tether 

used, whilst the biaryl backbone is similar to the achiral ligand SPhos, which excels in non-

enantioselective Suzuki-Miyaura couplings (Figure 20).  

 

 

Tang and co-workers’ first report described the coupling of aryl bromide possessing an ortho-amide 

group.150 They found that ligand L34 was the best for this transformation and could achieve high 

enantioselectivity and conversion with low catalyst loadings (Scheme 33). These amides could be 

converted in quantitative yields to the corresponding alcohols and acids with no loss of enantiopurity. 

The reaction also worked well with substrates possessing ortho-phosphonate groups using ligand L35, 

a motif seen frequently in the literature.126 Through DFT calculations, a key secondary interaction was 

identified between the two substrates in the reductive elimination transition state: a π-π interaction 

between the naphthyl from the boronic acid and the extended π-system on the amide fragment 

(Figure 21). This interaction orients the components in the correct position to undergo reductive 

elimination to give the observed major product enantiomer. This interaction was key for high 

enantioselectivity as amides without an extended π-system suffered from lower enantioinduction.  

 

Figure 20: General structure of ligands designed by Tang and co-workers; and SPhos: a structurally similar 
achiral Buchwald ligand. 

Scheme 33: Stereoselective Suzuki-Miyaura coupling of aryl bromides containing an ortho-amide or ortho-
phosphonate group, using P-chiral phosphine ligands L34 and L35.  
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To highlight the utility of these ligands, this transformation was utilised in the synthesis of 

Korupensamines A, B and Michellamine B by Tang and co-workers.151 This family of naturally products 

all contain at least one atropisomeric axis, which was synthesised through an enantioselective Suzuki-

Miyaura coupling. Michellamine B can be considered a dimer of Korupensamine A and B, so would be 

straightforward to access once the two Korupensamine products are reached (Figure 22). 

 

 

The synthetic strategy started with enantioselective coupling of an aryl bromide containing a 

protected ortho-phenol group (Scheme 34). After optimisation, it was found that the bis(2-oxo-3-

oxazolidinyl)phosphinyl (BOP) protecting group gave the highest selectivities, possibly due to a 

substrate-substrate polar-π interaction similar to the π-π interaction seen in the previous report 

(Figure 23). This directing group allowed the coupling of 1-bromo-2-OBOP-naphthalene with 1-

naphthyl boronic acid to give product 29 in 99% ee using ligand L36 (Scheme 34). In the synthesis of 

Figure 21: Proposal of a π-π interaction between the two substrates in the reductive elimination transition 
state. Reprinted (adapted) with permission from Org. Lett. 2012, 14 (9), 2258–2261. 

 Copyright 2012 American Chemical Society. 

Figure 22: Set of natural products synthesised by Tang and co-workers through an asymmetric Suzuki-Miyaura 
coupling. Michellamine B can be considered a dimer of Korupensamine A and B, with the two joined by the 

bond highlighted in turquoise. 
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Korupensamines A and B, a phenyl derivative was needed, and coupling a phenol derivative with 1-

naphthyl boronic acid yielded the product 29 in 91% ee with the same ligand. An example of biphenyl 

coupling was also achieved with L34, forming product 30 in 90% ee.  

 

 

 

With this new directing group in hand, they initiated the natural product synthesis. Starting from 

phenol derivative 31, they performed a Suzuki-Miyaura coupling with 32 to give the biaryl 33 in 93% 

ee and 96% yield. Four further steps yielded intermediate 34, which was subjected to a rhodium 

catalysed hydrogenation to give 35 with a dr of 92:8. A further three steps yielded 36, which after a 

global deprotection gave Korupensamine A (27) in a 24% overall yield and 13 steps (Scheme 35). 

A similar procedure was followed for Korupensamine B, with the Suzuki-Miyaura coupling conducted 

with the enantiomer of L36: ent-L36, yielding ent-33 with the same yield and equal but opposite 

Figure 23: Model of the reductive elimination step proposed to explain the high levels of selectivity observed 
with the BOP directing group. A key polar-π interaction is identified between the C=O on the BOP group and the 

naphthalene of the other coupling partner. Reprinted (adapted) with permission from Xu, G.; Fu, W.; Liu, G.; 
Senanayake, C. H.; Tang, W. J. Am. Chem. Soc. 2014, 136 (2), 570–573. Copyright 2014 American Chemical 

Society. 

Scheme 34: Select examples of using the OBOP directing group in asymmetric cross coupling reactions, 
including a rare biphenyl example. 
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stereoselectivity. This was then taken along the same synthetic route, with the asymmetric 

hydrogenation occurring with a slightly lower dr of 90:10, leading eventually the Korupensamine B in 

a 16% overall yield and 13 steps (Scheme 36). 

Taking the protected intermediates 36 and epi-36, these were converted to the aryl bromide and 

boronic acid respectively. These were coupled together to yield 37, which after a global deprotection, 

yielded Michellamine B (26) (Scheme 37). Compound 37 seemed to exhibit some restricted rotation 

around the C–C axis just formed, as it was reported that the 1H NMR at room temperature was very 

broad. However, the peaks become sharp in an 1H NMR run at 50 °C, suggesting this restricted rotation 

constitutes rotamers rather than isolatable atropisomers. This effect was not observed in the final 

product Michellamine B (26). 

 
Scheme 35: Total synthesis of Korupensamine A (27), starting with an atroposelective Suzuki-Miyaura coupling. 
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Scheme 36: Total synthesis of Korupensamine B (28), starting with an atroposelective Suzuki-Miyaura coupling. 

Scheme 37: Total synthesis of Michellamine B (26) from advanced intermediates 36 and epi-36. 



56 
 

A detailed mechanistic investigation by Tang and co-workers was undertaken for these chiral-at-

phosphorous ligands, with a large ligand library tested and supported with computational work.152 The 

coupling to form 2,2’-dimethylbinaphthalene was investigated, and it was found that this could 

proceed with good selectivity, up to 89% ee, despite not containing any directing group previously 

identified to be important.149–151 The analogous Negishi coupling was also investigated and led to 

reduced enantioselectivity compared to the Suzuki-Miyaura coupling, despite presumably going 

through the same reductive elimination step. To justify these differences, DFT studies were conducted 

into the reductive elimination step. Four pre-reductive elimination complexes were identified, which 

could not interconvert due to restricted rotation (Figure 24). These complexes are therefore also 

atropisomers, and each has different transition state energies for reductive elimination for the R and 

S enantiomer. A single low energy transition state for each enantiomer of the product was proposed 

of the eight calculated, with a difference between these being 1.3 kcal mol-1 in favour of the S 

enantiomer (Figure 25). This analysis was found to be in good agreement with observed selectivity of 

the Negishi reaction, which can be rationalised by the expected reversibility of the preceding 

transmetallation step.  

 

 

Figure 24: Four possible pre-reductive elimination complexes identified by Tang and co-workers. Determined to 
be atropisomers as interconversion through bond rotations was energetically unfeasible. 
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However, the case for Suzuki-Miyaura coupling was more complex. Because the transmetallation step 

is likely to be irreversible, the proportions of the four pre-reductive elimination complexes won’t be 

related to their relative energies, but instead to the transition states traversed to each of these (i.e. 

kinetic control, not thermodynamic control). This key difference means that the transition states and 

intermediates of the previous steps (oxidative addition and transmetallation) must be analysed. This 

analysis showed that there is selectivity in each step being imparted, after every potential orientation 

was analysed (Figure 26). Through this analysis, selectivities were predicted more accurately than 

before, but still not as well as for the Negishi coupling. The predicted enantioselectivity of the major 

branch from oxidative addition agreed more closely with experimental data for two different ligands, 

possibly highlighting the limitation of the computational work and implying that oxidative addition is 

more selective than predicted. Despite such in-depth analysis, the authors were unable to state 

definitively which step is enantiodetermining as they all contribute to the observed selectivity.  

Figure 25: Two lowest transition states for reductive elimination in the Negishi reaction reported by Tang and 
co-workers. Predicting the enantioselectivity from just these transition states was sufficient to get good 
agreement with experimental data. Reprinted (adapted) with permission from Patel, N. D.; Sieber, J. D.; 

Tcyrulnikov, S.; Simmons, B. J.; Rivalti, D.; Duvvuri, K.; Zhang, Y.; Gao, D. A.; Fandrick, K. R.; Haddad, N.; Lao, K. 
S.; Mangunuru, H. P. R.; Biswas, S.; Qu, B.; Grinberg, N.; Pennino, S.; Lee, H.; Song, J. J.; Gupton, B. F.; Garg, N. 

K.; Kozlowski, M. C.; Senanayake, C. H. ACS Catal. 2018, 8 (11), 10190–10209. Copyright 2018 American 
Chemical Society. 
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Recently, Tang and co-workers reported the highly enantioselective cross coupling to form 

binaphthyls, phenyl-naphthyls and biphenyls.153 This general approach was made possible by ligand 

(S,S)-BaryPhos (L38) which is a bifunctional ligand appended with a tertiary alcohol (Scheme 38). It 

was postulated that in order to achieve high selectivity, especially in the biphenyl couplings, a ligand-

substrate interaction on both coupling partners was required. This interaction was enabled by the 

presence of ortho-formyl groups on both coupling partners and resulted in highly enantioselective 

couplings to form biphenyl-type compounds. In contrast, a single formyl group was sufficient for 

naphthyl-phenyl compounds, and none were needed for binaphthyl products (Scheme 38). An 

oxidative addition complex was synthesised of which an X-ray structure was obtained, which showed 

a dimeric C2-symmetric solid structure, with a chloride and alcohol bridging the two palladium centres 

(Figure 27a). An interaction was proposed between the aldehyde on the substrate and a C–H on the 

cyclopentyl ring of the ligand. A stereochemical model was proposed, in which one substrate interacts 

with the cyclopentyl ring, and the other interacts with the alcohol on the ligand (Figure 27b).  

Figure 26: Analysis of the Suzuki-Miyaura coupling to form 2,2’-dimethylbinaphthalene with the shown ligand. 
Each step had two different routes, which occurred with differing proportions relative to their transition state 
energies. OA = oxidative addition, TM = transmetalation, RE = reductive elimination. Reprinted (adapted) with 

permission from Patel, N. D.; Sieber, J. D.; Tcyrulnikov, S.; Simmons, B. J.; Rivalti, D.; Duvvuri, K.; Zhang, Y.; Gao, 
D. A.; Fandrick, K. R.; Haddad, N.; Lao, K. S.; Mangunuru, H. P. R.; Biswas, S.; Qu, B.; Grinberg, N.; Pennino, S.; 

Lee, H.; Song, J. J.; Gupton, B. F.; Garg, N. K.; Kozlowski, M. C.; Senanayake, C. H. ACS Catal. 2018, 8 (11), 
10190–10209. Copyright 2018 American Chemical Society. 
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The utility of the advance was highlighted by the asymmetric total synthesis of (-)-gossypol (38) 

(Scheme 39). This was achieved with an enantioselective domino Miyaura borylation-Suzuki coupling 

to homocouple the aryl bromide 39 to intermediate 40. This coupling yielded 40 in 83% ee which could 

Scheme 38: Synthesis of enantioenriched biphenyls, phenyl-naphthyls and binaphthyls using the novel ligand 
(S,S)-BaryPhos as reported by Tang and co-workers. 

Figure 27: (a) X-ray structure of an oxidative addition complex showing a key interaction between a C–H on the 
cyclopentyl ring of the ligand and the formyl group of the substrate (highlighted by the 2.68 Å distance). (b) 

Stereochemical model proposed from the X-ray structure, postulating a two-point interaction from the ligand 
to each of the substrates, one through the cyclopentyl group, and one through the tertiary alcohol. Reprinted 
(adapted) with permission from Yang, H.; Sun, J.; Gu, W.; Tang, W. J. Am. Chem. Soc. 2020, 142 (17), 8036–

8043. Copyright 2020 American Chemical Society. 
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be isolated with >99% ee after recrystallisation. This key step allowed for (-)-gossypol (38) to be 

synthesised in a 3% overall yield and 10 steps.  

 

 

N-Heterocyclic carbenes (NHCs) 

N-heterocyclic carbenes (NHCs) are a relatively recent class of ligands for Suzuki-Miyaura coupling. 

The modularity and high performance of  these ligands has led to much recent attention in this area, 

including applications in asymmetric Suzuki-Miyaura cross-coupling.126,154 The first report of NHCs 

being used in asymmetric Suzuki-Miyaura coupling are from Labande and co-workers, who used a 

planar chiral bidentate phosphine-NHC ligand to form enantioenriched binaphthalenes (Scheme 

40).155,156 The reaction however featured moderate enantioselectivity, which may be rationalised by 

the bidentate nature of the ligand; as monodentate phosphine ligands have been previously shown to 

give better results when compared to bidentate bisphosphines. 

 

Scheme 39: Total synthesis of (-)-gossypol, with a key asymmetric domino Miyaura borylation-Suzuki coupling 
to install the atropisomeric axis. 

Scheme 40: First example of using a phosphine-NHC to enantioselectively form binaphthalenes through Suzuki-
Miyaura cross-coupling. 
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Several years later, Zhang and co-workers reported the use of bis-NHCs in an asymmetric palladium 

catalysed Suzuki cross-coupling.157,158 Unfortunately, selectivity was still moderate, with 2-

methoxybinaphthalene being synthesised in 61% ee (Scheme 41). However, even just switching to 2-

methylbinaphthalene significantly reduced the selectivity observed. By lowering the temperature, 

enantioselectivity could be increased, though the yield was significantly reduced. 

 

In 2013, Dorta and co-workers published using an atropisomeric monodentate NHC complex L41 to 

enable this transformation.159 Unfortunately, this again only produced low to moderate 

enantioselectivity (Scheme 42). 

 

Scheme 41: Zhang and co-workers’ palladium catalysed Suzuki coupling of naphthalenes using a bis-NHC 
ligated catalyst. 

Scheme 42: The use of a monodentate NHC ligand in an asymmetric Suzuki-coupling, as reported by Dorta and 
co-workers. 
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In 2014, Kundig and co-workers reported a chiral pyridine-enhanced precatalyst preparation 

stabilization and initiation (PEPPSI) complex  L43 to perform asymmetric Suzuki cross couplings with 

good levels of selectivity (Scheme 43).160  

 

The most significant reaction development in using NHC ligands for asymmetric cross coupling came 

in 2019, when Shi and co-workers reported the highly general enantioselective Suzuki-Miyaura cross 

coupling using NHC ligand L44 (Scheme 44).161 This highly sterically encumbered ligand allowed the 

formation of a wide selection of binaphthalenes and phenyl-naphthalenes with excellent 

enantioselectivity and yields. The reaction tolerated a variety of functional groups as unprotected 

alcohols, amines and N-containing heteroaryls had only minor effects on enantioselectivity and yield. 

These couplings do not seem to rely on a directing group, as the only common motif being the 

presence of at least one naphthyl group. Tetra-ortho products could also be produced selectively, 

though in slightly reduced yields.  

 

Scheme 43: Using chiral PEPPSI complex L43 to achieve enantioselective cross-coupling, as reported by Kundig 
and co-workers. 

Scheme 44: Shi and co-workers’ highly selective Suzuki-Miyaura coupling using bulky NHC ligand L44. 
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An X-ray structure of [Pd(L44)(cinammyl)Cl] revealed that the ligand forms a C2-symmetric pocket 

around the metal centre, with the bulky aryl rings blocking two of four quadrants. With this 

knowledge, a stereoinduction model was proposed in which the substrates point into the two empty 

quadrants, forming a well organised intermediate which reductively eliminates to form the desired 

product (Figure 28). In this model, OA1 is preferred over OA2 due to a steric clash between the aryl 

bromide now bound to palladium and the ligand observed in OA2. Once OA1 is formed, TM1 is the 

preferred intermediate after transmetallation, with the steric bulk of the new aryl pointing backwards 

(as portrayed in Figure 28). If this would point forwards (as in TM2), this clashes with the ligand 

scaffold, leading to a higher energy intermediate. 

 

 

Other ligand types 

Whilst there have been many advances in enabling atroposelective Suzuki-Miyaura cross-couplings 

with the use of a wide variety of ligands as described above, there are some reports which do not fit 

into one of these ligand classes. These examples include either one-off reports, or ligand scaffolds 

Figure 28: Stereoinduction model for the enantioselectivity observed using bulky NHC ligand L44. OA1 and TM1 
both minimise steric clash with the ligand backbone leading to the formation of the experimentally observed 
enantiomer. Reprinted (adapted) with permission from Shen, D.; Xu, Y.; Shi, S. L. J. Am. Chem. Soc. 2019, 141 

(37), 14938–14945. Copyright 2019 American Chemical Society. 
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which do not seem to be the focus of active research for palladium catalysed asymmetric cross-

coupling reactions. 

One such example is the use of an imidazoline ligand reported by Uozumi and co-workers (Scheme 

45).162 Ligand L45 could be used in an organic solvent to afford binaphthalenes in high yield and 

enantioselectivity. Tethering the ligand to a polystyrene-poly(ethyleneglycol) resin (L46), it could 

successfully produce binaphthalenes and phenyl-naphthalenes with high yields and enantioselectivity 

in aqueous media. The polymer supported ligand and palladium could be recycled and reused at least 

four times with minimal activity and selectivity loss.  

 

Using dienes as chiral ligands in palladium catalysis is very rare, as these ligands are normally confined 

to rhodium and iridium catalysis.163 This was challenged by Lin and co-workers, who reported 

enantioselective Suzuki-Miyaura coupling using diene ligand L47 (Scheme 46).164 Good to excellent 

enantioselectivity was observed, including two examples of biphenyl synthesis with moderate 

selectivity. 

Scheme 45: Using a polymer-supported imidazoline ligand L46 to perform enantioselective Suzuki-Miyaura 
coupling in water, as reported by Uozumi and co-workers. 
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Another approach explored by Dai and co-workers was the use of ligands with an atropisomeric amide 

motif, in an endeavour to identify absolute configuration of 2-methyl-1-(o-tolyl)naphthalene (Scheme 

47).165 Enantioenriched samples of 2-methyl-1-(o-tolyl)naphthalene had been synthesised by other 

groups, but absolute stereochemistry was not defined.162,164 Use of ligand L48 or L49 allowed the 

formation of two enantioenriched biaryls, which after recrystallisation and derivatisation could be 

converted into the desired 2-methyl-1-(o-tolyl)naphthalene and derivatives.  

 

Another class of ligand investigated are 1,1’-bi-2-naphthol (BINOL)-derived monodentate ligands. 

These either contain a phosphite or phosphine motif, both of which have been derived from BINOL 

(Figure 29). 

Scheme 46: Lin and co-workers’ asymmetric Suzuki-Miyaura coupling using a chiral diene ligand L47. 

Scheme 47: Using atropisomeric amide phosphine ligands in Suzuki-Miyaura couplings, as reported by Dai and 
co-workers. 
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The most successful enantioselective cross coupling using these ligands was reported by Iwasawa and 

co-workers, who used BINOL-phosphite ligand L50 to selectively couple a small set of aromatic 

compounds.166 This report included examples of biphenyl synthesis with moderate to good 

enantioselectivities (Scheme 48).  

 

Chiral oxazoline ligands have been used for asymmetric biaryl synthesis by Mei and co-workers 

(Scheme 49).167 The group reported a nickel-catalysed reductive homocoupling of 1-bromo-3-aryl-

naphth-2-ols to form 3,3’-diarylBINOLs, which are used widely as chiral ligand and catalyst 

backbones.168 To increase the atom economy of this process, electric current was utilised as the 

required reductant rather than a stoichiometric chemical reductant classically used. The 

electrochemical reductant was shown to outperform stoichiometric manganese for this reaction, with 

yields significantly decreased and enantioselectivities moderately reduced in reactions run with 

chemical reductant, as well as having an improved atom economy.  

Figure 29: Two motifs common between BINOL-derived monodentate ligands.  

Scheme 48: Using a BINOL-phosphite ligand to catalyse asymmetric Suzuki-Miyaura cross-coupling, as reported 
by Iwasawa and co-workers. 
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Another class of ligands recently applied to asymmetric Suzuki-Miyaura couplings are chiral aryl-

phospholane ligands, originally developed by Cramer and co-workers to achieve enantioselective C–H 

activation cyclisations.169,170 This class of ligands was later applied to asymmetric Suzuki-Miyaura 

couplings by Smith and co-workers at AstraZeneca, developing chiral biaryl-2,5-diphenylphospholane 

ligands L52 and L53 to produce enantioenriched binaphthyls and naphthyl-phenyl products (Scheme 

50). The reaction can tolerate heterocyclic aryl bromides and boronic acids, however more complex 

structures and functionality was not demonstrated. They were also unable to extend this methodology 

to tetra-ortho substituted products, as these only produced trace amounts of product. 

 

 

Scheme 49: Nickel-catalysed electrochemical homocoupling of naphthyl bromides to form 3,3’-diarylBINOL 
backbones, as reported by Mei and co-workers. 

Scheme 50: Asymmetric Suzuki-Miyaura couplings using chiral phospholane ligands, as reported by Smith and 
co-workers. 
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v. Other methods to directly form an atropisomeric axis 

Whilst cross coupling of two aromatic compounds is the most common way to form an atropisomeric 

axis directly in a biaryl system, there are many examples of the formation of these compounds in other 

ways.112,113 Highlighted here are selected examples of cross-coupling reactions forming the 

atropisomeric axis where one partner is a non-aromatic ring. 

One example of this methodology is the coupling of a diazo compound with an aryl bromide, reported 

by Gu and co-workers (Scheme 51).171 Initially a point-chiral intermediate is formed, which converts 

to the axially-chiral product after beta-hydride elimination (Figure 30). This method doesn’t form an 

enantioenriched biaryl compound directly, but after a facile oxidation, enantioenriched biaryls can be 

obtained.  

 
Scheme 51: Gu and co-workers’ formation of atropisomers through a point-to-axial chirality transfer. 
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Another example reported by Gu and co-workers is the enantioselective cross-coupling with vinyl 

iodides to form atropisomers using ferrocene-derived phosphine ligand L55.172 In this example, axially 

chiral enones are formed with high enantioselectivity, which could be converted to biaryl phenols by 

treatment with benzoylperoxide and N-bromosuccinimide with no enantioerosion. The 

configurational stability of these products was assessed, and enone 43 was found to slowly racemise 

at high temperature (with a half-life of 17 h at 100 °C). However, once oxidised to the corresponding 

phenol 44, significant racemisation was not observed before decomposition after 120 hours at 100 °C.  

Figure 30: Plausible catalytic cycle for point-to-axial chirality transfer between diazo compounds and aryl 
bromides using ligand L54, as proposed by Gu. Point chirality is first introduced in the migration/insertion step, 

which then is transferred to axial chirality in β-hydride elimination to furnish the axially chiral product.  
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Scheme 52: Gu and co-workers’ cross-coupling of vinyl iodides to form enantioenriched atropisomers. The 
relative stability of the initial product 43 and the oxidised phenol 44 to racemisation are compared.  
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d. Dialkylbiaryl ligands in other asymmetric reactions 

As mentioned previously (Section 1ii, page 20), the dialkylbiaryl phosphine ligand class developed 

initially by the Buchwald group have played a major role in advancing the field of achiral palladium 

catalysed cross-coupling, allowing the coupling of less reactive or less stable reagents under mild 

conditions. Naturally, work has been conducted in developing chiral variants, the advances in this area 

by the groups of Tang and Qiu in atroposelective Suzuki-Miyaura couplings have been surveyed 

(Section 1civ, Page 46, 50). Unsurprisingly, this ligand class has been utilised beyond Suzuki-Miyaura 

couplings, including a range of different transition metal catalysed reactions. Herein, these 

developments will be explored, focussing on how the Buchwald phosphine scaffold has been made 

chiral and enabled a range of enantioselective transformations.  

i. Palladium catalysed α-arylation 

The reaction of an enolisable carbonyl with an aryl or vinyl halide in the presence of a palladium 

catalyst has been known since the late 1990s and asymmetric versions were reported soon after.173 

Examples of using Buchwald-type ligands are currently limited to two reports from Buchwald and co-

workers. The first, used a chiral-at-phosphorous variant of KenPhos (L18), which was shown to give 

moderate enantioselectivity in an α-vinylation and α-arylation reactions (Scheme 53).174 No 

mechanistic experiments were performed to gain insight into the mechanism of the reaction, as the 

paper’s main focus was the synthesis of this new class of ligands. Despite the development of these 

new ligands, KenPhos was found to be the best for selectivity across the two reactions tested even 

though it possessed only one chiral centre. 

 
Scheme 53: Alpha-arylation and vinylation of a cyclic carbonyl using to P-chiral ligands and KenPhos.  
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This work was later expanded, with ligand (S,S)-L56 being the preferred ligand for a slightly different 

substrate scope.175 By using 1,3-dimethyloxindole as the substrate, excellent enantioselectivity was 

obtained in the α-arylation and vinylation, whereas (S)-KenPhos ((S)-L18) performed worse (Scheme 

54).  

 

ii. C–H activation-cyclisation 

This class of reactions is similar to cross-coupling reactions discussed previously, apart from the fact 

that the coupling partner is a C–H bond, rather than a C–X bond (X being an electropositive atom) or 

an O–H or N–H bond. One of the main challenges in the field of C–H activation is that of site-selectivity: 

organic molecules have many C–H bonds, so selecting a single bond to react can be challenging.176 

One method to overcome this is to perform intramolecular cyclisation reactions, which generally form 

five- or six- membered rings.177 The first example of an enantioselective variant using Buchwald-type 

ligands was from Cramer and co-workers, where aryl triflates were cyclised onto alkyl chains to form 

enantioenriched indolines (Scheme 55).169 The optimal ligand had a chiral phospholane unit appended 

onto the Buchwald biaryl scaffold (L57 and L58).  The choice of carboxylate additive used proved to 

be crucial for selectivity: the bulky acid 45 gave superior yields and enantioselectivity compared with 

less sterically demanding acids (Scheme 55). The size of the alkyl groups attached to the phenolic 

oxygens on the ligand backbone also played an important role in increasing selectivity with larger 

groups such as iPr and Cy outperforming their Me counterparts.  

Scheme 54: Alpha-arylation and vinylation of 1,3-dimethyloxindole using chiral-at-phosphorous ligand (S,S)-
L56, as reported by Buchwald and co-workers.  
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This methodology was further developed in the desymmetrisation and parallel kinetic resolution of 

ketene aminal phosphonates to form chiral indolizidine scaffolds (Scheme 56).170 Parallel kinetic 

resolution occurs when the two aromatic rings are different, resulting in a chiral but racemic starting 

material. The two enantiomers will react preferentially on the opposite ring to each other, resulting 

in two different enantioenriched products being formed (Scheme 56b).  

 

 

Scheme 55: Cramer and co-workers’ C–H activation-cyclisation to form enantioenriched substituted indolines. 
Both the ligand structure and the steric bulk of the acid additive used significantly affected the selectivity 

observed. 

Scheme 56: a) C–H activation-cyclisation for the desymmetrisation of ketene aminal phosphonates b) parallel 
kinetic resolution of ketene aminal phosphonates, as reported by Cramer and co-workers. 
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Cyclisation to form P-chiral compounds is also possible, as demonstrated by Tang and co-workers, 

through the desymmetrisation of arylphosphonates (Scheme 57).178 The ligands used are the same 

family of chiral Buchwald-type ligands that have been so successful in asymmetric Suzuki-Miyaura 

coupling by the same authors (see page 50). This reaction takes a symmetrical arylphosphonate and 

reacts one of the phenolic substituents with the ortho-bromophenyl substituent to form a biaryl 

system and a chiral centre at phosphorous. By successive stereospecific attack of this cyclic 

phosphonate with organometallic reagents, P-chiral phosphine oxides could be produced (Scheme 

58). Literature procedures to reduce these without enantioerosion were quoted, though not 

performed in the paper.  

 

 

iii. Insertion into C=O bonds 

The ligands developed by Tang and co-workers have also found use outside of palladium catalysis. In 

2013, Tang and co-workers reported the enantioselective ruthenium catalysed addition of arylboronic 

Scheme 57: Tang and co-workers’ desymmetrisation of arylphosphonates to form P-chiral biaryl compounds. 

Scheme 58: Derivatisation of enantioenriched biaryl phosphonate 46 to either enantiomer of chiral phosphine 
oxide 47 by sequential addition of organometallic reagents. Both enantiomers could be formed, with only 

minor enantioerosion observed for (S)-47. 
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acids to benzaldehydes to form chiral benzhydrols (Scheme 59).179 These compounds were formed in 

high yields and selectivity, showing that these ligands aren’t just palladium specific, further increasing 

their utility. The authors showed that the ee of the ligand used corresponded linearly with the ee of 

the product, suggesting that the active catalyst contains only one equivalent of ligand. No further 

examination of the mechanism was reported. 

 

The same authors also utilised this ligand class in the asymmetric three-component Ni catalysed cross 

coupling of alkyl zinc reagents, alkynes and aldehydes, allowing rapid access to a range of allylic 

alcohols with high enantioselectivity (Scheme 60).180 In most examples, alkyne insertion was 

completely regioselective, and the few examples with lower selectivity were all greater than 10:1. 

 

iv. Dearomative cyclisation 

The dearomatisation of phenols is another reaction in which chiral Buchwald-type ligands have been 

utilised to afford enantioenriched products. The reaction starts with oxidative addition into an aryl 

halide, which then is attacked intramolecularly by an electron rich phenol ring (Figure 31). This results 

in a quaternary centre in the original phenol ring, which is unable to rearomatise. The quaternary 

centre is often chiral, so opens the door for enantioselective variants of this reaction.  

Scheme 59: Tang and co-workers’ asymmetric ruthenium catalysed addition of arylboronic acids into 
benzaldehydes.  

Scheme 60: Tang and co-workers’ asymmetric nickel catalysed three component reaction with dimethylzinc, 
alkyne and aldehyde. 
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The first asymmetric report of this type of reaction was published by Buchwald and co-workers.181 The 

report focused on the achiral version of this reaction, as a general procedure using racemic ligand L63 

(Scheme 61). They reported two examples using chiral ligand (S,S)-L56 to give highly enantioenriched 

products.  

 

This reaction was studied further by Tang and co-workers, who using their class of ligands realised the 

enantioselective dearomative cyclisation of meta-linked phenols (Scheme 62).182 This methodology 

allowed the efficient synthesis of tricyclic scaffolds in high enantioselectivity - a common motif in 

steroid natural products.183,184 The utility of this reaction was highlighted by its use in the total 

synthesis of (-)-totaradiol, as well as synthesis of a kaurene intermediate and the boldenone skeleton 

(Scheme 63).  

Figure 31: Simplified mechanism for the cyclic dearomative arylation of phenols. If the original phenol is non-
symmetrical, this reaction forms a spirocyclic stereocentre. 

Scheme 61: Buchwald and co-workers’ asymmetric dearomative arylation of phenols using the ligand (S,S)-L56. 
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v. Oxabenzonorbornene opening 

These reactions involve the opening of an oxabenzonorbornene moiety to form a π-allyl palladium 

species. This can then be attacked by a suitable nucleophile to afford substituted 1,2-

dihydronaphthalene products, which is chiral at the sp3 centres.185 The enantioselectivity arises from 

the initial ring opening step, with the C–O bond cleavage breaking the symmetry of the previously 

symmetric molecule (Figure 32). Palladium binds on the opposite face from the C–O bonds to perform 

a quasi-SN2 displacement. The π-allyl complex is then in most cases stereospecifically attacked by a 

nucleophile. A soft nucleophile will attack on the face opposite to palladium in an outer sphere 

mechanism, whilst a hard nucleophile will first co-ordinate to palladium then be delivered to the same 

side as the palladium (Figure 32).  

 

 

Scheme 62: Tang and co-workers’ asymmetric dearomative arylation of phenols using the ligand L64 to form 
tricyclic structures. 

Scheme 63: Total synthesis of (-)-totaradiol, using an asymmetric dearomatisation of phenol to construct the 
chiral quaternary ring junction. 

Figure 32: Simplified mechanism for the desymmetrising ring opening of oxabenzonorbonenes. The initial ring 
opening is driven by ring strain release and is the enantiodetermining step (assuming irreversibility). 
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Chiral biphenyl phosphine ligands were reported for such a transformation by Pregosin, Albinati and 

co-workers, where the opening of oxabenzonorbornene was achieved with dialkylzinc as the 

nucleophile (Scheme 64).186 Using ligand L65a or L65b, they achieved high enantioselectivities with 

both dimethyl- and diethylzinc. 

 

A further improvement to this reaction was performed using iridium catalysis by Luo, Tang and co-

workers, who utilised their family of chiral-at-phosphorous ligands and an amine as the nucleophile, 

to form chiral 1-hydroxy-2-amines (Scheme 65).187 Both functionalised piperazines and anilines were 

shown to yield chiral 1-hydroxy-2-amines in high yields and enantioselectivities.  

 

This reaction was extended to rhodium catalysis by Luo and co-workers using the similar ligand L62 

(Scheme 66).188 Again, piperazines and anilines could be used as the nucleophile to yield the product 

with excellent enantioselectivity, exceeding the selectivity shown using an iridium catalyst. 

Scheme 64: Pregosin, Albinati and co-workers’ enantioselective ring opening of oxabenzonorbornene with a 
dialkylzinc.  

Scheme 65: Luo, Tang and co-workers’ iridium catalysed oxabenzonorbonene ring opening using amines to 
form 1-hydroxy-2-amines. 
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vi. Gold catalysis 

Buchwald-type ligands have also been used in gold catalysis, pioneered by the Zhang group.189–191 Gold 

is often only two co-ordinate, with a linear conformation, meaning that the ligand and the site of 

reactivity are on opposite sides of the metal. The large distance between ligand and reactive site 

means special approaches to ligand design are required to achieve enantioselectivity in gold-catalysed 

reactions.192 The structure of dialkylbiarylphosphines mean that the lower aryl ring will sit very close 

to the gold centre and the substrate, so it is a ligand class with potential to generate enantioselectivity. 

In 2017, Zhang published the addition of in situ generated hydrazoic acid (HN3) across alkynes, using 

achiral ligand WangPhos (L63) (Figure 33).189 This ligand contains functionalisation of the bottom ring 

in the meta- position, a position they state is rarely functionalised for this ligand type.  

  

 

Scheme 66: Luo and co-workers’ rhodium catalysed oxabenzonorbonene ring opening using amines to form 1-
hydroxy-2-amines. 

Figure 33: Left: Addition of hydrazoic acid across alkynes using bifunctional ligand WangPhos (L63). Right: 
Proposed method of action of WangPhos, with a proposed interaction from the amide group with an incoming 

nucleophile resulting in a dramatic rate increase. 
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This concept of having extra functionality at the meta position of the lower aryl ring was taken further 

with the development of a chiral version of this ligand.190 Zhang and co-workers proposed that if you 

could restrict rotation around the biaryl bond in WangPhos, the ligand would only interact with the 

incoming nucleophile in the transition state for one enantiomer, resulting in enantioselectivity in the 

product (Figure 34). 

 

 

This methodology was applied to the cyclisation of 4-allen-1-ols, with the formation of different 

enantiomers depending on which side of the allene was attacked by the alcohol (Scheme 67).190 With 

ligand L68, a chiral version of WangPhos (L67), high enantioselectivities were observed for a range of 

substrates. They found that using racemic mixtures of starting materials, resulted in poor trans/cis 

selectivity, but enantioselectivity was still maintained, demonstrating that existing stereocentres do 

not affect the enantioselectivity of the cyclisation.  

Figure 34: Proposed method of creating a highly enantioselective catalyst system using a chiral ligand to 
produce the desired rate increase seen with WangPhos, but only for a single enantiomer. By restricting the 

biphenyl rotation seen in WangPhos, a highly enantioselective version of this reaction was envisioned. 
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This work was continued by Zhang and co-workers to the cyclisation of chiral propargylic alcohols to 

2,5-dihydrofurans via a 2-allen-1-ol intermediate.191 This report built upon previous work within their 

group using a bifunctional phosphine-amine ligand to isomerise alkynes to dienes through an allene 

intermediate using ligand L69 (Figure 35).193  

 

Like as demonstrated with WangPhos previously (Scheme 67), a chiral alternative to ligand L69 could 

allow the formation of enantioenriched allenes. If formed from a propargylic alcohol, these allenes 

undergo stereospecific cyclisation to form a chiral 2,5-dihydrofuran. To this end, ligand L70 was 

developed to perform as a chiral version of ligand L69 by Zhang and co-workers (Figure 36).191 The 

authors had raised concerns about the atropisomeric stability across the biaryl bond. However, the 

ligand structure relied on the fact that the alkyl group adjacent to the amine would inhibit 

Scheme 67: Gold catalysed asymmetric cyclisation of 4-allen-1-ols using ligand L68. Selected examples using 
racemic materials are shown below. de (R) corresponds to the de for the product with the pre-existing 

stereocentre having (R) geometry.  

Figure 35: Isomerisation of alkynes to dienes through an allene, enabled by a bifunctional ligand with a basic 
centre to perform the required propargylic deprotonation. 
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deprotonation in one atropisomeric form of the ligand, thus allowing enantioselectivity to be realised 

even with a potentially unstable chiral axis. 

 

The authors’ hypothesis proved to be correct and using ligand L70, chiral 2,5-dihydrofurans could be 

synthesised in good to excellent enantioselectivities and yields (Scheme 68).191 Both chiral and achiral 

propargylic alcohols could be converted into the corresponding 2,5-dihydrofurans, containing either 

one or two stereocentres.  

 

They then probed the axial stability of the gold-ligand L70 complex. The two diastereomers of the 

[AuCl(L70)] complex could be separated manually after crystallisation (different shaped crystals). After 

a 1:1.7 mixture of [(R,R)-AuCl(L70)] and [(S,R)-AuCl(L70)] was heated to 80 °C for one hour, the mixture 

had the same 1:1.7 ratio, showing the [AuCl(L70)] complex is axially stable. Interestingly, when a 1:1 

mixture of the same complexes was exposed to a chloride extractor (NaBArF) and an alkyne (6-

dodecyne) at 80 °C, only [(R,R)- AuCl(L70)] was obtained after a NBu4Cl quench. This suggests that not 

only is the Au(L70)+ complex able to interconvert, but the desired (R,R)-L70 configuration is more 

thermodynamically stable and is formed exclusively under thermodynamic conditions. This was 

highlighted by using varying mixtures of [(R,R)-AuCl(L70)] and [(S,R)-AuCl(L70)] in the catalytic 

Figure 36: Potential axial isomerisation of ligand L70, but one atropisomer is catalytically inactive due to the 
basic amine being sterically blocked by the R group. 

Scheme 68: Zhang and co-workers’ gold catalysed asymmetric cyclisation of propargylic alcohols to 2,5-
dihydrofurans via a 2-allen-ol intermediate. 



83 
 

reaction, yielding the same de even for a mixture enriched in the undesired [(S,R)-AuCl(L70)] complex 

(Scheme 69). 

 

A computational study by Das and co-workers has suggested that the initial enantiodetermining 

deprotonation is syn-periplanar with respect to gold, allowing a stereochemical model to be 

constructed to explain the selectivity observed (Figure 37).194 The selectivity arises from reducing the 

steric clash between the group adjacent to the deprotonation and the ligand scaffold. 

 

vii. Other examples 

As well as the previously mentioned areas of research, there have also been a selection of one-off 

reports using Buchwald-type ligands for catalysis. The first report covered here is the rhodium-

catalysed hydroboration of enamides by Tang and co-workers (Scheme 70).195 They achieved high 

Scheme 69: Differing ratios of axial epimers of the catalyst did not affect the yield or de observed in the 
catalytic reaction, adding further evidence to the ability of the catalyst to epimerise under the reaction 

conditions. 

Figure 37: Origins of selectivity in the enantiodetermining deprotonation of the alkyne substrate. Avoiding the 
steric clash between the ligand scaffold and the group adjacent to deprotonation (R), meaning the top 

transition state being favoured, resulting in the high enantioselectivity observed. 
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enantioselectivity through the use of their chiral-at-phosphorous ligand family that has been 

described herein (vide supra). Moderate to good yields were obtained with excellent 

enantioselectivity throughout. 

 

Another reaction that Tang and co-workers have developed with their ligand family is the asymmetric 

alkene aryloxyarylation (Scheme 71). With ligand L71, the chiral cyclised products could be formed in 

moderate yields and good selectivity. Six-membered rings could be formed with high selectivity, but 

reducing the chain length to form a five-membered ring reduced the ee to 15%.  

 

The proposed mechanism is shown below, with the alcohol cyclisation occurring first to form the chiral 

centre, then reductive elimination yields the arylated product (Figure 38). 

Scheme 70: Tang and co-workers’ asymmetric hydroboration of enamides to form chiral 1-amido-1-boronates.  

Scheme 71: Tang and co-workers' asymmetric aryloxyarylation of alkenes using ligand L71. 
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Whilst there has been a plethora of axially chiral ligands either containing a binaphthyl fragment or a 

tethered biphenyl section, there are very few examples of axially chiral biphenyl ligands being used in 

catalysis.196 This gap was explored by Panossian and co-workers, by synthesising biphenyl 

monophosphine ligands from 2,2’-dibromo-6-chlorobiphenyl, forming enantiopure ligands either 

through HPLC separation or crystallisation of a chiral sulfoxide salt (Figure 39).196 

 

 

Figure 38: Proposed catalytic cycle for the asymmetric aryloxyarlyation of alkenes. The first steps form the 
chiral centre with C–O bond formation, followed by reductive elimination to yield the product. 

Figure 39: Synthetic route to ligands tested by Panossian and co-workers. Chiral resolution was either 
performed through HPLC separation, or recrystallisation for diastereomeric compound 48. 
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These ligands then were tested in organocatalytic reactions as well as in palladium catalysed 

hydrosilylation. Unfortunately, low selectivity was observed across the board, with the highest 

selectivities being observed for the palladium catalysed hydrosilylation (Figure 40). Still, the 

development of a synthetic route to chiral biphenyl ligands could result in more interest in this area.  

 

  

Figure 40: Reactions used to test the new axially chiral biaryl ligand class developed Panossian and co-workers. 
Only palladium catalysed hydrosilylation showed a promising level of enantioselectivity, with ligands L72a and 

L72b giving equal and opposite selectivity.  
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e. Desymmetrisation and kinetic resolution in cross-coupling 

i. Desymmetrisation 

Desymmetrisation is class of asymmetric transformation in which a prochiral compound is converted 

into a chiral compound through the selective reaction at one enantiotopic site over another. This 

modification can occur distal to the formed stereocentre and can be used to form chiral compounds 

with a chiral centre, axis, or plane (Figure 41). 

 

Hayashi and co-workers reported the first example of a desymmetrisation using a cross coupling 

reaction by performing a Kumada coupling between compounds 49 or 50 and phenylmagnesium 

bromide (Scheme 72).197,198 They discovered that the ee of their product increased with the formation 

of the di-coupled product 52, suggesting that a secondary kinetic resolution is occurring where the 

reaction of the minor isomer of 51 to form 52 is disproportionally greater, therefore increasing the ee 

of the mono-functionalised product (Figure 42).  

Figure 41: General scheme for desymmetrisation and different chirality types that can be achieved.  
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The first example of desymmetrisation via a Suzuki-Miyaura coupling was reported by Willis and co-

workers, where ditriflate 55 was transformed selectively to products with point chirality.199 A wide 

range of boronic acids could be used to yield the enantioenriched products in moderate yields and 

good enantioselectivities (Scheme 73).  

Scheme 72: First example of desymmetrisation of axially prochiral ditriflates through a Kumada cross-coupling, 
as reported by Hayashi and co-workers. Over-conversion to the di-coupled products was seen to increase the ee 

of the mono-coupled product. 

Figure 42: Formation of di-coupled product leading to enantioenrichment of 51. Because KR > KS, the minor R 
enantiomer is consumed proportionally faster than the S enantiomer, leading to an enrichment in the 

enantiopurity of 51. 
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Suzuki-Miyaura coupling can also be used to form planar chirality, with the coupling of dibromoarene-

chromium complexes, utilising the chiral phosphoramidite ligand L75 (Scheme 74).200 This work 

reported by Kundig and co-workers built on their previous work of the desymmetrisation of these 

complexes via catalytic debromination using the same ligand L75.201,202 The enantioenriched 

chromium complexes were isolated in good yields and excellent enantioselectivities. Significant 

formation of the di-coupled product was observed, and they note that the enantioselectivity increases 

over time, suggesting that kinetic resolution through over-conversion to the di-product was occurring. 

 

Desymmetrisation can also occur on the boronate component in a Suzuki-Miyaura coupling, by using 

a diboronyl species. This was demonstrated by Morken and co-workers with the coupling of 1,1-

diborylalkanes to form chiral alkyl boronates (Scheme 75).203 Good yields and good to excellent 

selectivities were reported for this transformation, and they demonstrated that a second sequential 

coupling could be performed to access unsymmetrical 1,1-diarylalkanes. Isotope labelling studies 

showed that the reductive elimination step proceeds with inversion of the C(sp3) centre. The authors 

comment that this is unusual, as this may imply an open transition state in which the organometallic 

reagent does not pre-associate with the catalyst (which is more common for hard organometallics, 

like Grignard and organozinc compounds).  

Scheme 73: Willis and co-workers’ desymmetrisation of 55 to form enantioenriched products containing point 
chirality. 

Scheme 74: Kundig and co-workers’ desymmetrisation of naphthalene-chromium complexes to form planar-
chiral products. 
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This reaction was also studied in detail by Hall and co-workers, who reported a detailed optimisation 

effort into this reaction. They report the difficulty of scaling up the reaction from the previous work 

by Morken and co-workers, so the authors designed a new ligand and optimised conditions which 

were readily scalable. After iterative ligand and condition optimisation, the coupling could be 

performed with good to excellent yields and selectivity (Scheme 76). This reaction could be scaled up 

to 2.4 mmol whilst maintaining good yields and enantioselectivities, whereas using conditions 

published by Morken, the yield dropped off dramatically beyond 0.2 mmol (Scheme 77). 

 

Scheme 75: Desymmetrisation of diborylalkanes with a Suzuki-Miyaura coupling, including the experiment 
demonstrating the net inversion of the boronate species in this reaction. 

Scheme 76: Improved desymmetrisation of diborylalkanes, as reported by Hall and co-workers. 
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ii. Kinetic resolution 

Kinetic resolution is another important class of asymmetric reactions and is loosely related to 

desymmetrisation. In standard kinetic resolution, a racemic mixture of two enantiomers is used and 

during the reaction one enantiomer reacts preferentially, creating both enantioenriched starting 

material and product (Figure 43). Kinetic resolution can have a more diverse scope than 

desymmetrisation because they do not require starting materials to by symmetric, although under 

ideal circumstances assuming enantiodifferentiation between the two enantiomers of the substrate, 

the maximum theoretical yield is only 50% since only one of the enantiomers should undergo the 

transformation in an ideal situation.  

 

A variant of kinetic resolution is dynamic kinetic resolution, in which the starting material can 

interconvert between enantiomers, but the product cannot. The favoured enantiomer will react to 

form product, whilst the less reactive enantiomer will epimerise to the more reactive one then react, 

allowing for full conversion to the desired enantioenriched product. An example of this using a Suzuki-

Miyaura coupling was reported by Fernandez, Lassaletta and co-workers, performing a dynamic 

kinetic resolution on naphthyl-quinoline scaffolds.204 Once the naphthyl-quinoline 56 undergoes 

oxidative addition with palladium, the nitrogen co-ordinates to metal centre (Figure 44). This allows 

Scheme 77: Comparison of the scalability of conditions reported by the groups of Morken (1) and Hall (2). 

Figure 43: Theoretical example of an ideal kinetic resolution via a cross-coupling reaction, leading to 
enantiopure starting material and product. 
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the naphthyl rings to rotate over each other, scrambling the atropisomeric axis. The favoured 

atropisomer then reacts to the product which cannot epimerise, resulting in a dynamic kinetic 

resolution. They obtained high yields of the product with moderate to excellent enantioenrichment 

(Scheme 78). 

 

 

  

Scheme 78: Dynamic kinetic resolution of naphthyl-quinoline scaffolds via Suzuki-Miyaura coupling, as reported 
by Fernandez, Lassaletta and co-workers. 

Figure 44: Mechanism of dynamic kinetic resolution of naphthyl-quinolines via Suzuki-Miyaura coupling, as 
reported by Fernandez, Lassaletta and co-workers. 
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2. Site-selective cross-coupling with an acidic directing group 

a. Previous work 

Research had been performed by Dr William Golding within the group on site-selective cross-coupling 

of protected 3,4-dichlorobenzylamines with the ligand sSPhos (L11) (Scheme 79).205 During this 

investigation, it was found that when 3,4-dichlorobenzylamine was protected by a triflyl group, >20:1 

selectivity for the meta-coupled product over the para-coupled product was observed in Suzuki-

Miyaura coupling, Sonogashira coupling and Buchwald-Hartwig amination.  

 

 

Due to the acidity of the triflamide substrates and the basic conditions of these couplings, it was 

suggested that the triflamide N–H could be deprotonated under the reaction conditions. This was 

confirmed by dissolving the substrate in d8-THF and stirring with solid K3PO4, after which the N–H was 

not observed by 1H NMR and the benzylic C–H peak was shifted significantly. To investigate the 

importance of the alkali metal cation of the base, experiments were performed with varying sizes of 

crown ethers using K3PO4 as the base, and a selection of alkali metal carbonates (Table 2). When 18-

crown-6 was used, which has the highest affinity for potassium cations, selectivity was reduced to 

1.5:1. As smaller crown ethers were used, which cannot bind as effectively to potassium, selectivity 

was restored, with 12-crown-4 returning to >20:1 meta:para (m:p) selectivity. For the alkali metal 

carbonate evaluation, lithium and sodium salts performed poorly, whereas potassium and caesium 

both gave >20:1 m:p selectivity. These experiments suggested that a cation of a minimum size was 

required to achieve high meta selectivity. 

Scheme 79: Highly site-selective palladium-catalysed cross-couplings on triflyl-protected benzylamines.  
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This evidence led to the proposal of an electrostatic interaction between the sulfonate of the ligand 

and the anionic substrate, in which a potassium cation bridges the two negative charges (Figure 45). 

Since this putative interaction is possible because the substrate can be deprotonated, this author 

investigated using other acidic or anionic directing groups in site-selective cross-coupling. Three such 

acidic groups were evaluated: carboxylic acids, sulfonates and tetrazoles (Figure 46).  

 

 

 

 

Table 2: Mechanistic experiments performed to probe the origin of site selectivity. 
 

Reactions performed by Dr. William Golding 

Figure 45: Proposed anion-cation-anion interaction responsible for the high meta selectivity observed. It is 
reasonable to suspect that other anionic substrates could successfully utilise this interaction to also gain high 

meta selectivity. 

Figure 46: Alternative acidic or anionic substrates tested in site-selective cross-coupling reactions. 
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b. Optimisation of reaction conditions for carboxylic acid substrates 

Preliminary results performed on the three carboxylic acid substrates 57-59, using conditions 

optimised by Dr William Golding for the triflamide substrate, were promising (Table 3). Notably, for 

substrate 57 using sSPhos not only increases conversion compared to SPhos or XPhos, but also 

switches selectivity from 1:6 m:p (SPhos, entry 1) and 1:15 m:p (XPhos, entry 2) to 9:1 m:p (sSPhos, 

entry 3). The para selectivity observed with SPhos and XPhos can be explained by the electron 

withdrawing nature of the carboxylate group directly attached to the ring, making the para C–Cl bond 

more electron deficient and more susceptible to oxidative addition (Chapter 1bi, page 26). For 

substrates 58 and 59, sSPhos gave moderate conversion and very high meta selectivity compared to 

low conversions and selectivity observed for SPhos and XPhos (entries 4-8).  

 

Entry Chain length (x) Ligand % metaa % paraa % dia m:p 

1 0 SPhos (L5) 3 17 7 1:6 

2 0 XPhos (L80) 2 31 9 1:15 

3 0 (±)-sSPhos (L11) 56 6 28 9:1 

4 1 SPhos 4 2 0 2:1 

5 1 XPhos 2 1 0 2:1 

6 1 (±)-sSPhos 55 1 4 >20:1 

7 2 SPhos 23 19 13 1.2:1 

8 2 (±)-sSPhos 63 0 5 >20:1 

 

A variety of conditions were screened with the results for each substrate shown below. All ligands 

evaluated below apart from sSPhos and sSPhos G2 precatalyst were synthesised by Dr William Golding 

and used here as provided. The sSPhos G2 precatalyst was purchased from Sigma Aldrich.  

Table 3: Initial site-selective cross-couplings of carboxylic acid-containing substrates.  

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. 
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Entry Ligand T /°C % metaa % paraa % dia m:p % conversion 

1 L11 (sSPhos) 40 56 6 28 9:1 92 

2b L11 40 25 5 11 5:1 40 

3c L11 40 51 9 32 6:1 92 

4 L11 r.t. 48 3 31 17:1 90 

5d L11 r.t. 57 6 30 9:1 92 

6e L11 r.t. 52 5 21 10:1 86 

7 L10 40 18 12 28 1.5:1 57 

8 L81 40 38 7 20 5.1:1 64 

9 L83 40 40 10 24 3.9:1 84 

10 L82 40 68 4 21 15:1 93 

11e L82 40 61 4 16 14:1 89 

12 L82 r.t. 26 6 4 4.2:1 49 

13e L82 r.t. 21 4 1 5.1:1 44 

 

Table 4: Optimisation of reaction conditions using substrate 57.  

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. bSolvent 
THF. cSolvent THF:H2O (9:1). dReaction time 60 h. e1.2 eq. boronic acid. 
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For 57, it seemed that reactivity was too high, with significant amounts of di-coupled product observed 

(Table 4). Since the arene ring in this substrate is more electron deficient than the substrates 58 and 

59, it was expected that this compound would yield more di-coupled product. However, lowering 

temperature or boronic acid loading resulted in more starting material and less di product being 

formed, with no significant increase in the yield of the desired mono product (entries 4-6). It was found 

that ligand L82 performed better than sSPhos for this substrate (entry 10), with both increased yields 

and selectivity observed. SSPhos G2, a second generation precatalyst designed for the coupling of 

boronic acids which undergo rapid protodeborylation, performed slightly worse than sSPhos for this 

substrate (entry 9).206,207 

 

Entry Ligand T /°C % metaa % paraa % dia m:p % conversion 

1 L11 (sSPhos) 40 55 1 4 >20:1 71 

2 L11 60 60 3 5 >20:1 72 

3 L11 80 49 2 7 >20:1 64 

4b L11 40 65 0 8 >20:1 76 

5b L11 60 62 0 11 >20:1 80 

6c L11 40 65 2 5 >20:1 73 

7d L11 40 50 0 3 >20:1 65 

8e L11 40 30 0 1 >20:1 35 

9f L11 40 50 0 6 >20:1 67 

10 L82 40 37 4 0 9:1 44 

11 L10 (sXPhos) 40 18 2 1 9:1 21 

12 L79 40 2 <1 0 5:1 2 

13 L83 40 59 2 6 >20:1 70 

 

For substrate 58, the initial reaction (Table 3, entry 6) did not go to completion, with little di formation 

and a lot of starting material remaining. Hence, optimisation focussed on trying to increase conversion 

(Table 5). Yields of meta-coupled product 63 were improved with increased boronic acid loadings, and 

Table 5: Optimisation of reaction conditions using substrate 58. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. b2 eq. 
boronic acid. cReaction time 60 h. d5 mol% Pd, 10 mol% sSPhos. eSolvent THF. fSolvent THF:H2O (9:1) 
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raising the temperature to 60 °C, however combining the two didn’t increase yields further (entries 2, 

4-5). The precatalyst sSPhos G2 only performed comparably to the optimised conditions, offering no 

further advantages in yield (entry 13). Interestingly, for this substrate, ligand L82 afforded decreased 

selectivity compared to sSPhos, the opposite effect as seen for 57 (entry 10).  

For substrate 59, the unoptimised conditions already gave a reasonable yield of the meta-coupled 

isomer, with most of the remaining mass being made up by unreacted starting material (Table 3, entry 

8). A similar optimisation strategy was performed as for 58 (Table 6). It was found that increasing the 

water content of the solvent to 9:1 THF:H2O produced the best yield (Table 6, entry 6). For this 

substrate, increasing the reaction time also made a significant difference, showing that the catalyst is 

still active after 16 hours (entry 4). Increasing the temperature however, significantly hindered the 

reaction, suggesting rapid catalyst degradation at higher temperatures (Table 6, entry 2, 3). These 

optimisation reactions showed that whilst all three substrates achieve moderate yields with the 

general conditions, by performing individual optimisation, yields can be increased by about 10% for 

each substrate.  

 

Entry Ligand T /°C % metaa % paraa % dia m:p % conversion 

1 L11 (sSPhos) 40 63 0 5 >20:1 74 

2 L11 60 14 0 0 >20:1 16 

3 L11 80 10 0 0 >20:1 12 

4b L11 40 74 0 11 >20:1 89 

5c L11 40 27 0 0 >20:1 28 

6d L11 40 71 0 12 >20:1 86 

7e L11 40 65 0 17 >20:1 89 

8 L83 40 38 0 0 >20:1 42 

9 L79 40 5 0 0 >20:1 5 

 

Table 6: Optimisation of reaction conditions for substrate 59.  
 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. 
bReaction time 60 h. cSolvent THF. dSolvent THF:H2O (9:1). e2 eq. boronic acid. 
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A base screen was also performed upon substrate 58, which revealed the importance of the base for 

both yield and selectivity (Table 7). For phosphate and carbonate bases, a larger cation resulted in 

increased selectivity, a trend seen previously with the triflamide substrate (entries 1-3, 5-6). For bases 

bearing other anions, there wasn’t a clear trend, with many resulting in low yields. K2HPO4 showed 

low selectivity, which could suggest the substrate is not deprotonated in the reaction, precluding the 

necessary ionic interaction for selectivity (entry 4). A similar level of selectivity was seen for 

benzylamides which were not deprotonated under the reaction conditions.205 Triethylamine as a base 

showed almost no change on selectivity compared to the SPhos controls (2.3:1 compared to 2:1). This 

could show the importance of having a cation able to co-ordinate to both anionic groups for selectivity, 

although this selectivity did not increase upon the addition of KCl as expected if this were the only 

effect present (entries 12-13). 

 

Entry Base % metaa % paraa % dia m:p 

1 K3PO4 55 1 4 >20:1 

2 Na3PO4 34 2 3 15:1 

3 Li3PO4 4 4 0 1:1 

4 K2HPO4 11 3 0 3.5:1 

5 K2CO3 38 3 2 12:1 

6 Cs2CO3 16 1 0 20:1 

7 KOH 40 3 6 13:1 

8 KF 13 1 0 10:1 

9 KOtBu 57 2 16 >20:1 

10 NaOtBu 16 3 1 4.6:1 

11 LiOtBu 31 4 2 8.6:1 

12 NEt3 21 9 3 2.3:1 

13b NEt3 21 9 2 2.3:1 

 

Table 7: Base screen on Suzuki coupling of substrate 58. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. b3 equiv 
KCl added. 
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c. Isolation and scope for carboxylic acid substrates 

Due to the high polarity of carboxylic acids, it proved impossible to separate mixes of starting material, 

mono- and di- coupled products directly by column chromatography. Therefore, they were derivatised 

to the methyl esters by the facile reaction with TMS-diazomethane, and isolated via column 

chromatography.208 This method allowed the isolation of the mono-coupled products in 

representative yields, and pure samples of the di-coupled products could be collected for analysis and 

characterisation (Table 8). Disappointingly, substrate 57 showed a marked drop in isolated yield 

compared to the 1H NMR yield, where 55 and 56 both gave little decrease from one to the other. This 

effect was consistent over multiple isolation attempts, ruling out one-off errors in isolation. All 

isolation experiments were scaled up to 0.25 mmol, and 1H NMR yields recorded with 

trimethoxybenzene as the internal standard. The SPhos reaction for the benzoic acid 55 was also 

isolated to highlight the increase in yield and swing in selectivity instigated just by switching ligands. 

 

Entry Chain length (x) % monoa (isolated) m:p Condition changes 

1 0 39 (26) 1:6 Ligand SPhos 

2 0 60 (52) 10:1 Ligand sSPhos 

3 0 63 (63) 14:1 Ligand L82 

4 1 56 (53) >20:1 2 equiv boronic acid 

5 2 72 (54) >20:1 Solvent 9:1 THF:H2O 

 

The scope of the reaction with regards to the boronic acid used was then assessed. A few more 

challenging boronic acids were tested, including ones which have polar groups which could potentially 

interfere with the directing ionic interaction. It was shown that the selectivity was not significantly 

affected by the boronic acid used, though yields varied (Table 9). For the pyridine boronic acid 69, the 

mass balance was significantly reduced after performing the acidic work-up required before TMS-

diazomethane methylation. Mass balance was restored by benzylating the carboxylic acid under basic 

conditions, allowing good yields of the benzyl ester to be isolated (entries 2, 6). Isolation was also 

Table 8: Isolation of the products in the optimised Suzuki-Miyaura couplings.  
 

aNMR yields were determined relative to a 1,3,5-trimethoxybenzene internal standard, isolated yields are in 
parentheses. 
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attempted from the boronic acid 71, however it proved challenging to separate starting material from 

mono- and di- coupled products via column chromatography (entries 3, 5). The products of the other 

coupling reactions were not isolated, only 1H NMR yields are quoted, assigned through analogy with 

other isolated reactions. 

 

Entry Boronic acid Chain length (x) % monoa (isolated) m:p 

1b,c 71 0 70 >10:1 

2b,f 69 0 65 (30) 10:1 

3 71 1 68 (60)h >20:1 

4d 69 1 55 >20:1 

5e 71 2 88 (70)i >20:1 

6e,f 69 2 56 (58) >20:1 

7e 70 2 59 >20:1 

8e,g 72 2 0 N/A 

 

d. Other compatible cross-coupling reactions 

Sonogashira couplings were also investigated and were found to proceed with good yields and high 

selectivity (Table 10). The retention of selectivity is unsurprising, as the product determining step 

(assumed to be oxidative addition) generally occurs before the coupling reagent is involved in the 

catalytic cycle. 

Table 9: Scope of boronic acids in Suzuki-Miyaura couplings. 
 

aNMR yields were determined relative to a 1,3,5-trimethoxybenzene internal standard, isolated yields are in 
parentheses. bLigand L82 used. c1.2 eq. boronic acid. d2 eq. boronic acid. eSolvent 9:1 THF:H2O used. fBenzyl 

esters isolated. gPrecatalyst G2 sSPhos used. hAdjusted isolated yield, product isolated with 16 mol% starting 
material impurity. iAdjusted isolated yield, product isolated with 6 mol% di-coupled compound impurity. 
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Entry Chain length (x) % monoa (isolated) m:p 

1b 0 49 (48)c 9:1 

2 1 73 (66) >20:1 

3 2 80 (66) >20:1 

 

Buchwald-Hartwig aminations were investigated, and showed high selectivity, though gave reduced 

yields (Table 11). It was found that the yield was unchanged between electron-rich and electron-poor 

anilines (entry 3-4) and increasing the catalyst loading to 5 mol% did not increase yields (entry 5). The 

novel ligand L79 was used for these reactions, as it was shown to significantly increase yields for the 

triflamide substrates.205 

 

Entry R Chain length (x) % monoa (isolated) m:p 

1 H 0 >5c N/A 

2 H 1 29c >20:1c 

3 OMe 1 25c >20:1c 

4 NO2 1 31 >20:1 

5b NO2 1 30 (35)d >20:1 

6 H 2 17c >20:1c 

 

Table 10: Site selective Sonogashira couplings. 

aNMR yields were determined relative to a 1,3,5-trimethoxybenzene internal standard, isolated yields are in 
parentheses. b1.2 eq. alkyne used. cAdjusted isolated yield, product isolated with 15 mol% trimethoxybenzene 

as an impurity. 

Table 11: Site-selective Buchwald-Hartwig aminations.  
 

aNMR yields were determined relative to a 1,3,5-trimethoxybenzene internal standard, isolated yields are in 
parentheses. b5 mol% Pd2dba3 and 10 mol% s(tBu) used. cThe crude 1H NMR was assigned by analogy with 

other coupling experiments, as the mono products were not isolated. dAdjusted isolated yield, product isolated 
with 5 mol% 4-nitroaniline as an impurity. 
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e. Investigating other acidic directing groups 

Different acidic groups were also investigated in an attempt to further increase the scope and utility 

of this transformation, as well as provide further mechanistic support for the proposed electrostatic 

interaction between ligand and substrate. Tetrazole 73 and sulfonate 74 were tested (Scheme 80, 

Scheme 81). Unfortunately, a ligand evaluation on the tetrazole substrate showed no reactivity with 

any ligand used (Scheme 80). 

 

 

Sulfonate salt 74 was more promising as both the potassium and sodium salts indicated high 

conversions and selectivities from analysis of the crude reaction by 1H NMR. As these products were 

formally anionic, efforts were undertaken to convert them to the corresponding sulfonamides to allow 

purification by column chromatography and characterisation of the products. Sulfonamide 75 could 

be isolated with a yield of 46% over three steps, with >20:1 m:p selectivity (Scheme 81). It was also 

serendipitously discovered that the sulfonate could be converted to the corresponding benzyl 

chloride, allowing a quasi-traceless directing strategy to be employed. Benzyl chloride 76 could be 

isolated with a yield of 50% over two steps, again with >20:1 m:p selectivity.  

Scheme 80: Suzuki-Miyaura couplings attempted on tetrazole 73, with the ligands evaluated below. SPhos and 
XPhos were also attempted as controls, with no conversion seen. 
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In conclusion, following on from work performed by Dr William Golding within the group on site-

selective cross-coupling reactions of dechlorinated, triflyl-protected benzylamines, the successful site-

selective cross-coupling of both carboxylic acid and sulfonate substrates was achieved. Varying the 

chain length was tolerated well for the carboxylic acids, even allowing the reversal of the intrinsic para 

selectivity of a benzoic acid substrate. Products could be isolated in good yields after facile 

derivatisation to the methyl ester for acid substrates, or to either a sulfonamide or benzyl chloride for 

the sulfonate substrate. 

  

Scheme 81: Site-selective Suzuki-Miyaura cross couplings on sulfonate substrate 74, and product derivatisation 
to either a sulfonamide or a benzyl chloride. 



105 
 

3. Investigating asymmetric desymmetrisation in Suzuki-

Miyaura cross-coupling reactions mediated by a chiral 

cation 

a. Background 

Chiral cations have been used extensively in asymmetric organocatalysis, most commonly in the field 

of phase-transfer catalysis.209 Quaternary ammonium salts derived from cinchona alkaloids are the 

most common class of chiral cations used, with their natural abundance and ease of modification 

making them an attractive scaffold for catalyst development.210 Initial reports of enantioselective 

phase-transfer catalysis used either zwitterionic ephedrinium salts or alkylated cinchona alkaloids as 

catalysts, however these were only capable of low levels of enantioinduction.211–218 The first highly 

enantioselective example for the use of quaternary cinchona alkaloid derived salts in phase transfer 

catalysis was reported by Dolling and co-workers in 1984 (Scheme 82).219 Since then, the field of 

asymmetric phase catalysis has grown rapidly, with cinchona alkaloid derived catalysts still being the 

most widely utilised structure.209,220,221 

 

An important property of cinchona alkaloid-based catalysts is the natural availability of 

pseudoenantiomers, which often give rise to similar and opposite enantioinduction. Typically, only the 

stereocentres 8 and 9 (Figure 47) have a significant effect on enantioinduction, thus meaning quinine 

and quinidine, and cinchonine and cinchonidine based catalysts usually give rise to similar and 

opposite enantioselectivity in a transformation. However, in some transformations the vinylic group 

is very important to enantioselectivity, and significant differences in enantioinduction are observed 

between the two pseudoenantiomers.221–227 

Scheme 82: Asymmetric methylation of ketone 77 using the cinchonine derived phase transfer catalyst 78, as 
reported by Dolling and co-workers. 
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The synthesis of cinchona alkaloid-derived quaternary ammonium salts is most commonly performed 

by alkylation of the cinchona alkaloid with a benzyl halide. Due to this modular synthesis, alterations 

of the aryl ring and the cinchona alkaloid scaffold can be performed in parallel, allowing fast synthesis 

of cation libraries for screening. Variations on the benzyl ring include adding electron donating or 

withdrawing groups, as well as increasing the steric bulk (Figure 48a).221 The inclusion of a hydrogen 

bond acceptor in the ortho- position can also be used to form a rigid scaffold with internal hydrogen 

bonding with water between this group and the C9 alcohol on the alkaloid structure.228 The synthesis 

of dimeric and trimeric catalysts has also been investigated by using di- or tri- benzyl bromides during 

synthesis. The cinchona alkaloid can also be modified, with modifications to the C9 alcohol being the 

most common (Figure 48b).221 The alcohol group can be modified to various ethers and amine 

derivatives, as well as inversion of the C9 stereocentre.209,220,221,229 The 6’ methoxy group can also be 

modified to a thiourea or amide, hydrogenation of the double bond can be performed, and alkylation 

of the 2’ position is also possible. 

Figure 47: Cinchona alkaloids; whose derivatives are the most used class of phase transfer catalysts. 
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Enantioinduction within phase-transfer alkylation reactions with these catalysts can be rationalised by 

considering the faces of the tetrahedron formed around the chiral quaternary nitrogen, with the four 

faces representing potential directions in which interaction can occur with the positive charge.209,230,231 

Three of these faces are blocked by the quinuclidine, quinoline and benzylic aryl group respectively, 

leaving only one face open for interaction (Figure 49). This creates a chiral pocket in which the 

substrate can be held to induce asymmetry in the subsequent alkylation. 

Figure 48: A summary of modifications available on quaternary cinchona alkaloid-derived catalysts. 
Modifications are separated into variations of the benzyl bromide used and variations on the cinchona alkaloid 

itself. 
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Whilst chiral cations have been used to revolutionise asymmetric organocatalysis, their use in 

transition metal catalysis has been much rarer.221 This can be explained by the rarity of obtaining an 

anionic metal complex during a catalytic cycle with which chiral cations can be paired: neutral or 

cationic complexes are more common. A rare example of an anionic metal complex is anionic “ate” 

transition metal complexes, which can be used as catalyst in several oxidation methodologies. One 

example of coupling the power of privileged chiral cations with this mode of catalysis was 

demonstrated by Tan and co-workers. They demonstrated enantioselective oxidation of sulfides using 

a bisguanadinium cation associated to a silver tungstenate complex (Scheme 83).232 However, 

transformations which can be enabled by such transition-metal complexes are relatively limited.233 

 

Our group published a method for the chiral cation controlled enantioselective desymmetrisation of 

bis-aryl compounds through iridium catalysed borylation.234 This work builds on previous work 

developing a sulfonate bipyridine ligand for the site-selective borylation of aromatic ammonium and 

phosphonium salts and trifluoroacetamides.235–238 By replacing the tetrabutylammonium counterion 

used previously with a chiral cation, it was envisioned that this system could perform 

Figure 49: Typical example of a chiral quaternary salt derived from dihydroquinine, and a diagram highlighting 
the origin of enantioinduction. 

Scheme 83: Tan and co-workers’ enantioselective oxidation of sulfides, using a chiral cation to induce 
enantioselectivity. 
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desymmetrisation reactions on prochiral benzhydrylamides and phosphinamides (Scheme 84). With 

the chiral cation-ligand pair L84, high selectivities were observed in both substrate classes. As the 

original ligand was designed to induce site-selectivity, this ligand was tested in substrates which could 

undergo borylation at either meta- or para- positions of the arene. Gratifyingly, this ligand still 

retained the site-selectivity of its achiral analogue, and only saw a minor decrease in enantioselectivity 

for the meta- product from these reactions.  

 

Another example of utilising chiral cations to control asymmetry in transition-metal catalysis was 

published recently by our group. In this report, a common rhodium catalyst to perform nitrene 

chemistry was furnished with two sulfonate groups, and ion paired to the quinidine-derived cation to 

form complex 80 which could perform enantioselective benzylic C–H amination (Scheme 85).239 The 

development of the two methodologies above demonstrates the power of chiral cations in 

enantioselective transformations, and the potential for a diverse set of transition-metal catalysed 

reactions which could be made enantioselective in a similar fashion. 

Scheme 84: Enantioselective remote iridium-catalysed borylation on symmetric benzhydrylamides and 
phosphinamides, using a chiral cation to control enantioselectivity.  
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b. Initial hypothesis 

Following on from work performed by Dr Georgi Genov within the group on the chiral-cation-mediated 

asymmetric iridium-catalysed borylation of benzhydrylamides (Scheme 84)234, investigation began 

into other reactions which could be rendered enantioselective by combining a chiral cation and anionic 

ligand. Initially, work was performed towards the synthesis of a ligand library of chiral cations 

combined with anionic ligand (±)-sSPhos (Scheme 86a), to test in the desymmetrisation of 

benzhydrylamide substrates through Suzuki-Miyaura cross-coupling (Scheme 86b).  

 

Scheme 85: Enantioselective benzylic C–H amination using an anionic rhodium complex with associated chiral 
cations as catalyst. 
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c. Ligand library construction 

A selection of quaternary dihydroquinine (DHQ)-derived ammonium salts were synthesised, to create 

a library of chiral cations which could subsequently be paired with (±)-sSPhos for evaluation in the 

desymmetrisation of benzhydrylamides through Suzuki-Miyaura cross-coupling. Dihydroquinine (81) 

was synthesised via transfer hydrogenation of quinine, in excellent yields (Scheme 87). Methylation 

of the benzylic alcohol to form 82 was performed using methyl tosylate in moderate yields.  

 

 

Quinine derivatives 81 and 82 were combined with four different benzyl halides, to form the desired 

quaternary ammonium salts in good yields (Figure 50).  

Scheme 86: a) General structure of ligands synthesised containing an ion pair between anionic (±)-sSPhos and a 
chiral cation. b) Proposed desymmetrisation of benzhydrylamides, using a sSPhos-chiral cation ion paired 

ligand. 

Scheme 87: General synthesis of quaternary N-benzyl dihydroquinine salts. 
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To facilitate the ion-exchange with quaternised DHQ salts, the silver salt of sSPhos (L85) was 

synthesised from the sodium salt. This strategy was required to efficiently form the sulfonated 

bipyridine-DHQ salt used in the investigation into the enantioselective iridium catalysed borylation 

previously reported within our group.234 This was achieved with high purity of the bipyridine-chiral 

cation ligands using a H2O:CH2Cl2 biphasic system. The bipyridine silver salt was insoluble in CH2Cl2 

whereas the bipyridine-DHQ salt dissolved readily, allowing the pure ion pair to be isolated after a 

simple phase separation. To recreate this for synthesising sSPhos-DHQ salts, sSPhos was acidified with 

HCl in ether, solvent was removed and then the zwitterionic compound was deprotonated with silver 

carbonate (Scheme 88). Unfortunately, this gave low yields (25-35%) of the silver salt with 70 wt% 

inorganic impurities, as determined through 1H NMR with an internal standard. Unsurprisingly this salt 

performed poorly in the salt exchange with the quaternary ammonium halide salts, with low 

conversion and purity seen.  

 

 

Figure 50: Quaternary DHQ salts synthesised, with yields for the final step beneath. 

Scheme 88: Attempted synthesis of the (±)-sSPhos silver salt. 
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The salt exchange was then attempted using the sodium salt of (±)-sSPhos, and it was found that this 

was effective in chloroform containing a few drops of water, to initiate precipitation of the sodium 

halide by-product (Scheme 89). Due to the monophasic nature of the reaction, a large excess of one 

component couldn’t be used, making it challenging to extract an exact 1:1 ion ratio of the desired salt. 

Therefore, a slight excess of quaternary ammonium salt was used, and then the crude reaction mixture 

was washed with water to reduce this excess to less than 10 mol%. 

 

 

A further four quaternary ammonium bromide salts were synthesised by Dr Georgi Genov and were 

ion exchanged with sSPhos by this author as per the procedure in Scheme 89 to give ligands L94-L97 

(Figure 51). A chiral cation containing a larger aryl system was synthesised, and ion exchanged to give 

the ligand L98, giving a total of 13 ligands with different chiral cations.  

Scheme 89: Salt exchange to yield the quinine-ligand salts. 
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Figure 51: The 13 ligand-DHQ salts synthesised, with the anion ((±)-sSPhos) at the top and the different 
cations below. Yield shown below are for the final salt exchange step.  



115 
 

d. Synthesis of test substrates 

The triflyl-protected amine 91 was synthesised through the synthetic route shown in Scheme 90. 

 

 

The synthesis of longer chain substrates was attempted, and of substrates with carboxylic acid and 

sulfonate functionalities, given the promising results of these in the site-selective coupling (Chapter 2, 

page 93). A divergent synthesis was proposed, which would give access to three new substrates 92-

94 (Scheme 91).  

 

 

Initial steps in the synthesis were successful, with the alcohol 95 formed in 55% yield, which was 

oxidised to yield 89% of benzophenone 96 and which was converted to alkene 97 in quantitative yield 

(Scheme 92). Alternatively, Grignard attack, oxidation and Wittig were able to be performed 

sequentially with no intermediate chromatography purification on 80 mmol scale, giving alkene 97 in 

45% yield over three steps. This alkene could be converted to the alcohol 98 on large scale in 84% 

yield. The alcohol could be converted smoothly to the corresponding alkyl bromide 99 through an 

Appel reaction in 80% yield. 

Scheme 90: Synthesis of substrate 91. 

Scheme 91: Divergent retrosynthetic analysis for the synthesis of three new substrates 92-94.  
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Unfortunately, the next reactions in the synthetic route were more challenging. Various oxidation 

conditions were tried to form the acid substrate 93 (Scheme 93). Potassium permanganate proved to 

be a too harsh oxidant, oxidising the molecule back to 96. Sequential Swern and Pinnick oxidations 

also did not yield product. Whilst the Swern oxidation seemed to proceed, the 1H NMR data suggests 

that the resulting aldehyde exists preferentially in the enol form 100, which may have thwarted the 

subsequent Pinnick oxidation. Jones oxidation yielded a complex mixture, in which product was not 

identified. Oxidation with PIDA and catalytic TEMPO looked promising, yielding 18% of the desired 

acid on small scale after washing with hexane and column chromatography (Scheme 93). However, 

attempts to repeat this on 10 mmol scale did not show any product formation, as deduced from 

analysis of the crude 1H NMR.  

Scheme 92: Forward synthesis up to compound 99. The first three steps could be performed without any 
column chromatography purification, allowing the easy scale up of the synthesis.  
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The formation of the sulfonate substrate 94 was also found to be challenging. Under conditions used 

within the group to synthesis benzyl sulfonates, only starting material was returned (Table 12, entry 

1). This may be due to this substrate being less reactive due to the lack of an adjacent benzyl group to 

promote the SN2 reaction. A brief conditions screen was performed by varying the solvent and adding 

additives to make the alkyl bromide more electrophilic (Table 12, entries 2-6). Unfortunately, most 

returned starting material, with only the DMF reaction showing significant conversion to something 

new (entry 5), which was identified to be the elimination product 97. Different leaving groups, tosylate 

and mesylate, were synthesised and evaluated, but with no greater success (Table 12, entries 7, 8).  

  

Scheme 93: Attempts to oxidise alcohol 98 to carboxylic acid 93. 1) Potassium permanganate oxidation, 2) 
sequential Swern and Pinnick oxidations, 3) Jones oxidation, 4) TEMPO/PIDA oxidation. Only the final route 

yielded the desired product, though this was low yielding, and no product was observed when repeated on a 10 
mmol scale. 
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Entry X Conditions Result 

1 Br 1.2 eq. Na2SO3, Acetone:H2O (2:3), reflux Only SM 

2 Br 3 eq. Na2SO3, MeCN, 100 °C SM and <5% 97 

3 Br 3 eq. Na2SO3, MeCN:H2O (3:1), 100 °C 80% SM, 20% 97 

4 Br 3 eq. Na2SO3, MeCN:H2O (3:1), 1.5 eq. AgNO3, 100 °C SM and 5% 97 

5 Br 3 eq. Na2SO3, DMF, 150 °C 100% 97 

6 Br 3 eq. Na2SO3, MeCN:H2O (3:1), 0.2 NaI, 100 °C 10% 97, 10% other 

7 OTs 1.2 eq. Na2SO3, Acetone:H2O (2:3), reflux Only SM 

8 OMs 2 eq. Na2SO3, Acetone:H2O (2:3), reflux Only SM 

 

e. Testing cross-couplings 

The initial conditions used for testing were the optimised conditions for site-selective cross-coupling 

at the time, as determined by Dr William Golding within the group.205 A polar boronic acid was chosen 

to ensure that the product 101 had a sufficient polarity difference to the starting material and 

potential di-coupled product 102 to be separable by column chromatography. The initial tests are 

shown below on substrate 91, with the racemic reaction run using the NBu4
+ salt of (±)-sSPhos (L99) 

(Table 13).  

  

Table 12: Attempts to synthesis sulfonate substrate 94 
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Entry Ligand % Mono (101)a % Di (102)a ee mono 

1 (±)-L99 58 10 N/A 

2 L86 36 8 6%b 

3 L87 39 14 5% 

4 L88 20 0 3% 

5 L89 40 10 6%a 

6 L90 42 15 Rac.b 

7 L91 44 12 Rac.b 

8 L92 36 20 2%a 

9 L93 46 14 5%a 

 

Unfortunately, no significant enantioinduction was observed in this initial evaluation, although the 

small variation between experiments gave some hope that the chiral cation may be having a small 

influencing effect. A brief evaluation of solvents and temperature was conducted using ligand L89 but 

did not yield any increase in yield or ee (Table 14). Two ligands were tested against the dichloro 

substrate 103 to check whether the chiral cation interferes detrimentally with the high selectivity 

observed. Pleasingly, the >20:1 selectivity for coupling at the meta-chloride was retained, although 

reactivity decreased compared to the NBu4
+ salt (78% meta, 9% Di) (Scheme 94).  

  

Table 13: Initial ligand evaluation in asymmetric palladium-catalysed Suzuki-Miyaura couplings. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. bee 
determined from crude sample. 
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Entry % Monoa % Dia ee mono Condition changes 

1 44 12 2%b 70 °C 

2 37 22 2% b 70 °C, 2 equiv. Boronic acid 

3 28 4 6% b Dioxane as solvent 

4 14 0 Rac. b DMF as solvent 

5 31 4 Rac. b DME as solvent 

6 29 5 - 4% b CH2Cl2 as solvent 

7 12 0 Rac Toluene as solvent 

 

 

 

As no positive results were identified with the initial set of ligands, five more chiral cations with more 

varied steric and electronic properties were combined with sSPhos (L94-L98, Figure 51, Page 114). 

Encouragingly, a minor increase of ee was seen with two of these ligands, L95 and L97, giving 14% and 

15% ee respectively (Table 15, entries 3-4). This increase provided encouragement that a chiral cation 

can induce some enantioselectivity in this Suzuki reaction, albeit not yet at synthetically useful levels. 

Disappointingly, ligand L98 with a larger cation yielded racemic product (entry 5-6), despite this cation 

affecting a significant increase in ee in the chiral cation-directed enantioselective iridium-catalysed 

borylation. 

Table 14: Evaluation of reaction conditions for Suzuki-Miyaura coupling using ligand L89. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. bee 
determined from crude sample. 

Scheme 94: Testing ligands L89 and L90 with 3,4-dichlorobenzyltriflamide shows no reduction of site-selectivity, 
although yields were reduced. All yields were determined relative to a 1,3,5-trimethoxybenzene internal 

standard. 
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Returning to this project after working with Dr William Golding on the site-selective Suzuki-Miyaura 

cross-couplings reported above (Chapter 2, page 93),205 the optimised conditions for site-selective 

cross-coupling were tested in the enantioselective cross-coupling, replacing (±)-sSPhos with a sSPhos-

chiral cation ion paired ligand (Table 16). However, using these conditions resulted in a racemic 

mixture of products (entries 1 and 2). After repeating the reactions under the same conditions that 

gave enantioselectivity (originals Table 15 entries 3 and 4, repeats Table 16 entries 5 and 6), 

enantioselectivity was retained for ligand L95, however ligand L97 gave a racemic product.  

  

Entry Ligand % Monoa % Dia ee mono 

1 L96 35 15 7%b 

2 L94 40 15 3%b 

3 L97 45 20 15% 

4 L95 54 24 14% 

5 L98 38 8 Rac.b 

6 c L98 39 28 Rac.b 

Table 15: Evaluation of reaction conditions for Suzuki-Miyaura coupling using ligands L94-L98. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. bee 
determined from crude sample by chiral HPLC. c10:1 THF:H2O solvent used. 
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Entry Ligand % Monoa % Dia ee Condition changes 

1 L95 50 26 Rac.b  

2 L97 67 31 Rac.b  

3 L95 55 15 Rac.b THF solvent, 1.5 eq boronic acid 

4 L97 65 30 Rac.b THF solvent, 1.5 eq boronic acid 

5 L95 67 33 11%b THF solvent, 1.5 eq boronic acid, 
5 mol% [Pd], 10 mol% 74 

6 L97 60 22 Rac.b THF solvent, 1.5 eq boronic acid, 
5 mol% [Pd], 10 mol% 76 

 

At this point in time, the group acquired a chiral SFC to analyse chiral samples. When the original 

samples for the two best reactions (Table 15, entries 3 and 4) were run on the new SFC, a slightly 

reduced enantioselectivity was observed. For ligand L97, ee reduced from 15% to 10%; for ligand L95, 

ee reduced from 14% to 11%. Repeat experiments (Table 16, entries 5 and 6) showed that the result 

with ligand L95 were reproducible, whereas ligand L97 gave racemic product.  

Reactions including stoichiometric chiral cation were also performed, by either adding the bromide 

salt of the chiral cation (Scheme 95a) or synthesising the chiral cation-substrate ion pair (Scheme 95b) 

and subjecting this to the reaction (Scheme 95c). Unfortunately, these attempts all led to racemic 

product, so the strategy was not explored further. 

Overall, limited success was obtained using chiral cations to induce enantioselectivity in Suzuki-

Miyaura cross-couplings. As there was not an obvious route to high enantioselectivity mediated by a 

chiral cation, focus shifted to the phosphine component of these ion-paired ligands: sSPhos.  

Table 16: Testing ligands L95 and L97 with the optimised conditions for site-selective coupling. 

aAll yields quoted are NMR yields determined relative to a 1,3,5-trimethoxybenzene internal standard. bee 
determined from crude sample by chiral SFC. 
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Scheme 95: Asymmetric cross coupling reactions using stoichiometric amounts of chiral counterion. a) Addition 
of stoichiometric amounts of the DHQ halide salt. b) Synthesis of substrate-DHQ salts. c) The reactions of the 

DHQ-substrate salts 
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4. Synthesis of enantiopure sSPhos and derivatives 

a. Planned method of resolution 

Due to the sulfonated lower aromatic ring and the presumed restricted rotation around the biaryl axis, 

sSPhos exists as a racemic mixture of two atropisomers after the standard synthesis through 

sulfonation of SPhos (Figure 52). Therefore, the resolution of these two enantiomers was investigated. 

 

 

Because there is no obvious way to induce enantiocontrol within the sulfonation conditions, the 

resolution of racemic sSPhos was envisioned as the most practical method to allow access to 

enantiopure sSPhos. An initial batch of racemic sSPhos was sent to the purification department at 

AstraZeneca and the team led by Dr Jennifer Kingston were able separate the enantiomers by 

preparatory SFC on a chiral stationary phase, which allowed this author to run most of the evaluation 

experiments shown below (Chapters 5 and 6). However, the development of a lab-based synthetic 

approach was considered an important goal. The proposed synthetic route involved attachment of an 

enantiopure alcohol to the sulfonate group to form a diastereomeric sulfonate esters which could be 

separated by crystallisation or column-chromatography and followed by then hydrolysis of the 

sulfonate ester to afford enantiopure sSPhos (Figure 53).  

 

 

Figure 52: The two enantiomers of sSPhos, present due to restricted rotation about the biaryl axis.  

Figure 53: Planned route for resolution of racemic sSPhos into the two separate enantiomers. 
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b. Formation of diastereomeric sulfonate ester 

The first step along this route was the synthesis of the sulfonate ester. This required the formation of 

a sulfonate ester that was stable enough to be isolated, but sufficiently labile to be removed in the 

final step. Menthol was initially used as the enantiopure alcohol of choice, and synthesis of sulfonate 

ester 106 was attempted (Scheme 96a). It was observed that after the treatment of sSPhos with 

thionyl chloride, the phosphine was oxidised to the phosphine oxide. Whilst evidence for the 

formation of 106 was observed in a crude LCMS trace and in the 1H NMR, only oxidised sSPhos (107) 

was isolated post column, suggesting that the menthol-derived sulfonate ester was too unstable and 

was hydrolysing during purification.  

 

 

Due to the lability of the menthol-derived sulfonate, investigations were begun into finding a new, 

more stable chiral sulfonate ester. Miller had investigated the stability of a range of sulfonate esters, 

including the chiral ester derived from 2,2,2-trifluoro-1-phenylethanol (108).240 This ester was found 

to be stable enough to be used as a protecting group for the synthesis of a fluorophore containing 

sulfonate groups.241 It could be deprotected under basic or acidic conditions, with the deprotection in 

the fluorophore synthesis performed by treatment with trifluoroacetic acid. Whilst the enantiopure 

alcohol is expensive, it can be produced through the enantioselective ruthenium catalysed reduction 

of trifluoroacetophenone.242 Whilst this strategy doesn’t yield the alcohol enantiopure,  >99% ee can 

be obtained following a recrystallisation at reduced temperature.243 These procedures were followed, 

giving access to enantiopure 108 to investigate for the resolution of sSPhos (Scheme 97). 

Scheme 96: Attempts to form diastereomeric sulfonate 106 using menthol. 
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The synthetic route was explored using rac-108 initially, to conserve the enantiopure material for 

when the route had been optimised. This sulfonate ester proved to be more stable than the menthol 

derivative, and 109 was isolated in 24% yield and 1.5:1 dr (Scheme 98a). Upon scaling up to 2 mmol, 

the yield was reduced to 12%, making this synthetic route very wasteful of both sSPhos and the 

alcohol. A brief optimisation was conducted, and by using triethylamine instead of DABCO as the base 

and increasing the equivalents of base and alcohol, the sulfonate ester could be isolated in a 43% yield 

as a mixture of diastereomers (Scheme 98b). With careful purification by column chromatography, it 

was possible to obtain diastereoenriched samples (up to 5.3:1 dr). With the optimised route at hand 

and evidence that these diastereomers could be separated, focus shifted back onto converting 

sulfonate ester 109 back to sSPhos. Once this could be achieved, the procedure could be performed 

with enantiopure alcohol 108 to yield enantiopure sSPhos at the end. 

Scheme 97: Enantioselective hydrogenation of trifluoroacetophenone to form alcohol 108 in >99% ee after 
recrystallisation. 



127 
 

 

 

c. Reduction of the phosphine oxide 

With sulfonate ester 109 in hand, the reduction of the phosphine oxide back to the phosphine was 

investigated, following which the sulfonate ester could then be hydrolysed under mild conditions to 

afford sSPhos. Initial tests of the reduction with trichlorosilane yielded no desired any product 

(Scheme 99), so a literature search for alternative phosphine reduction conditions was conducted. 

This showed that diphenyldisiloxane (DPDS, 110), originally reported by Aldrich and co-workers, had 

been reported to reduce oxidised SPhos to SPhos in 87% yield (Scheme 100).244 

 

 

Scheme 98: a) Initial syntheses of diastereomeric sulfonate 109. b) Optimised route to improve the yield of 109. 

Scheme 99: Attempted reduction of phosphine oxide 109 using trichlorosilane. 
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The same authors also reported the “simple and convenient” synthesis of DPDS from phenylsilane 

using copper catalysis and mechanochemistry.245 Although a ball mill was not available to us, the 

synthesis was reported to work with traditional magnetic stirring, albeit with reduced yield and longer 

reaction time (Scheme 101a). Unfortunately this result could not be replicated in our lab (Scheme 

101b), with a complex mixture formed and overoxidation seen: a common result in the oxidations of 

polyhydrosilanes.246–250 

 

 

Despite the uncertainty in the synthesis of DPDS, the crude mixture from this reaction was tested in 

the reduction of triphenylphosphine oxide (Scheme 102a). A reaction using phenylsilane as the 

reductant was performed simultaneously for reference. Pleasingly, both phenylsilane and the crude 

DPDS gave full conversion, despite the reduction of triphenylphosphine oxide with phenylsilane being 

reported to give only 33% conversion by Aldrich and co-workers. Disappointingly, when the crude 

DPDS was applied to the reduction of sulfonate ester 109 no conversion was observed (Scheme 102b). 

Scheme 100: Reduction of phosphine oxides using DPDS, as reported by Aldrich and co-workers. 

Scheme 101: a) Synthesis of DPDS, reported by Aldrich and co-workers. b) Attempted synthesis of DPDS, 
resulting in a complex mixture. 
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Alternative conditions were tested with the synthesised DPDS and 4,4’-bisnitrophenyl phosphoric acid 

(BNPA), however these gave no conversion for SPhos, (±)-sSPhos or sulfonate ester 109 (Scheme 

103a). The reduction was also attempted with polymethylhydrosiloxane (PMHS) and Lewis acid 

titanium isopropoxide, but no conversion was observed when applied to (±)-sSPhos or sulfonate ester 

109 (Scheme 103b).  

 

 

At this point, this author’s focus shifted to investigating the uses of the newly arrived enantiopure 

sSPhos that had been separated on prep-SFC by AstraZeneca. Work on achieving the chemical 

resolution of sSPhos in our lab was later continued by Dr Padon Chuentragool, who designed a route 

based on forming a diastereomeric sulfonate ester with (R)-BINOL (Figure 54). Pleasingly, the 

Scheme 102: a) Reduction of thriphenylphosphine oxide using phenylsilane or the “DPDS” synthesised in the 
lab. b) Attempted reduction of 109 with this “DPDS”, yielding no reduced products. 

Scheme 103: Reduction attempts on 109, and oxides of SPhos and sSPhos. a) using DPDS with the phosphoric 
acid additive BNPA. b) using silane PHMS and lewis acid titanium isopropoxide. 
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diastereomers formed ((R,R)-111 and (R,S)-111) were easily separated by column chromatography, 

and the (R,R)-diastereomer readily crystalised, allowing the assignment of the atropisomeric axis in 

sSPhos through single crystal X-ray structure determination. In this crystal structure, a hydrogen bond 

was observed between the free BINOL O–H and the phosphine oxide (Figure 55, black dashed line). 

This internal hydrogen bond could be responsible for the large polarity difference seen between the 

two diastereomers which allows for easy separation, if an internal hydrogen bond is not possible for 

the other diastereomer. Following the separation, Dr Chuentragool then successfully achieved the 

small-scale reduction of the diastereomer via sequential treatment with POCl3 and LiAlH4, giving full 

conversion by NMR. Work on the scale-up of this chiral resolution of sSPhos was then undertaken by 

Larissa Hogenhout. 

 

 

Figure 54: Proposed resolution procedure for the enantiomers of sSPhos, as developed by Dr Padon 
Chuentragool within our lab. 
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d. Final route development 

During further testing performed by Larissa Hogenhout, it was found that the reduction step initially 

trialled by Dr Chuentragool was unreliable, with significant variation in conversion observed between 

identical runs (ranging from 0% to 90% conversion). Additionally, the reduced compound 112 was 

observed to be unstable under ambient conditions, with significant oxidation observed whilst in 

solution during attempted work-ups and purification. At this point I joined Larissa in searching for a 

reliable and scalable method to isolate enantiopure sSPhos. We hypothesised that the BINOL-based 

free phenolic group was potentially disrupting the reduction step, and so the oxygen was methylated 

to remove this possible issue. Reduction of the methylated BINOL substrate 113 was significantly more 

reliable and, with a slight increase in equivalents of POCl3 and LiAlH4, consistently high conversion to 

the reduced compound 114 was observed (Scheme 104). 

Figure 55: X-Ray crystal structure of the (R,R) diastereomer of compound 111, showing the intramolecular 
hydrogen bond between the phosphine oxide and free alcohol on the BINOL scaffold (black dashed line). 

Crystals obtained by Philip Docherty and X-Ray structure obtained by Dr Andrew Bond. 
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Unfortunately, the subsequent hydrolysis of sulfonate ester 114 proved to be significantly harder than 

predicted. The literature reported method for hydrolysis of phenol sulfonate esters yielded no desired 

hydrolysis products (Scheme 105a).240  While the addition of crown ether and increasing the 

temperature did start to yield hydrolysed material, the majority of this was re-oxidised under the 

harsher hydrolysis conditions (Scheme 105b). By performing the reaction in neat 15-crown-5, full 

hydrolysis was observed with minimal oxidation. However, attempts to isolate the sSPhos from the 

crown ether solvent proved unsuccessful (Scheme 105c).  

Scheme 104: Conditions for the consistent reduction of 113 to 114. Conversion measured by 31P NMR. 
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Following the unsuccessful attempts to remove the BINOL protecting group without reoxidising the 

phosphine, alternative protecting groups were examined. If a more labile group could be identified 

that was stable under the reduction conditions, then a protecting group switch could be performed 

before the final reduction step. After screening a selection of protecting groups,240 the isobutyl group 

Scheme 105: Attempted hydrolysis of compound 114. a) Using literature procedure. b) Attempting modified 
procedures to increase conversion. c) Successful hydrolysis using crown ether as solvent. However, the product 

was inseparable from the crown ether. 
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was identified as a suitable fit; it was labile to treatment with sodium iodide (Table 17, entry 8) and 

remained intact during the reduction step (Scheme 106a).  

 

Entry Substrate Conditions Result 

1 115 HBr(aq), reflux Mainly 118 

2 117 HBr(aq), reflux 118 and other undesired products 

3 116 NaOH, CH2Cl2:MeOH, 35 °C Mainly SM 

4 117 H2SO4:H2O (1:1), 60 °C Mainly 118 

5 117 HBr(aq), 60 °C 75% SM, 25% 118 

6 117 CF3COOH:H2O (2:1), 60 °C 25% 107, 75% SM 

7 117 TfOH:H2O (1:1), 60 °C 40% 107, 25% 118, 35% SM 

8 117 NaI in acetone (1M), r.t. 100% 107 

 

These two steps were finally tested on rac-117, successfully yielding 23% of rac-sSPhos over two steps 

(Scheme 106b). The previously employed hydrolysis conditions (Table 17, entry 8) were found to be 

significantly slower for the reduced ligand L100 but switching solvents to EtOAc approximately 

doubled the rate of hydrolysis, allowing useful conversion after 16 hours (44%). 

Table 17: Screening hydrolysis conditions for a selection of sulfonate esters. 
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With successful reduction and hydrolysis conditions in hand, the full synthesis of enantiopure-sSPhos 

could now be attempted (Scheme 107). After condensation of rac-sSPhos with (R)-BINOL and 

subsequent separation of the diastereomers, the BINOL auxiliary was cleaved to afford (S)-107. 

Reprotection with the isobutyl group afforded compound (S)-117, which was then subjected to the 

reduction-hydrolysis procedure developed above. High conversion was seen for the reduction (90%), 

however the hydrolysis proceeded slowly in EtOAc. After switching the solvent back to acetone, 

hydrolysis resumed, and after four days the reaction was stopped and (S)-sSPhos was isolated in 13% 

yield. Additionally, 10% of the un-hydrolysed ligand (S)-L100 could be isolated, which was utilised in 

control reactions described later (Figure 61, Page 165). The isolated (S)-sSPhos was shown to have 

equivalent catalytic activity to the enantiopure material separated by AstraZeneca, demonstrating the 

feasibility of this in-lab resolution (Scheme 108). 

Scheme 106: Evaluating the lability and stability of the isobutyl sulfonate ester. a) Successful reduction of the 
isobutyl protected compound 117. b) Successful reduction and hydrolysis of 117 to afford rac-sSPhos. 
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e. Synthesis of derivatives of chiral sSPhos 

With a successful method for the chemical resolution of sSPhos, the creation of a library of chiral 

sSPhos-like ligands could be possible. Diversification approaches were split into three areas: 

modification of the phosphine substituents, modifications of the phosphine-containing phenyl ring 

and modification of the sulfonated phenyl ring (Figure 56). Modification of the phosphine substituents 

was explored by Dr Padon Chuentragool, modification of the phosphine-containing ring was explored 

by Dr William Golding, and modification of the sulfonated ring was performed by this author. 

Scheme 107: Final route for the chemical resolution of sSPhos. 

Scheme 108:Comparing catalytic activity of the resolved (S)-sSPhos with the (R)-sSPhos separated by 
AstraZeneca. 
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The strategy for modification of the sulfonated ring was to install a bromine substituent onto that ring 

prior to resolution, resolve the enantiomers of this compound, and then use that synthetic handle to 

add a diverse range of substituents on this ring (Figure 57). Since this ring should be placed close to 

the palladium centre when the ligand binds to palladium,40,49,51 variations of the steric environment 

here could have a profound effect on the observed enantioselectivity. 

 

 

The first step was to selectively brominate sSPhos. Due to the electronic properties of the two rings, 

the position meta to the existing sulfonate group is the most reactive, and bromination is exclusively 

seen at this position. Bromination was first attempted with N-Bromosuccinimide (NBS) in acetonitrile, 

which saw successful reactivity at the desired position to form 119 (Scheme 109a). The phosphine was 

oxidised in this reaction, which wasn’t a major issue as the next step was previously shown to oxidise 

Figure 56: Three separate approaches identified within the group for the derivatisation of sSPhos. 

Figure 57: Proposed synthetic route to the derivatisation of the sulfonated ring of sSPhos. 
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the free phosphine regardless. A larger issue was the formation of the di-brominated product 120, 

resulting from a desulfonation-bromination reaction pathway. Performing the reaction in sulfuric acid 

suppressed this undesired pathway (Scheme 109b) and resulted in no phosphine oxidation, forming 

compound 121. Since these conditions were like the original sulfonation conditions, a one pot 

sulfonation-bromination procedure was utilised. This worked well on a small scale (4 mmol), but was 

harder to replicate on larger scale, with impurities and lower yields observed (Scheme 109c). 

 

 

The next step was the formation of the BINOL sulfonate ester adduct 122. One diastereomer could be 

isolated pure in a 23% yield after column chromatography and precipitation from ether/hexanes 

(Scheme 110). This was assigned as the (S,R) diastereomer through comparison of the 1H NMR with 

the unbrominated (R,R)-111.  The other diastereomer ((R,R)-122) was identified during the 

purification, however in low yields and with small amounts of the first diastereomer ((S,R)-122) and 

other impurities.  

Scheme 109: Attempted syntheses of brominated sSPhos 121. a) Bromination in acetonitrile of sSPhos, with the 
formation of dibrominated side product 120. b) Bromination in sulfuric acid of sSPhos, which also prevented the 

oxidation of the phosphine. c) One pot sulfonation/bromination of SPhos. 
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The first derivatisations of the bromide 122 attempted were Suzuki-Miyaura couplings, to install a 

selection of aryl rings with varying steric properties (Scheme 111). Phenyl, 1-naphthyl and mesityl 

(2,4,6-trimethylphenyl) groups were all installed in this position. Interestingly, the 1-napthyl product 

124 seemed to exist as a mixture of rotamers/atropisomers around the newly formed biaryl axis, with 

two distinct species observed in the 1H NMR spectrum of the isolated product.  

 

 

Due to the subsequent success of the standard sSPhos scaffold in the asymmetric synthesis of 

biphenols (Page 155), the synthesis of derivatives was deprioritised and not finished during this PhD. 

Scheme 110: Synthesis of BINOL sulfonate ester 122, and the isolation of a single diastereomer after column 
chromatography and precipitation from ether/hexanes. Isolated diastereomer was assigned as (S,R)-122 

through comparison of 1H NMR with (R,R)-111. 

Scheme 111: Suzuki-Miyaura cross-couplings performed on bromide 122. a Reaction performed with 10 mol% 
Pd(OAc)2, 20 mol% SPhos and 4 eq. boronic acid.  
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However, the synthesis of these derivatives through the route described should be viable and may 

result in higher enantioselectivities for this ligand class in other methodologies in the future.  



141 
 

5. Asymmetric synthesis of atropisomers 

a. Project outline 

Desymmetrisation is only one method of forming chiral compounds through cross-coupling reactions. 

Another method for atropisomer synthesis involves forming the atropisomeric axis directly through a 

cross-coupling reaction (Chapter c, page 31). Whilst there has been much research in this area, most 

reports require either a complex ligand design, or a bespoke directing group on the substrate to 

achieve a broad scope. Since earlier work in our group demonstrated sSPhos can interact with a variety 

of anionic substrates (Chapter 2, page 93), it was hypothesised that enantiopure sSPhos could control 

enantioselectivity during the formation of atropisomers for a wide range of substrates containing 

phenols, acids, amides, and sulfonates. 

 

 

b. Synthesis of starting materials 

To investigate the enantioselective synthesis of atropisomers through cross-coupling, a range of 

substrates were tested. It was hypothesised that the substrates would require a polar group on them 

in order to interact with the sulfonate group of sSPhos, perhaps through an electrostatic interaction, 

as seen previously for control of site-selectivity (Chapter 2, page 93), or perhaps through a hydrogen 

bond. To investigate this, several aryl bromides and aryl boronic acids were synthesised to test 

alongside commercially available coupling partners.  

The first set of substrates synthesised were (2-bromophenyl)amides, akin to the substrates exhibited 

by Buchwald and co-workers (Scheme 16, page 36).123 Compounds 126-132 were synthesised 

according to procedures published in this report (Scheme 112). 

Figure 58: Proposal for using enantiopure-sSPhos to synthesise enantioenriched atropisomers. 
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Two naphthyl boronic acids were synthesised from the corresponding aryl bromides through a 

procedure adapted from de Koning and co-workers (Scheme 113).251 Samples of both of these were 

purified by column chromatography, as this was reported by Espinet and co-workers to improve yields 

when using these boronic acids.140 

 

3-Substituted-2-bromophenols were a class of substrates which garnered interest during this project, 

on the basis of the interesting results found when using 3-methyl-2-bromophenol (described further 

below, Scheme 119, page 146). The synthesis of these substrates was initially attempted from 1,3-

dimethoxy-2-bromobenzene (133) (Scheme 114). This would start with the demethylation and 

triflation, then performing a cross-coupling on the aryl triflate. It was expected that both sterics and 

electronics would disfavour the adjacent bromide from reacting. Finally, demethylation of the 

methoxy group would yield the desired substrates. 

Scheme 112: Synthesis of ortho-bromo amides, akin to substrates used by Buchwald and co-workers. 

Scheme 113: Synthesis of two naphthyl boronic acids. Both were purified by filtration through silica, as reported 
by Espinet and co-workers. 
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Unfortunately, cross-coupling of the triflate selectively was found to be problematic, leading to 

reaction at the undesired site or exclusive di-addition product observed for Suzuki, Negishi and 

Sonogashira couplings (Scheme 115).  

 

 

A second route towards these compounds draws on similarities with the synthesis of BrettPhos and 

related ligands by Buchwald and co-workers.50 By forming a benzyne intermediate 136, it should be 

possible to introduce a wide range of aryl and alkyl substituents through a nucleophilic attack in the 

meta position. After quenching with bromine, the desired 3-substituted-2-bromophenol product 

Scheme 114: Synthesis of aryl triflate 135.  

Scheme 115: Attempted cross-couplings performed on aryl triflate 135. None of the reactions formed desired 
mono-functionalised product in a synthetically useful yield.  
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would be formed (Scheme 116a). This route was successful with n-butyllithium to form compound 

137, however reaction with phenyllithium yielded no product (Scheme 116b).  

 

 

The synthesis of sodium 2,4-dimethoxy-3-bromobenzenesulfonate (139) was also undertaken, to 

investigate whether enantioselectivity can be achieved with a directing group more distal than ortho 

to the formed biaryl axis (Scheme 117). This was performed by sulfonation of 1,3-dimethoxy-2-

bromobenzene with chlorosulfonic acid in moderate yield.  

 

 

c. Preliminary assessment of the asymmetric Suzuki-Miyaura cross 

coupling 

With these substrates in hand, a selection of racemic cross-coupling reactions was performed (Scheme 

118). The racemic products were isolated for characterisation and used to identify conditions for 

separation of enantiomers by SFC on a chiral stationary phase.  

Scheme 116: a) Proposed synthesis of 3-substituted-2-bromophenols, based on the synthesis of BrettPhos 
reported by Buchwald and co-workers. b) Synthetic route performed with n-butyllithium and attempted with 

phenyllithium. 

Scheme 117: Synthesis of sodium 2,4-dimethoxy-3-bromobenzenesulfonate 139. 
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With the products characterised and racemic SFC traces acquired, a preliminary assessment of the 

cross-coupling using enantiopure sSPhos was performed. A wide range of coupling partners was 

examined bearing varied substituents to ascertain if high enantioselectivity may be achievable. The 

initial conditions used were similar to the conditions used previously for desymmetrisation (Chapter 

3, page 105). Below is the initial substrate selection investigated with observed yield and 

enantioselectivity below, separated into families of directing groups (Scheme 119).  

Scheme 118: Racemic cross-couplings performed to isolate racemic samples. a6 mol% SPhos used. bCPME as 
solvent. cNa3PO4 used as base. dMeOH as solvent. eProducts isolated after conversion to the NHBu sulfonamide. 

f(±)-sSPhos used as ligand. 
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In general, reactivity was significantly reduced when using naphthyl boronic acids, despite them being 

purified as reported by Espinet and co-workers.140 This may be down to the increased steric demand 

of these larger boronic acids. For the naphthols, encouraging levels of enantioselectivity were 

observed, with 56% ee for 140 and 74% ee for 141. Ortho-aldehydes also showed good 

Scheme 119: Preliminary assessment of asymmetric Suzuki-Miyaura cross-couplings to form atropisomers using 
enantiopure sSPhos. NMR yields were determined relative to a 1,2-dimethoxyethane internal standard, ee 

determined from crude product. aNa3PO4 used as base. bCPME as solvent. cMeOH as solvent. dSample analysed 
after derivitisation to the NHBu sulfonamide. e(R)-sSPhos used as ligand. 
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enantioselectivity, with product 142 with two aldehyde functionalities giving 77% ee. Unsurprisingly, 

substrates not containing a hydrogen bond donor or acceptor did not yield high enantioselectivity, 

with compound 147 (20% ee) highlighting the importance of the free alcohol present for compound 

140 (56% ee). Most interestingly, moderate enantioselectivity could be achieved for challenging 

biphenyl products, as shown through compounds 150 (60% ee), 152 (72% ee), 154 (68% ee) and 156 

(68% ee). The formation of product 156 with good enantioselectivity was also intriguing, as it showed 

that the directing group could still be effective when not in the ortho position.  

Whilst these initial studies were very encouraging, further work and focus was required to optimise 

these results to achieve high selectivity across these diverse groups. 

d. Optimisation and mechanistic experiments 

Optimisation of reaction conditions was performed for compound 140, as this substrate was the first 

positive result received. A solvent screen was performed first, with ten different solvent systems 

tested (Table 18). This gave two promising results: cyclopentyl methyl ether (CPME) gave a 

comparable ee to THF but with greatly increased yield (Table 18, entry 10), and acetonitrile (MeCN) 

gave higher ee but with a reduced yield (Table 18, entry 9).  

 

Entry Solvent % NMR yielda ee 

1 Dioxane 43 54%b 

2 CH2Cl2 Traces 45%b 

3 Et2O 27 54%b 

4 EtOAc 49 61%b 

5 PhMe 63 46%b 

6 THF:H2O (19:1) 52 62%b 

7 2-MeTHF 64 60%b 

8 t-BuOH 71 51%b 

9 MeCN 38 72% 

10 CPME 100 57% 

11 THF 42 56% 

12 EtOH 71 59%b 

13 MeOH 100 56%b 

 

Table 18: Solvent evaluation performed for product 140 at 40 °C with the base K3PO4.  

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. 
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A base screen was performed in acetonitrile, with the temperature increased to 60 °C to facilitate 

increased conversion (Table 19). It was found that in general, sodium bases gave higher ee than their 

potassium counterparts and sodium phosphate (Na3PO4) gave the highest yield of the bases evaluated 

(Table 19, entry 11). Potassium fluoride gave an anomalously high ee for a potassium base, however 

an extra ee increase was not seen when sodium fluoride was used (Table 19, entries 13 and 14).  

 

Entry Base % NMR yielda ee 

1 Na2CO3 44 60% 

2 K2CO3 40 43% 

3 Li2CO3 11 40% 

4 Cs2CO3 19 n.d. 

5 Na2CO3 (aq., 2 M) 72 53% 

6 NEt3 29 61% 

7 KOtBu 0 n.d. 

8 NaOtBu 34 65% 

9 KOH 28 26% 

10 K3PO4 21 38% 

11 Na3PO4 60 63% 

12 Li3PO4 11 48% 

13 KF 39 69% 

14 NaF 9 62%b 

15 LiF 2 n.d. 

16 CsF 28 <20%b 

 

Evaluation of the addition of varying amounts of water to the solvent was then performed (Table 20). 

Whilst a higher water content generally increased yields, the ee dropped by up to 10%, so was not 

deemed a useful change of reaction conditions to adopt.  

 

 

Table 19: Base evaluation performed for product 140 at 60 °C. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. n.d. = not determined. 
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Entry Base MeCN:H2O ratio % NMR yield ee 

1 Na2CO3 100% MeCN 44 60% 

2 Na2CO3 20:1 61 59%b 

3 Na2CO3 10:1 55 55%b 

4 Na2CO3 5:1 72 54%b 

5 Na2CO3 3.33:1 71 54%b 

6 Na2CO3 1:1 64 52%b 

7 Na3PO4 100% MeCN 60 63% 

8 Na3PO4 20:1 36 55%b 

9 Na3PO4 10:1 61 56%b 

10 Na3PO4 5:1 55 53%b 

11 Na3PO4 3.33:1 75 54%b 

12 Na3PO4 1:1 46 52%b 

 

 

Entry Pd catalyst % NMR yield ee 

1 Pd(OAc)2 36 59%b 

2 Pd/C (5 wt%) 33 19%b 

3 Pd2dba3 47 64%b 

4 [PdCl(allyl)]2 43 64%b 

5 Na2PdCl4 65 64%b 

6 PdCl2 56 57%b 

7 PdCl2(MeCN)2 56 64%b 

8 [PdCl(cinnamyl)]2 52 62%b 

9 PdBr2 51 63%b 

10 Pd(MeCN)4(BF4)2 47 63%b 

11 Pd(OPiv)2 41 58%b 

 

Table 20: Evaluation of water content in solvent performed for product 140 at 60 °C. 

 aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. 

Table 21: Palladium precatalyst screen performed for product 140 at 60 °C.  

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. 
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A palladium precatalyst screen was also conducted (Table 21). This did not give much variation in ee 

besides Pd/C which showed reduced selectivity (Table 21, entry 2).  

A solvent evaluation was also performed for the biphenyl product 154, though no significant gains in 

enantioselectivity were observed (Table 22). Interestingly, the two solvents that gave the highest 

enantioselectivities were CPME and toluene (Table 22, entries 1 and 5), despite toluene performing 

poorly for product 140 (Table 18, entry 5). 

 

Entry Solvent % NMR yielda ee 

1 CPME 87 68%b 

2 THF 82 61%b 

3 MeCN 19 58%b 

4 MeOH 100 53%b 

5 PhMe 92 69%b 

6 Dioxane 85 59%b 

7 EtOAc 83 64%b 

8c CPME 89 62%b 

 

Since no significant improvements were forthcoming from initial optimisation on forming product 140, 

a selection of solvents which yielded high conversion were repeated at lower temperatures, in an 

attempt to increase the enantioselectivity (Table 23). Surprisingly, this temperature reduction did not 

yield a significant increase in enantioselectivity, even when the temperature was reduced to -20 °C in 

methanol (Table 23, entry 6).  

  

Table 22: Solvent evaluation performed for product 154. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. cK3PO4 used as the base. 
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Entry Temperature/°C Solvent % NMR yield ee 

1 20 THF 30 65%b 

2 20 CPME 12 54%b 

3 20 EtOH 33 62%b 

4 20 MeOH 88 58%b 

5 -10 MeOH 50 59%b 

6 -20 MeOH 33 62%b 

 

The effect of the boronic acid on enantioselectivity was then investigated, starting with isolation of 

racemates from the coupling a selection of ortho-substituted boronic acids with 1-bromo-2-naphthol 

(157) or 3-methyl-2-bromophenol (158) using SPhos or (±)-sSPhos as the ligand (Scheme 120).  

Table 23: Temperature evaluation performed for product 140 with base Na3PO4. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. 
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These reactions were then performed with (R)-sSPhos (Scheme 121 and Scheme 122) The reactions of 

1-bromo-2-naphthol with various ortho-chloro boronic acids were found to occur with good 

enantioselectivity (75-85% ee), indicating that substituents meta and para to the formed biaryl bond 

are tolerated in this system. Some boronic acids without an ortho-chloride also gave high 

enantioselectivity, particularly the reaction with 2-(trifluoromethyl)phenylboronic acid, which formed 

163 with 92% ee.  

The reactions with 3-methyl-2-bromophenol were less tolerant to variations in boronic acid (Scheme 

122). Substituents in the meta position were poorly tolerated, though compound 166 containing a 

Scheme 120: Racemic Suzuki reactions performed with a variety of boronic acids. a(±)-sSPhos used as ligand. 
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para-chloride gave similar enantioselectivity to the unsubstituted compound 154. Other ortho 

substituents were tested, but all gave unsatisfactory levels of enantioselectivity. 

 

 

If the mechanism of selectivity was analogous to that postulated for site-selectivity (Figure 45, page 

94) through an electrostatic interaction involving the cation from the base, then sequestering the 

cations should have a dramatic effect on the observed enantioselectivity. This was investigated by 

adding the appropriate crown ether to sequester the base cation (Table 24). Interestingly, whilst the 

yield was affected greatly, enantioselectivity was retained with a stoichiometric amount of crown 

ether added. This implied that the base cation was not important for enantioinduction, so it was 

unlikely an electrostatic interaction similar to the one proposed for site-selectivity was influencing 

enantioselectivity in this system (Figure 45, page 94). 

 

Scheme 121: Asymmetric Suzuki reactions performed with 1-bromo-2-naphthol. NMR yields were determined 
relative to a 1,2-dimethoxyethane internal standard. 
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Entry Base Crown ether % NMR yielda ee 

1 K3PO4 18-crown-6 0 n.d. 

2 Na3PO4 15-crown-5 8 61%b 

3 Na3PO4 None 64 59% 

 

  

Scheme 122: Asymmetric Suzuki reactions performed with 3-methyl-2-bromophenol. NMR yields were 
determined relative to a 1,2-dimethoxyethane internal standard. 

Table 24: Control experiments using crown ether additives for product 140 at 40 °C. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. 
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e. Asymmetric synthesis of 2,2’-biphenols 

i. Initial test reaction 

As detailed optimisation on forming the product 140 was unsuccessful at yielding excellent levels of 

enantioselectivity, an alternative system containing multiple phenolic groups was investigated. The 

hypothesis proposed was that by adding a second phenolic group onto the boronic acid, our catalyst 

could interact effectively with both reaction partners, leading to a significant increase in 

enantioselectivity. Initially, 1-bromo-2-naphthol and 3-methyl-2-bromophenol were subjected to the 

asymmetric coupling with 2-hydroxyphenylboronic acid (Scheme 123). Disappointingly, both reactions 

yielded racemic products.  

 

 

These results were investigated further. It was possible that the biaryl axis in the products 174 and 

175 might be unstable at or near room temperature, leading to the racemisation of the product. This 

was supported by the shape of the SFC traces of the products, showing significant bridging between 

the two enantiomer peaks (Figure 59).  

Scheme 123: Suzuki reactions to form compounds 174 and 175. a) Racemic reactions performed with (±)-
sSPhos. b) Reactions performed with (S)-sSPhos. NMR yields were determined relative to a 1,2-

dimethoxyethane internal standard. 
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To test this hypothesis, the ortho-fluoro boronic ester 176 was synthesised through demethylation 

and esterification of the boronic acid (Scheme 124). The addition of the fluorine atom ortho to the 

formed biaryl bond should increase the stability of the chiral axis and allow any inherent 

enantioselectivity of the reaction to be observed.  

 

 

Pleasingly, this boronic ester reacted well with 2-bromo-3-methylphenol, giving excellent yield (91 %) 

with good enantioselectivity (83 % ee) (Scheme 125). This further solidified the hypothesis that the 

products 174 and 175 were inherently enantiomerically unstable. Furthermore, this 2,2’biphenol 

system had shown promise to be highly selective. 

Figure 59: SFC trace for compound 174, showing significant bridging between the two enantiomer peaks at 
6.09 and 7.15 minutes. Sample run on CHIRAL ART Cellulose-SC column with 92:8 CO2:MeOH at 2.5 mL min-1.  

Scheme 124: Synthesis of boronic ester 176. 



157 
 

 

 

This initial result was then optimised by Larissa Hogenhout, who found that by switching the solvent 

to PhMe:H2O (19:1), the enantioselectivity increased to 94% ee with a decrease in yield (50%). The 

ligand loading could also be decreased to 6 mol%, and by increasing the boronic ester loading to 2 

equivalents, it was possible to form product 177 with 73% isolated yield and 92% ee (Scheme 126). 

 

 

With the success of this new system demonstrated, we started to investigate the scope of this 

transformation. 

ii. Synthesis of 2-bromophenols and 2-hydroxyboronic esters 

Whilst some of the desired starting materials for this transformation were commercially available 

(such as substrate 158), the vast majority were not, due to 1,2,3-trisubstituted arenes being a 

relatively uncommon substitution pattern. A variety of synthetic routes to these compounds were 

investigated and detailed below. 

The first route investigated utilised an ortho-lithiation strategy, in which 3-substituted phenols could 

be MOM-protected then undergo ortho-lithiation in the 2-position when the substituent was also a 

directing group for directed metalation (Scheme 127). This methodology could be used to synthesise 

both aryl bromides and boronic esters through quenching of the lithiated arene with either bromine 

or iPrOBPin respectively. 3-Chlorophenol and 3-(trifluoromethoxy)phenol were both successfully 

converted in the aryl bromide and boronic ester substrates, however the derivatisation of 3-

trifluoromethylphenol was unsuccessful due to ortho-lithiation occurring in the undesired position.252 

Scheme 125: Initial test reaction to form product 177. NMR yield was determined relative to a 1,2-
dimethoxyethane internal standard. 

Scheme 126: Final optimised conditions to form compound 177, as optimised by Larissa Hogenhout. 
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Since the above method failed to form 3-trifluoromethyl-2-bromophenol and would not work for 

substituents which do no direct metalation, an alternative synthesis was investigated. By starting with 

3,5-disubstituted phenols, there would not be an issue of site-selectivity for the ortho-lithiation, 

allowing for a wider range of substituents in the opposite ortho position. This method was successfully 

demonstrated with the synthesis of 3,5-bis(trifluoromethyl)-2-bromophenol (182) from 1,3-

bis(trifluoromethyl)benzene, utilising an iridium-catalysed borylation and oxidation to access the 

desired phenol (Scheme 128). 

 

 

Scheme 127: Using ortho-lithiation to synthesise a selection of 3-substituted-2-bromophenols and 2-hydroxy-6-
substituted boronic esters. 

Scheme 128: Synthesis of 3,5-bis(trifluoromethyl)-2-bromophenol (182). 
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A wide range of other substrates were accessible through unique routes, due to the commercial 

availability of more advanced intermediates. 2-Hydroxy-6-methylboronic ester (183) was successfully 

synthesised from the corresponding bromide through lithium-halogen exchange (Scheme 129a). 3-

Butyl-2-bromophenol (184) was synthesised from 3-fluoroanisole through the benzyne mechanism 

reported previously (Scheme 116a, Page 144) (Scheme 129b). Further substrates were synthesised by 

Larissa Hogenhout and Phil Docherty (Scheme 129c).  

 

 

Overall, these synthetic routes allowed us to form a large collection of substituted bromophenols and 

phenolic boronic esters suitable for testing in this asymmetric cross-coupling.  

iii. Scope of the asymmetric synthesis of 2,2’-biphenols 

With optimised conditions and a large selection of aryl bromides and aryl boronic esters, the scope of 

the reaction was explored to investigate the generality of this methodology in close collaboration with 

Scheme 129: Synthesis of a variety of substituted-2-bromophenols. a) synthesis of compound 183. b) synthesis 
of compound 184. c) Compounds synthesised by Larissa Hogenhout and Phil Docherty. aSynthesised by Larissa 

Hogenhout. bSynthesised by Phil Docherty. 
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Larissa Hogenhout and Phillip Docherty. Initially, a selection of aryl bromides was tested using the 

ortho-fluoro boronic ester 176 as a coupling partner, with good yields and high selectivity seen across 

a range of different substituents and substitution patterns (Scheme 130). Interestingly, some 

compounds gave completely racemic results with relatively minor changes to the structure 

(compounds 209 and 210). These compounds may have a sufficiently low barrier to rotation, allowing 

them to racemise at ambient temperatures.  

 

 

Scheme 130: Scope of reactions with boronic ester 176. NMR yields were determined relative to a 1,2-
dimethoxyethane internal standard. aReactions performed and isolated by Philip Docherty.b1.2 equivalents of 

boronic ester used. 
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These conditions were then tested on more sterically hindered couplings, to form tetra-ortho 

biphenyls with no ortho-fluoro substituents (Scheme 131). Unfortunately, whilst enantioselectivity 

was high in some cases, these reactions suffered from low conversion and so were difficult to analyse 

effectively.  

 

 

This prompted further optimisation for these more sterically demanding substrates, performed on 

compounds 211 or 215 (Table 25). There have been reports that anhydrous conditions are superior 

for sterically demanding couplings, and that fluoride bases can be used to activate boronic esters 

under anhydrous conditions.253 These conditions were investigated first, and it was found that 

performing the reaction in anhydrous toluene with KF and at 80 °C, an increase in yield was seen for 

forming compound 215 (Table 25, entries 1-4). These improvements translated well to compound 211, 

and the yield could be improved slightly by increasing boronic ester loading to two equivalents (Table 

25, entries 5-6). The most dramatic improvement came by switching to the Pd0
 precatalyst Pd2dba3; 

and combining this with higher boronic ester loading gave 66% yield of the product (Table 25, entries 

7-8). Testing the reaction with the enantiopure ligand showed very good performance, forming 

product 211 in 75% NMR yield with 95% ee (Table 25, entry 9).  

  

Scheme 131: Initial evaluation of forming more hindered biphenyls. NMR yields were determined relative to a 
1,2-dimethoxyethane internal standard. n.d. = not determined.  
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Entry R = Base Temp/°C % NMR yielda 

1b OCF3 Na3PO4 40 <5 

2b OCF3 KF 40 6 

3 OCF3 KF 40 6 

4 OCF3 KF 80 20 

5 Cl KF 80 36 

6c Cl KF 80 40 

7d Cl KF 80 53 

8c,d Cl KF 80 66 

9c,d,e Cl KF 80 75 (95% ee) 

 

Unfortunately, when these conditions were tested on other sterically hindered couplings, low yields 

were still observed. A further round of optimisation was performed by Larissa Hogenhout, who found 

that by increasing catalyst loading, rigorously excluding water, increasing boronic ester loading and 

performing the reactions for 60 hours under argon, good yields could be obtained for many of the 

most demanding coupling reactions (Scheme 132). Whilst most products were formed in a satisfactory 

yield, compound 214 was only formed in 3% isolated yield. X-Ray crystal analysis (crystals grown by 

Larissa Hogenhout, data collected and analysed by Dr. Andrew Bond) of 211 and 212 showed the major 

enantiomers were (R)-211 and (S)-212 (Figure 60). 

Table 25: Optimisation of more sterically demanding cross couplings. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bSolvent PhMe:H2O (19:1). 
c2 equivalents boronic ester. dPd2dba3 (2.5 mol%) used instead of Pd(OAc)2. e(R)-sSPhos used. 
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Scheme 132: Reaction scope to form enantioenriched sterically hindered biaryls, using conditions finally 
optimised by Larissa Hogenhout. NMR yields were determined relative to a 1,2-dimethoxyethane internal 

standard. Reactions were performed and products isolated by Larissa Hogenhout. 

Figure 60: X-Ray Crystal structure of (S)-212. Crystals were grown by Larissa Hogenhout and X-Ray structure 
obtained by Dr. Andrew Bond. 
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iv. Mechanistic investigations 

As this system displayed high enantioselectivity for a set of substrates not reported before, it was 

important to investigate the origin of that selectivity. The initial hypothesis for stereoinduction was 

that some type of non-covalent interaction between a polar or anionic group on the substrates and 

the anionic sulfonate on the ligand was likely to be important for high enantioselectivity. This was 

probed by a series of control experiments to investigate the importance of this interaction (Figure 61).  

Firstly, possible deprotonation of the phenolic hydroxyl groups was investigated. NMR studies 

suggested that phenol 158 was not deprotonated by either Na3PO4 in d8-PhMe:D2O (19:1) or KF in d8-

PhMe (Figure 61a, see Appendix for more details, page 334). This suggests that the phenol will not be 

deprotonated in solution, though does not exclude the possibility of deprotonation in intermediates 

following oxidative addition and/or transmetallation. A series of experiments were then performed to 

form products with one or both of the phenolic hydroxyls methylated, to probe their influence on 

selectivity (Figure 61b). With one phenolic hydroxyl present, moderate to high selectivity was still 

observed, though lower than with two; and removing both bonds yielded a near racemic product (<5% 

ee).  

We believed that the anionic nature of the ligand is crucial for selectivity, so neutral ligand L100, in 

which the sulfonate group was alkylated, was synthesised and tested (Figure 61c). As suspected, this 

neutral ligand gave very low selectivity, suggesting that the ligand’s charge is important, rather than 

purely being a sterically controlled process.  
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From these experiments, it can be deduced that the free phenols on the substrates and sulfonate on 

the ligand are important for obtaining the highest levels of enantioselectivity, suggesting that key 

interactions are occurring between these three groups resulting in high enantioselectivity. Three 

possible interactions are shown below (Figure 62). All of these interactions are proposed to occur after 

transmetalation but before reductive elimination, though there is precedent for transmetalation to 

also have an influence on enantioselectivity (Figure 18, page 44 and Figure 26, page 58).137,152 The first 

of these shows a scenario where neither phenols are deprotonated, in which two hydrogen bonds are 

proposed to direct selectivity: one between the two phenols and one between one phenol and the 

sulfonate (Figure 62, left). The other two picture a scenario in which one phenol is deprotonated once 

bound to palladium. In one scenario, the sodium cation from the base interacts with both phenols and 

there is a hydrogen bond between the protonated phenol and the sulfonate group (Figure 62, middle). 

Figure 61: Mechanistic studies performed. a) NMR deprotonation studies performed on substrate 158. b) 
Investigating the importance of the phenolic OH through methylation studies. c) Comparing anionic sSPhos 

with the alkylated analogue L100. 



166 
 

In the other scenario, the sodium cation interacts with the deprotonated phenol and the sulfonate, 

and there is a hydrogen bond between the two phenols (Figure 62, right). By performing control 

reactions in which a crown ether is added to the reaction mixture, it may be possible to determine 

whether the phenol is deprotonated in the enantiodetermining step, and whether the base cation is 

involved. This would have been the subject of future study, however there was sufficient time left in 

this PhD to investigate this fully. 

 

 

To conclude, a highly enantioselective synthesis of 2,2’-biphenols has been achieved using 

enantiopure-sSPhos as a ligand. The system can tolerate a wide range of functionalities across both 

rings and opens an interesting avenue into synthesising novel biphenols which may have use in 

catalysis or natural product synthesis. Given the good selectivity observed in other systems, there may 

be potential to expand the scope of this transformation beyond 2,2’-biphenols, increasing the utility 

of this methodology even further (Figure 63). 

 

  

Figure 62: Three possible sets of interactions which could lead to high enantioselectivity after reductive 
elimination. Proposed hydrogen bonds are in red, proposed electrostatic interactions in blue. 

Figure 63: Other systems beyond 2,2’-biphenols that showed promising selectivity levels.  
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6. Using enantiopure sSPhos to achieve desymmetrisation in 

Suzuki-Miyaura coupling 

a. Initial hit and optimisation 

Following on from the positive results obtained for enantioselective formation of atropisomers using 

enantiopure sSPhos, this ligand was tested in the desymmetrisation of benzhydrylamides, the original 

asymmetric system that was investigated in this thesis (chapter 3, page 105). Reaction of triflyl-

protected substrate 91 using (S)-sSPhos as the ligand instantly showed good enantioselectivity, with a 

59% NMR yield and 74% ee (Table 26, entry 1). 

A base screen was then performed (Table 26), as the cation choice had a significant effect on selectivity 

during the site-selectivity project (Section 2, page 93). It was discovered that potassium was the 

optimal cation for enantioselectivity, followed by rubidium (entries 3 and 6). A range of potassium 

bases were thus evaluated. However, none of these new bases surpassed the initial result with K3PO4.  

 

Entry Base % mono (101)a % di (102)a ee 

1 K3PO4 59 25 74%b 

2 Na3PO4 2 0 42%b 

3 K2CO3 25 0 57%b 

4 Na2CO3 16 0 16%b 

5 Cs2CO3 9 0 21%b 

6 Rb2CO3 35 26 59% 

7 K2HPO4 25 0 <5%b 

8 KHCO3 52 17 53%b 

9 KOAc 0 0 n.d. 

10 KF 6 0 50%b 

12 KOtBu 47 7 57%b 

13 KOH 62 26 69%b 

14c K3PO4 41 5 Rac.b 

 

Table 26: Base evaluation on the desymmetrisation of 91 using enantiopure sSPhos.  

aAll quoted yields are NMR yields determined relative to a 1,2-dimethoxyethane internal standard. bee 
determined from crude product. c3 eq. 18-crown-6 ether added. 
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A control experiment with stoichiometric 18-crown-6 and K3PO4 was performed, which resulted in the 

formation of a racemic product (Table 26, entry 14). The loss of enantioselectivity mirrors the loss of 

site-selectivity observed previously when 18-crown-6 ether was introduced (Table 2, page 94), giving 

evidence that an electrostatic interaction is also probably playing an important role here, crucial for 

the observed enantioselectivity in this case.  

A solvent evaluation was then performed for the desymmetrisation of substrate 91 (Table 27). Some 

improvements on both enantioselectivity and yield were observed, with ethyl acetate, tert-butanol 

and THF:H2O (19:1) all giving almost full conversion to 50% mono and 50% di (Table 27, entries 7, 9, 

13). Of these, THF:H2O (19:1) gave the highest enantioselectivity, of 79% ee. Unfortunately, 

experiments in THF:H2O at either 10 °C or 0 °C yielded no conversion (Entries 15 and 16). 

 

Entry Solvent % NMR monoa 
(isolated) 

% NMR dia ee 

1 Dioxane 53 36 67%b 

2 PhMe 34 5 35%b 

3 Et2O 26 1 45%b 

4 iPr2O 7 0 22%b 

5 CPME 42 10 51%b 

6 TAME 41 8 54%b 

7 THF:H2O (19:1) 47 (39) 53 79% 

8 2-MeTHF 5 0 53%b 

9 tBuOH 56 30 68%b 

10 MeCN 35 6 17%b 

12 EtOH 37 53 65%b 

13 EtOAc 42 47 69%b 

14 THF 57 27 73%b 

15 THF:H2O (19:1) 0 0 n.d 

16 THF:H2O (19:1) 0 0 n.d 

 

During these optimisation experiments, it was noted that high enantioselectivity often coincided with 

high conversion and significant formation of the di-coupled product. Thus, the enantioselectivity was 

measured over the course of a reaction, to probe whether a secondary kinetic resolution was 

Table 27: Solvent evaluation on the desymmetrisation of 91.  

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. cReaction performed at 10 °C. dReaction performed at 0 °C. n.d. not determined 
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occurring when the mono-coupled product reacted further (Figure 64). It was found that the 

enantioselectivity increased over time, in conjunction with formation of the di-coupled product, 

implying a secondary kinetic resolution is indeed occurring. After one hour, the ee was determined to 

be 55% with no di-coupled product being formed, and this has been taken as the intrinsic selectivity 

of the first coupling.  

 

 

 

b. Substrate diversification 

Encouraged by the above results, substrate diversification was performed to answer three questions: 

what effect other substituents around the aryl rings had on enantioselectivity, whether 

enantioselectivity could be achieved for substrates containing ortho- or para-Cl functionalities, and 

whether other acidic functionalities could be used to direct enantioselectivity (Figure 65).  
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Figure 64: Yields and ee of mono-coupled product over time, taken from aliquots from a single reaction. The ee 
of the mono product (black line and labels) increases as the formation of di increases (yellow line). 
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i. Investigation into variation of aryl ring substituents 

This investigation started with the synthesis of substrates 223-225, which contained a methyl or a 

chloride elsewhere on the aromatic ring, from the corresponding nitrile and bromobenzene (Scheme 

133). 

 

 

An alternative route to 5-substituted substrates was investigated, utilising iridium-catalysed 

borylation (Scheme 134). This route started from substrate 91, which was subjected to C–H borylation 

conditions to yield diborylated compound 226. This could then be subjected to a Suzuki-Miyaura cross-

coupling to yield di-coupled product 227.  

 

 

Figure 65: The three routes of substrate diversification explored for the desymmetrisation approach. 

Scheme 133: Synthesis of substrates 223-225. 

Scheme 134: Synthesis of substrate 227, through initial di-borylation of substrate 91. 
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These four substituted substrates were first subjected to Suzuki-Miyaura cross-couplings with either 

SPhos or (±)-sSPhos as the ligand, to characterise the racemic product and acquire racemic SFC traces 

for chiral analysis. These four substituted compounds were the tested in enantioselective Suzuki-

Miyaura cross-coupling using enantiopure sSPhos (Table 28). NMR yields and crude enantioselectivity 

could be obtained through comparison with the racemic sample, and NMR yields for the di-coupled 

product were assigned through comparison with the reaction of the unsubstituted substrate 91 to 

form di-coupled product 102. A significant increase in enantioselectivity was observed for the 4-Me 

substrate 223, with 94% ee recorded when significant amounts of the di-coupling product were also 

obtained (entry 1). When the reaction was repeated for one hour, no di-coupling was observed, and 

the enantioselectivity was found to be 72% ee (entry 2), still higher than the unsubstituted substrate 

(55% ee). The 6-Me substrate 224 showed significantly reduced reactivity and enantioselectivity (entry 

3). This could be explained by the ortho-methyl groups interfering with the triflamide directing group, 

reducing its effectiveness in interacting with the catalyst. The 5-Ar 227 substrate performed similarly 

to the monosubstituted substrate 91, suggesting a range of substituents could be placed here without 

significantly effecting the enantioselectivity (entries 4). The 4-Cl substrate 225 performed 

comparatively to the monosubstituted substrate 91, and pleasingly showed high selectivity for 

coupling at the meta-position over the now-available para-position (entry 5). 

 

Entry Substituent % NMR monoa 
(isolated) 

% NMR dia,b ee 

1 4-Me (223) 55 (51) 45 93% 

2d 4-Me (223) 20 0 72%c 

3 6-Me (224) 26 3 21%c 

4 5-Ar (227) 21 0 54%c 

5 4-Cl (225) 48 (45, >20:1 m:p) 33 78% 

 

Table 28: Desymmetrisation of substituted substrates 223-225 and 227. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bNMR yields of the di were 
tentatively assigned though comparison with the unsubstituted di-product 102.  cee determined from crude 

product. dReaction time 1 h. 
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ii. Investigation into enantioselectivity with ortho- and para-chloro 

substrates 

Synthesis of para-Cl substrate 229 was conducted through reaction of the corresponding benzonitrile 

and bromobenzene in the same fashion as used previously, giving an overall yield of 38% (Scheme 

135).  

 

 

The synthesis of the ortho-Cl substrate 233 required a more circuitous route. This route started with 

the attack of the Grignard formed from 1-bromo-2-chlorobenzene into 2-chlorobenzaldehyde, which 

was then oxidised to the ketone 230. The ketone was transformed into the formyl-protected amine 

231, deprotected (232) and finally triflated to form 233 (Scheme 136). 

 

 

To probe whether better selectivity could be achieved at lower temperatures, the meta-Br substrate 

237 was also synthesised according to a similar procedure as described above, which should be more 

reactive than the corresponding chloride substrate (Scheme 137).  

Scheme 135: Synthesis of para-Cl substrate 229.  

Scheme 136: Synthesis of ortho-Cl substrate 233.  
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These substrates were first subjected to the cross-coupling with SPhos to isolate racemic samples to 

allow analysis of enantioselectivity in the reactions with enantiopure sSPhos. Unfortunately, the o-Cl 

substrate 233 only showed trace amounts of conversion, so a racemic sample was not isolated. The 

substrates were then subjected to the desymmetrisation conditions with enantiopure sSPhos used 

previously. Unfortunately, the para-Cl substrate 229 showed low enantioselectivity, and the ortho-Cl 

substrate 233 showed no conversion under the standard conditions (Table 29). A trace amount of 

conversion was seen at higher temperatures, though no products were identified upon attempted 

purification. Substrate 237 was very reactive, and only significant amounts of SM and di-coupled 

product were ever identified (Table 30). Even at lower temperatures, reactivity was still high, with 

starting material being converted exclusively to di-coupled product. The small amount of mono-

coupled product that was observed was racemic, indicating that perhaps the high activity of this 

system precludes any selectivity.  

  

Scheme 137: Synthesis of meta-Br substrate 237.  
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Entry Substituent % NMR monoa % NMR dia,b ee 

1c p-Cl (299) 45 45 12%d 

2 o-Cl (233) 0 0 n.d. 

3e o-Cl (233) trace 0 n.d. 

 

 

Entry Ligand % NMR monoa % NMR dia ee 

1 (S)-sSPhos <5 50 Rac.b 

2c sSPhos (rac.) 7 44 N/Ae 

3d sSPhos (rac.) 2 41 N/Ae 

 

iii. Investigating alternate directing groups 

After these promising results with substrates 91 and 223, efforts to synthesise the corresponding 

carboxylic acid substrate were renewed. Following the report by Walsh and co-workers, this synthesis 

was attempted through the α-arylation of the corresponding dianionic enolate (Scheme 138).254 

Whilst this method afforded the carboxylic acid product, it was however inseparable from the 

carboxylic acid starting material by column chromatography, even after methylation to the methyl 

esters. 

Table 29: Desymmetrisation reactions performed on substrates 229 and 233. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bNMR yield of the di-
coupled product tentatively assigned through comparison with the meta-substituted reaction.  cAnhydrous 
K3PO4 (3 eq.) used as the base. dee determined from crude product. eReaction performed at 80 °C. n.d. = not 

determined. 

Table 30: Desymmetrisation attempts on substrate 237. 

aNMR yields were determined relative to a 1,2-dimethoxyethane internal standard. bee determined from crude 
product. cReaction performed at 10 °C. dReaction performed at 0 °C. eN/A = not applicable: reaction run with 

racemic ligand. 
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This substrate synthesis was then taken on by Dr Padon Chuentragool, who experienced the same 

issues of purification, even when using an excess of the aryl bromide. He therefore developed another 

route: through careful timing, the reaction of a diaryl methane with n-BuLi followed by addition of CO2 

was achieved in good yield (Scheme 139). The 4-Me substrate 239 was also synthesised in an 

analogous manner. 

 

 

These two substrates were tested by Dr Chuentragool in the desymmetrisation reactions with 

enantiopure sSPhos (Table 31). Encouragingly, enantioselectivity was comparable to the triflamide 

substrate, with 52% ee for 238 with no di formation, and 81% ee for 239 with a small amount of di 

formation.  

  

Scheme 138: Attempted synthesis of acid substrate 238.  

Scheme 139: Synthesis of substrates 238 and 239, as performed by Dr Padon Chuentragool. 
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Entry R % NMR monoa % NMR dia ee 

1 H (238) 22 0 56% 

2 Me (239) 31 6 81% 

 

The formation of axially chiral products through desymmetrisation is also possible and was 

investigated through the synthesis of symmetrical compound 240. By reacting with one of the two 

ortho-chloride substituents, the molecule undergoes desymmetrisation, and hence be chiral 

(assuming restricted rotation around the biaryl bond remains). Unfortunately, this substrate did not 

yield any conversion under the standard conditions below, and therefore was not pursued further 

(Scheme 140). 

 

 

 

  

Table 31: Desymmetrisation reactions on substrates 238 and 239. 

Reactions performed by Dr Padon Chuentragool. aNMR yields were determined relative to a 1,2-
dimethoxyethane internal standard. 

Scheme 140: Attempted desymmetrisation of compound 240 to yield axially chiral products. 
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7. Conclusion 

Throughout this PhD, studies have focussed on the ligand sSPhos and its ability to influence selectivity 

in palladium-catalysed cross couplings.  

Investigations commenced with the site-selective cross-coupling of 3,4-dichloroarenes, which were 

selective for the Cl at the 3-position.205 This followed on directly from work by Dr William Golding, who 

developed a procedure for the site-selective functionalisation of triflyl protected 3,4-

dichlorobenzylamine. I expanded this methodology to include carboxylic acids and sulfonates as 

directing groups (Scheme 141). The selectivity seen in this work was postulated to be through an 

electrostatic interaction between the deprotonated substrate, the base cation, and the anionic 

sulfonate on sSPhos (Figure 66). 

 

 

Scheme 141: Site-selective palladium-catalysed cross couplings directed by a sulfonated ligand. aProducts were 
isolated as the methyl esters. bThe coupled product was isolated either as the piperidyl sulfonamide (46% over 3 

steps) or as the benzyl chloride (50% over two steps). 
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Investigations into using sSPhos to influence enantioselectivity were then investigated, using a sSPhos-

chiral cation ion pair as a ligand in desymmetrisation (Scheme 142). Low enantioselectivity was 

observed with this methodology, so focus shifted to using enantiopure sSPhos as the chiral ligand.  

 

 

As sSPhos is a chiral molecule (due to restricted rotation around the biaryl axis), I was interested in 

investigating the use of enantiopure ligand to achieve enantioenrichment through Suzuki-Miyaura 

cross couplings. To this end, Dr Padon Chuentragool, Larissa Hogenhout and I developed a chemical 

resolution technique to separate the enantiomers in the lab (Figure 67), as well as collaborating with 

AstraZeneca who separated the enantiomers by preparatory-SFC.  

Figure 66: Proposed electrostatic interaction between the deprotonated triflamide substrate, the base cation, 
and the anionic sulfonate group on sSPhos. 

Scheme 142: Attempted desymmetrisation of compound 91 through an asymmetric Suzuki-Miyaura cross-
coupling, using ligand-chiral cation ion pairs (L*). 
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With the enantiopure ligand in hand, the prospect of an asymmetric cross-coupling reaction was 

investigated in two different classes of enantioselective Suzuki-Miyaura coupling: Atropisomer 

formation and desymmetrisation. After extensive initial screening of different coupling partners to 

form atropisomers, the asymmetric synthesis of 2,2’-biphenols was identified as an area which 

enantiopure sSPhos excelled in. In collaboration with Larissa Hogenhout and Philip Docherty, we 

realised a diverse scope of enantioenriched biphenols with high enantioselectivity over a range of 

substituents (Scheme 143a). Whilst the synthesis of biphenols gave the highest enantioselectivity, 

good selectivity (>80% ee) was seen in a selection of products with differing directing groups, showing 

the potential for a more general procedure to be developed in the future (Scheme 143b). 

  

Figure 67: Chemical resolution of the enantiomers sSPhos, as developed by this author, Dr Padon Chuentragool 
and Larissa Hogenhout. 
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Enantiopure sSPhos also proved to be a competent ligand for the formation of point-chiral molecules 

through desymmetrisation. Triflyl protected bis(3-chlorophenyl)methanamides were shown to 

undergo enantioselective desymmetrisation, achieving good to excellent enantioselectivities. Good 

enantioselectivities could be achieved for a handful of substrates, with 241 being successfully formed 

with 93% ee (Scheme 144).  

 

 

Over the course of this work, the general utility of sSPhos as a ligand to direct site- or enantio-

selectivity in palladium-catalysed cross-couplings has been demonstrated. Selectivity was obtained in 

two distinct classes of asymmetric reaction: presumably with very different key intermediates and 

enantiodetermining transition states. This ability to induce enantioselectivity in different reaction 

types gives promise that a wide range of palladium-catalysed reactions would be amenable to be 

performed in an enantioselective fashion by sSPhos.  

  

Scheme 143: a) Using enantiopure sSPhos to achieve the asymmetric synthesis of 2,2’-biphenols through 
Suzuki-Miyaura cross-coupling. b) Selection of other atropisomeric products produced with good levels of 

enantioselectivity. 

Scheme 144: Using enantiopure sSPhos to achieve the desymmetrisation of triflyl protected benzhydrylamides.  
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9. Appendix 

a. General experimental information 

Reagents and reactions: All reagents, unless otherwise stated, were used as supplied from commercial 

sources without further purification. CH2Cl2, n-hexane, toluene, MeCN, MeOH, THF and Et2O were 

purified by distillation on site under inert atmosphere via the following processes: THF and Et2O were 

pre-dried over sodium wire then distilled from calcium hydride and lithium aluminium hydride. CH2Cl2, 

n-hexane, MeCN, MeOH and toluene were distilled from calcium hydride. All reactions were 

performed under an atmosphere of nitrogen or argon, unless otherwise specified. 

NMR Spectra: 1H NMR spectra were recorded on a 600 MHz Bruker Avance DRX-600, 500 MHz Bruker 

DCH Cryoprobe, 400 MHz Bruker QNP Cryoprobe, 400 MHz Bruker Avance NEO Prodigy N2 Cryoprobe, 

400 MHz Bruker Avance III (BBFO) or 500 MHz Bruker Avance III (QCI Cryoprobe) spectrometer. 

Chemical shifts are reported in parts per million (ppm) and the spectra are calibrated to the resonance 

resulting from incomplete deuteration of the solvent (CDCl3: 7.26 ppm; DMSO-d6: 2.50 ppm; MeOD-

d4: 3.31 ppm; D2O: 4.79 ppm). 13C NMR spectra were recorded on the same spectrometers with 

complete proton decoupling. Chemical shifts are reported in ppm with the solvent resonance as the 

internal standard (CDCl3: 77.16 ppm; DMSO-d6: 39.52 ppm; MeOD-d4: 49.00 ppm). Data are reported 

as follows: chemical shift δ/ppm, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qn = 

quintet, hept = heptet, br = broad, m = multiplet or combinations thereof; 13C, 19F and 31P signals are 

singlets unless otherwise stated), coupling constants J in Hz, integration (1H only), assignment. 1H-

COSY, HSQC and HMBC were used where appropriate to assign 1H NMR and 13C NMR and facilitate 

structural determination of regioisomers. The carbon atom attached to boron was generally not 

observed by 13C spectroscopy due to quadrupolar relaxation. 19F and 31P NMR spectra were recorded 

on a 400 MHz Bruker Avance III HD, 400 MHz Bruker Avance NEO Prodigy N2 Cryoprobe, 400 MHz 

Bruker Avance III (BBFO) or 500 MHz Bruker Avance III (QCI Cryoprobe) spectrometer with complete 

proton decoupling, unless stated otherwise. For 1H and 13C NMR assignment of compounds in this 

thesis, the numbering of carbon atoms was done in an arbitrary manner (not necessarily relating to 

the IUPAC name) and using 2D NMR data the protons corresponding to the numbered carbons were 

assigned.  

High Resolution Mass Spectrometry (HRMS): Some were recorded on a Waters Micromass LCT 

Premier spectrometer using an electrospray ionization (ESI) or on a Waters Xevo G2-S bench top QTOF 

using an electrospray ionization or atmospheric solids analysis probe (ASAP). Others were measured 

at the EPSRC Mass Spectrometry Service at the University of Swansea. Measured values are reported 
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to 4 decimal places are within ±5 ppm of the calculated value. The calculated values are based on the 

most abundant isotope.  

Chromatography: Analytical thin layer chromatography was performed using precoated Merck glass 

backed silica gel plates (Silicagel 60 F254). Visualisation was by ultraviolet fluorescence (λ = 254 or 365 

nm) and/or staining with cerium ammonium molybdate (CAM), potassium permanganate (KMnO4), 

para-anisaldehyde or vanillin. Flash column chromatography was performed using silica gel 60 (0.040-

0.063 µm) from Fluorochem (for borylated products), Material Harvest Ltd (in all other cases).  

Optical Rotations: Measured in CHCl3, MeOH or DMSO on a Perkin Elmer 343 Polarimeter using a 

sodium lamp (λ = 589 nm, D-line). [α]D values are reported at a given temperature (°C) in degrees.cm2 

.g-1 with concentration in cg.mL-1 .  

Chiral HPLC Analysis: Performed on a Shimadzu XR-LC system with DAICEL CHIRALPAK AD-H, IB or IC 

columns (4.6 x 250 mm, 5 µm) in a mixed solvent system of n-hexane and i-PrOH.  

Chiral SFC Analysis: Performed on a Waters ACQUITY UPC2 system with either YMC CHIRAL ART SA, 

SB, SC, or SJ (4.6 x 250 mm, 3 µm), DAICEL CHIRALPAK IE, IG or IH columns (4.6 x 250 mm, 3 µm), 

DAICEL CHIRALPAK IC, ID, IG (3.0 x 150 mm, 3 μm) or Phenomenex A1, C1, C3, C4 (3.0 x 150 mm, 3 

μm) in a mixed solvent system of supercritical CO2 and MeOH, or i-PrOH. A system backpressure of 

138 bar was used in all cases.  

b. Site-selective cross-coupling with an acidic directing group 

i. Ligand and substrate synthesis 

Sodium 2'-(dicyclohexylphosphaneyl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate ((±)-sSPhos) 

 

Initially prepared through literature reported procedures.52,205 An optimised procedure was later used 

as described below, provided by Prof. Anthony Rojas (Salisbury University, Maryland). Throughout 

these procedures, non-acidic solutions containing the phosphine were kept below 30 °C to minimise 

phosphine oxidation. Trifluoroacetic anhydride (18.4 mL) and sulfuric acid (conc., 3.6 mL) were 

combined under nitrogen and stirred at room temperature until the formed a homogenous solution 
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of “activated sulfuric acid” (typically 2-4 hours). SPhos (20.5 g, 50 mmol) was cooled to 0 °C under 

nitrogen, then dissolved in trifluoroacetic acid (30 mL). Once all the SPhos dissolved, the activated 

sulfuric acid solution (19 mL) was added dropwise (CAUTION: activated sulfuric acid will corrode metal 

needles, glass pipettes were used for this transfer), maintaining the temperature at 0 °C. Once addition 

was complete, the solution was stirred at 0 °C for 30 minutes, then allowed to warm to room 

temperature over 16 hours. The reaction mixture was then concentrated under reduced pressure. The 

mixture was diluted with CH2Cl2 (100 mL) then concentrated under reduced pressure. The addition of 

CH2Cl2 and subsequent concentration was repeated, then more CH2Cl2 (200 mL) was added, and the 

solution was poured into a sodium hydroxide solution (2.5 M, 200 mL) at 0 °C. The biphasic mixture 

was stirred at 0 °C for 30 minutes, and the pH ensured to be above 10. The mixture was further diluted 

by water (300 mL) and CH2Cl2 (300 mL), and the organic layer separated. The aqueous layer was 

washed once with CH2Cl2 (400 mL), the organic layers combined, dried (MgSO4) and solvent removed 

to yield crude product. The residue was dissolved in ice-cold MeOH (100 mL), sonicated then filtered 

through a celite pad. The celite was washed with more ice-cold MeOH (15 mL), then the solution 

concentrated under reduced pressure. The solution was azeotroped with Et2O, then hexane to yield 

the product as a white solid (23.23 g, 45.4 mmol, 91%). 1H NMR (600.1 MHz, MeOD) δ 7.90 (1H, d, J= 

8.7 Hz, H2), 7.61 (1H, m, H5), 7.36 (2H, m, H6 H7), 7.23 (1H, m, H8), 6.77 (1H, d, J= 8.7 Hz, H3), 3.69 

(3H, s, H4), 3.40 (3H, s, H1), 2.00 (1H, m, H9), 1.5-1.9 (11H, m, H9), 1.0-1.4 (10H, m, H9). 13C NMR 

(150.9 MHz, MeOD) δ 159.8 (C13), 155.7 (C14), 141.7 (d, JC–P= 32.3 Hz, C4), 136.4 (d, JC–P= 17.3 Hz, 

C11), 132.2 (d, JC–P= 3.2 Hz, C5), 131.8 (d, JC–P= 6.2 Hz, C8), 130.4 (C15), 128.5 (C2), 127.7 (C12), 126.4 

(C6), 126.3 (d, JC–P= 6.8 Hz, C7), 104.3 (C3), 60.1 (C1), 54.6 (C4), 35.4 (d, JC–P= 14.5 Hz, C9), 33.2 (d, JC–

P= 13.0 Hz, C9), 30.08 (d, JC–P= 15.8 Hz, C9), 30.06 (d, JC–P= 14.8 Hz, C9), 29.6 (d, JC–P= 12.3 Hz, C9), 29.3 

(d, JC–P= 12.5 Hz, C9), 27.3 (d, JC–P= 9.4 Hz, C9), 27.2 (d, JC–P= 9.9 Hz, C9), 26.9 (d, JC–P= 9.2 Hz, C9), 26.7 

(d, JC–P= 11.5 Hz, C9), 26.2 (C9), 26.1 (C9). 31P NMR (162.0 MHz, MeOD) δ -9.34. HRMS (FTMS -p NSI) 

m/z [M]- Calcd for C26H34O5PS; 489.1870, found 489.1870, Δ= 0 ppm. 

Data in accordance with literature.205 

 

Methyl 3,4-dichlorobenzoate 
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3,4-dichlorobenzoic acid (95.5 mg, 0.5 mmol) was dissolved in PhMe:MeOH (3:2, 5 mL), and TMS-

diazomethane (2M in ether, 0.25-0.4 mL) added slowly with vigorous stirring, until the solution 

retained a yellow colour. The solution was stirred at room temperature for 30 mins, after which AcOH 

(0.1 mL) was slowly added until the solution became colourless. The solvent was then removed under 

reduced pressure to yield the product as an off-white solid (87.2 mg, 4.25 mmol, 85%). 1H NMR (600.1 

MHz, CDCl3) δ 8.11 (1H, d, J= 2.0 Hz, H8), 7.85 (1H, dd, J= 8.3, 2.0 Hz, H4), 7.51 (1H, d, J= 8.3 Hz, H5), 

3.93 (3H, s, H1). 13C NMR (150.9 MHz, CDCl3) δ 165.2 (C2), 137.5 (C3), 132.9 (C7), 131.5 (C8), 130.5 

(C5), 129.9 (C6), 128.6 (C4), 52.5 (C1). HRMS (FTMS +p NSI) [M+H]+ calcd for C8H7O2Cl2; 204.9823, 

found 204.9827, Δ= 2.0 ppm.  

Data in accordance with literature.255 

 

Methyl 2-(3,4-dichlorophenyl)acetate 

 

3,4-dichlorophenylacetic acid (102.5 mg, 0.5 mmol) was dissolved in PhMe:MeOH (3:2, 5 mL), and 

TMS-diazomethane (2M in ether, 0.25-0.4 mL) added slowly with vigorous stirring, until the solution 

retained a yellow colour. The solution was stirred at room temperature for 30 mins, after which AcOH 

(0.1 mL) was slowly added until the solution became colourless. The solvent was then removed under 

reduced pressure to yield the product as a colourless oil (109.4 mg, 5.0 mmol, 100%). 1H NMR (600.1 

MHz, CDCl3) δ 7.39 (2H, m, H6 H9), 7.12 (1H, d, J= 7.8 Hz, H5), 3.71 (3H, s, H1), 3.58 (2H, s, H3). 13C 

NMR (150.9 MHz, CDCl3) δ 171.0 (C2), 134.0 (C4), 132.5 (C8), 131.4 (C7), 131.3 (C9), 130.4 (C6), 128.7 

(C5), 52.3 (C1), 40.1 (C3). HRMS (FTMS +p NSI) [M]+ calcd for C9H8Cl2O2; 217.9901, found 217.9904, Δ= 

1.4 ppm.  

Data in accordance with literature.256 

 

Methyl 3-(3,4-dichlorophenyl)propanoate 
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3-(3,4-dichlorophenyl)propanoic acid (109.5 mg, 0.5 mmol) was dissolved in PhMe:MeOH (3:2, 5 mL), 

and TMS-diazomethane (2M in ether, 0.25-0.4 mL) added slowly with vigorous stirring, until the 

solution retained a yellow colour. The solution was stirred at room temperature for 30 mins, after 

which AcOH (0.1 mL) was slowly added until the solution became colourless. The solvent was then 

removed under reduced pressure to yield the product as a colourless oil (121.0 mg, 5.0 mmol, 100%). 

1H NMR (600.1 MHz, CDCl3) δ 7.34 (1H, d, J= 8.2 Hz, H7), 7.29 (1H, d, J= 1.9 Hz, H10), 7.03 (1H, dd, J= 

8.2, 1.9 Hz, H6), 3.67 (3H, s, H1), 2.90 (2H, t, J= 7.6 Hz, H4), 2.61 (2H, t, J= 7.6 Hz, H3). 13C NMR (150.9 

MHz, CDCl3) 172.7 (C2), 140.7 (C5), 132.3 (C9), 130.4 (C7), 130.3 (C10), 130.2 (C8), 127.8 (C6), 51.7 

(C1), 35.1 (C3), 29.9 (C4). HRMS (FTMS +p NSI) [M-H]+ calcd for C10H9Cl2O2; 230.9980, found 230.9982, 

Δ= 0.9 ppm.  

 

5-(3,4-dichlorophenyl)-1H-tetrazole 

 

Sodium azide (488 mg, 7.5 mmol), 3,4-dichlorobenzonitrile (860 mg, 5 mmol), and copper (II) sulfate 

pentahydrate (50 mg, 0.2 mmol) were combined in a microwave vial, and sealed under argon. DMSO 

(10 mL) was added, and the solution heated to 140 °C whilst stirring for 5 h. Once complete, the cooled 

to room temperature, and then in ice. HCl solution (3M, 75 mL) was slowly added with stirring. EtOAc 

(50 mL) was added, and the organic layer separated. The organic layer was washed with water (2x 50 

mL), dried (MgSO4) and solvent removed under reduced pressure to yield the crude product. The crude 

mixture was purified via column chromatography (silica stationary phase, 5-10% MeOH:CH2Cl2 mobile 

phase) to yield the product as an orange powder (190 mg, 0.88 mmol, 18%) with 6 mol% of an 

unknown impurity. 1H NMR (600.1 MHz, MeOD) δ 8.21 (1H, d, J= 2.0 Hz, H4), 7.97 (1H, dd, J= 8.4, 2.0 

Hz, H8), 7.73 (1H, d, J= 8.4 Hz, H7). 13C NMR (150.9 MHz, MeOD) 156.3 (C2), 134.6 (C3), 133.0 (C6), 
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131.2 (C7), 128.5 (C4), 126.3 (C8), 125.6 (C5). HRMS (FTMS -p NSI) [M-H]- C7H3Cl2N4; 212.9740, found 

212.9744, Δ= 1.8 ppm.  

Data in accordance with literature.257 
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Sodium (3,4-dichlorophenyl)methanesulfonate 

 

(3,4-dichlorophenyl)benzyl chloride (1.95 g, 10 mmol) was dissolved in water (30 mL) and acetone (20 

mL). Sodium sulfite (1.51 g, 12 mmol) was added, and the solution heated at reflux for 2 h. The solvent 

was removed under reduced pressure, and the resulting residue recrystallised from water to yield the 

wet product. Ethanol (50 mL) was added and removed under reduced pressure three times, then dried 

in vacuo to afford the product as a white solid (1.34 g, 5.1 mmol, 51%). 1H NMR (600.1 MHz, MeOD) 

δ 7.60 (1H, d, J= 2.0 Hz, H7), 7.45 (1H, d, J= 8.2 Hz, H4), 7.34 (1H, dd, J= 8.2, 2.0 Hz, H3), 4.03 (2H, s, 

H1). 13C NMR (150.9 MHz, MeOD) δ 134.1 (C2), 132.1 (C7), 131.4 (C6), 130.8 (C5), 130.0 (C3), 129.7 

(C4), 55.8 (C1). HRMS (FTMS -p NSI) [M]- calcd for C7H5Cl2SO3; 238.9342, found 238.9345, Δ= 1.3 ppm. 

ii. Site-selective cross coupling reactions 

General procedure A 

 

Carboxylic acid (0.25 mmol, 1.0 equiv.), (±)-sSPhos (5.1 mg, 0.01 mmol, 4 mol%), Pd(OAc)2 (1.1 mg, 

0.005 mmol, 2 mol%),, K3PO4 (159 mg, 0.75 mmol, 3.0 equiv.), and boronic acid, alkyne or aniline (0.3-

0.5 mmol, 1.2-2.0 equiv.) were added to a 4 mL 15x45 mm crimp top vial containing a stirrer bar. The 

vial was evacuated and back filled with nitrogen 3 times, at which point a solvent mixture of THF:H2O 

(19:1, 1.25 ml) was added. The reaction mixture was stirred for 16 h at 40 oC and the solvent was 

removed under a stream of air. The residue was redissolved in 3M HCl (2 mL) and extracted into CHCl3 

(4 x 2 mL), the combined organic layers dried over MgSO4, and concentrated under reduced pressure. 

The residue was redissolved in PhMe:MeOH (3:2, 2.5 mL) and (Trimethylsilyl)diazomethane (2M in 

ether, 0.25 mL, 2 equiv.) added. The solution was stirred at room temperature for 30 minutes, then 

AcOH (0.1 mL) added to quench excess (Trimethylsilyl)diazomethane. The solvent was removed under 

reduced pressure, and the residue purified via column chromatography to yield the coupled product. 
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4'-ethyl 3-methyl 6-chloro-[1,1'-biphenyl]-3,4'-dicarboxylate 

 

General procedure A was performed with 3,4-dichlorobenzoic acid (47.8 mg, 0.25 mmol), (4-

(ethoxycarbonyl)phenyl)boronic acid (72.8 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-

sSPhos (5.1 mg, 0.01 mmol) at 40 °C. The product was isolated via flash column chromatography (silica 

stationary phase, 0-15% EtOAc:Hexane mobile phase) as a yellow solid (41 mg, 0.13 mmol, 52%, 12:1 

meta:para). 1H NMR (600.1 MHz, CDCl3) δ 8.13 (2H, d, J= 8.3 Hz, H11), 8.03 (1H, d, J= 2.1 Hz, H3), 7.98 

(1H, dd, H= 8.4, 2.1 Hz, H4), 7.57 (1H,d, J= 8.4 Hz, H5), 7.53 (2H, d, J= 8.3 Hz, H10), 4.42 (2H, q, J= 7.1 

Hz, H14), 3.93 (3H, s, H1), 1.43 (3H, t, J= 7.1 Hz, H15). 13C NMR (125.7 MHz, CDCl3) δ 166.3 (C13), 166.1 

(C2), 142.8 (C9), 139.8 (C7), 137.4 (C6), 132.2 (C8), 131.3 (C5), 130.9 (C3), 130.0 (C12), 129.5 (C10), 

129.3 (C11), 129.1 (C4), 61.1 (C14), 52.4 (C1), 14.4 (C15). HRMS (FTMS +p NSI) [M+H]+ calcd for 

C17H16ClO4; 319.0732, found 319.0736, Δ= 1.4 ppm.  

 

4'-ethyl 4-methyl 2-chloro-[1,1'-biphenyl]-4,4'-dicarboxylate 

 

General procedure A was performed with 3,4-dichlorobenzoic acid (47.8 mg, 0.25 mmol), (4-

(ethoxycarbonyl)phenyl)boronic acid (72.8 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and 

SPhos (4.1 mg, 0.01 mmol) at 40 °C. The mono-coupled product 247 was isolated via column 

chromatography (silica stationary phase, 0-10% EtOAc:Hexane mobile phase) as a white solid (21 mg, 

0.066 mmol, 26%, 6:1 para:meta). The para isomer was analysed from this mixture. 1H NMR (600.1 

MHz, CDCl3) δ 8.17 (1H, d, J= 1.6 Hz, H2), 8.14 (2H, d, J= 8.5 Hz, H6), 8.00 (1H, dd, J= 8.0, 1.7 Hz, H3), 

7.53 (2H, d, J= 8.5 Hz, H5), 7.43 (1H, d, J= 8.0 Hz, H4), 4.42 (2H, q, J= 7.1 Hz, H7), 3.97 (3H, s, H1), 1.43 

(3H, t, J= 7.1 Hz, H8). 13C NMR (150.9 MHz, CDCl3) 166.2 (C15), 165.7 (C9), 143.9 (C12), 142.8 (C13), 
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132.7 (C11), 131.21 (C4), 131.15 (C2), 131.0 (C10), 130.2 (C14), 129.4 (C5), 129.3 (C6), 127.9 (C3), 61.1 

(C7), 52.5 (C1), 14.3 (C8).  

 

Ethyl 2'-chloro-5'-(2-methoxy-2-oxoethyl)-[1,1'-biphenyl]-4-carboxylate 

 

General procedure A was performed with 3,4-dichlorophenylacetic acid (51.3 mg, 0.25 mmol), (4-

(ethoxycarbonyl)phenyl)boronic acid (97.1 mg, 0.5 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-

sSPhos (5.1 mg, 0.01 mmol) at 40 °C. The product was isolated via flash column chromatography (silica 

stationary phase, 0-15% EtOAc:Hexane mobile phase) as a colourless oil (44 mg, 0.13 mmol, 53%). 1H 

NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, J= 8.3 Hz, H7), 7.52 (2H, J= 8.3 Hz, H6), 7.45 (1H, d, J= 8.1 Hz, 

H5), 7.27 (1H, d, J= 2.4 Hz, H3), 7.25 (1H, dd, H= 81, 2.2 Hz, H4), 4.42 (2H, q, J= 7.1 Hz, H8), 3.72 (3H, s, 

H1), 3.65 (2H, s, H2), 1.43 (3H, t, J= 7.1 Hz, H9). 13C NMR (100.6 MHz, CDCl3) δ 171.5, 166.4, 143.5, 

139.6, 132.9, 132.1, 131.2, 130.2, 130.0, 129.7, 129.5, 129.3, 61.1, 52.2, 40.4, 14.4. HRMS (FTMS +p 

NSI) [M+H]+ calcd for C18H18ClO4; 333.0888, found 333.0892, Δ= 1.2 ppm.  

 

Ethyl 2'-chloro-4'-(2-methoxy-2-oxoethyl)-[1,1'-biphenyl]-4-carboxylate 

 

General procedure A was performed with methyl 2-(3,4-dichlorophenyl)acetate (21.9 mg, 0.1 mmol), 

(4-(ethoxycarbonyl)phenyl)boronic acid (29.1 mg, 0.15 mmol), Pd(OAc)2 (0.45 mg, 0.002 mmol) and 

(±)-sSPhos (2.0 mg, 0.004 mmol) at 40 °C. The mono-coupled product 248 was isolated via column 

chromatography (silica stationary phase, 0-10%EtOAc:Hexane mobile phase) as a colourless oil (12.7 

mg, 0.038 mmol, 38%, 2:1 meta:para). The para isomer was analysed from this mixture. 1H NMR 
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(600.1 MHz, CDCl3) δ 8.12 (2H, d, J= 8.5 Hz, H7), 7.51 (2H, d, J= 8.4 Hz, H6), 7.43 (1H, d, J= 1.6 Hz, H3), 

7.31 (1H, J= 7.9 Hz, H5), 7.24 (1H, d, J= 2.2 Hz, H4), 4.41 (2H, q, J= 7.1 Hz, H8), 3.75 (3H, s, H1), 3.67 

(2H, s, H2), 1.42 (3H, t, J= 7.2 Hz, H9). 13C NMR (150.9 MHz, CDCl3) δ 171.3, 143.5, 138.4, 135.2, 132.4, 

131.2, 130.8, 129.7, 129.5, 129.3, 127.9, 61.1, 52.2, 40.3, 14.3. IR (νmax/cm-1) 2953, 1740, 1715, 1612.  

 

Ethyl 2'-chloro-5'-(3-methoxy-3-oxopropyl)-[1,1'-biphenyl]-4-carboxylate 

 

General procedure A was performed with 3-(3,4-dichlorophenyl)propanoic acid (54.8 mg, 0.25 mmol), 

(4-(ethoxycarbonyl)phenyl)boronic acid (72.8 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and 

(±)-sSPhos (5.1 mg, 0.01 mmol) in THF:H2O (9:1) at 40 °C. The product was isolated via column 

chromatography (silica stationary phase, 0-15% EtOAc:Hexane mobile phase) as a colourless oil (47 

mg, 0.14 mmol, 54%). 1H NMR (400.1 MHz, CDCl3) δ 8.10 (2H, d, J= 8.4 Hz, H8), 7.49 (2H, d, J= 8.4 Hz, 

H7), 7.39 (1H, d, J= 8.0 Hz, H6), 7.15 (2H, m, H4 H5), 4.40 (2H, q, J= 7.1 Hz, H9), 3.67 (3H, s, H1), 2.96 

(2H, t, J= 7.7 Hz, H3), 2.64 (2H, t, J= 7.7 Hz, H2), 1.41 (3H, t, J= 7.1 Hz, H10). 13C NMR (100.6 MHz, CDCl3) 

δ 173.0, 166.4, 143.8, 139.5, 131.1, 130.2, 130.1, 129.7, 129.5, 129.3, 129.1, 61.0, 51.7, 35.4, 30.2, 

14.4. HRMS (FTMS +p NSI) [M+H]+ calcd for C19H20ClO4; 347.1045, found 347.1049, Δ= 1.3 ppm.  

 

Ethyl 2'-chloro-4'-(3-methoxy-3-oxopropyl)-[1,1'-biphenyl]-4-carboxylate 

 

General procedure A was performed with methyl 3-(3,4-dichlorophenyl)propanoate (23.3 mg, 0.1 

mmol), (4-(ethoxycarbonyl)phenyl)boronic acid (29.1 mg, 0.15 mmol), Pd(OAc)2 (0.45 mg, 0.002 

mmol) and (±)-sSPhos (2.0 mg, 0.004 mmol) at 40 °C. The mono coupled product 250 was isolated via 
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column chromatography (silica stationary phase, 0-10%EtOAc:Hexane mobile phase) as a colourless 

oil (10.4 mg, 0.03 mmol, 30%, 1.8:1 meta:para). The para isomer was analysed from this mixture. 1H 

NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, J= 8.4 Hz, H8), 7.51 (2H, d, J= 8.5 Hz, H7), 7.35 (1H, d, J= 1.6 Hz, 

H4), 7.27 (1H, d, H= 7.8 Hz, H6), 7.17 (1H, m, H5), 4.41 (2H, q, J= 7.1 Hz, H9), 3.71 (3H, s, H1), 2.99 (2H, 

t, J= 7.8 Hz, H3), 2.69 (2H, t, J= 7.8 Hz, H2), 1.42 (3H, t, J= 7.14 Hz, H10). 13C NMR (150.9 MHz, CDCl3) δ 

172.9, 143.6, 142.0, 137.5, 132.3, 131.2, 129.9, 129.6, 129.5, 129.3, 127.0, 61.0, 51.7, 35.2, 30.2, 14.3. 

 

Benzyl 4-chloro-3-(6-methoxypyridin-3-yl)benzoate 

 

General procedure A was performed with 3,4-dichlorobenzoic acid (47.8 mg, 0.25 mmol), (6-

methoxypyridin-3-yl)boronic acid (57.4 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and sXPhos 

(5.3 mg, 0.01 mmol) at 40 °C, up to the removal of solvent under a stream of air. Potassium carbonate 

(35 mg, 0.25 mmol) was added to the residue, the mixture dissolved in DMF (1 mL) and sealed under 

an inert atmosphere. Benzyl bromide (0.05 mL, 0.40 mmol) was added, and the solution stirred at 40 

°C for 16 h. Water (3 mL) was then added, and the product extracted with EtOAc (2 x 2 mL). The 

combined organic layers were washed with NaHCO3 solution (saturated, 2 mL), dried (MgSO4) and 

solvent removed. The crude mixture was then purified via column chromatography (silica stationary 

phase, 1:1 Hexane:CH2Cl2 to 5% EtOAc:CH2Cl2 mobile phase) to yield the mono-coupled product 251 

as a white solid (27.5 mg, 0.075 mmol, 30%, 12:1 m:p). 1H NMR (600.1 MHz, CDCl3) 8.24 (1H, d, J= 2.5 

Hz, H8), 8.04 (1H, d, J= 2.1 Hz, H7), 8.00 (1H, dd, J= 8.6, 2.1 Hz, H5), 7.69 (1H, dd, J= 8.6, 2.5 Hz, H9), 

7.56 (1H, d, J= 8.3, H6), 7.44 (2H, m, H3), 7.38 (3H, m, H1 H2), 6.83 (1H, d, J= 8.5 Hz, H10), 5.38 (2H, s, 

H4), 4.00 (3H, s, H11). 13C NMR (150.9 MHz, CDCl3) δ 165.4 (C13), 163.8 (C18), 147.0 (C8), 139.6 (C9), 

138.0 (C16), 137.4 (C15), 135.6 (C12), 132.3 (C7), 130.3 (C6), 129.9 (C5), 129.1 (C14), 128.7 (C2), 128.4 

(C1), 128.3 (C3), 127.4 (C17), 110.3 (C10), 67.1 (C4), 53.6 (C11). HRMS (FTMS +p NSI) [M+H]+ calcd for 

C20H17ClNO3; 354.0891, found 354.0894, Δ= 0.7 ppm. 
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Benzyl 3-(4-chloro-3-(6-methoxypyridin-3-yl)phenyl)propanoate 

 

General procedure A was performed with 3-(3,4-dichlorophenyl)propanoic acid (54.8 mg, 0.25 mmol), 

(6-methoxypyridin-3-yl)boronic acid (57.4 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-

sSPhos (5.1 mg, 0.01 mmol) in THF:H2O (9:1) at 40 °C, up to the removal of solvent under a stream of 

air. Potassium carbonate (35 mg, 0.25 mmol) was added to the residue, the mixture dissolved in DMF 

(1 mL) and sealed under an inert atmosphere. Benzyl bromide (0.05 mL, 0.40 mmol) was added, and 

the solution stirred at 40 °C for 16 h. Water (3 mL) was then added, and the product extracted with 

EtOAc (2 x 2 mL). The combined organic layers were washed with NaHCO3 solution (saturated, 2 mL), 

dried (MgSO4) and solvent removed. The crude mixture was then purified via column chromatography 

(silica stationary phase, 90:9:1 CH2Cl2:Hexane:EtOAc to 9:1 CH2Cl2:EtOAc mobile phase) to yield the 

mono-coupled product as a colourless oil (54.9 mg, 0.144 mmol, 58%). 1H NMR (600.1 MHz, CDCl3) δ 

8.21 (1H, d, J= 2.5 Hz, H10), 7.65 (1H, dd, J= 8.6, 2.5 Hz, H11), 7.37 (1H, d, J= 8.2 Hz, H8), 7.33 (3H, m, 

H1 H2), 7.29 (2H, m, H3) 7.15 (1H, d, J= 2.2 Hz, H9), 7.12 (1H, dd, J= 8.1, 2.2 Hz, H7), 6.81 (1H, d, J= 8.6 

Hz, H12), 5.12 (2H, s, H4), 4.00 (3H, s, H13), 2.99 (2H, t, J= 7.6 Hz, H6), 2.71 (2H, t, J= 7.6 Hz, H5). 13C 

NMR (150.9 MHz, CDCl3) δ 172.3 (C15), 163.5 (C20), 146.9 (C10), 139.7 (C11), 139.5 (C16), 137.0 (C17), 

135.8 (C14), 131.2 (C9), 130.7 (C18), 130.1 (C8), 128.8 (C7), 128.6 (C2), 128.3 (C1), 128.2 (C19), 128.2 

(C3), 110.1 (C12), 66.4 (C4), 53.5 (C13), 35.6 (C5), 30.2 (C6). HRMS (FTMS +p NSI) [M+H]+ calcd for 

C22H21ClNO3; 382.1204, found 382.1205, Δ= 0.1 ppm.  

  



206 
 

Ethyl 2'-chloro-5'-((piperidin-1-ylsulfonyl)methyl)-[1,1'-biphenyl]-4-carboxylate  

 

Sodium (3,4-dichlorophenyl)methanesulfonate (65.8 mg, 0.25 mmol), (±)-sSPhos (5.1 mg, 0.01 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol),, K3PO4 (159 mg, 0.75 mmol), and (4-(ethoxycarbonyl)phenyl)boronic 

acid (58.2 mg, 0.3 mmol) were added to a 4 mL 15x45 mm crimp top vial containing a stirrer bar. The 

vial was evacuated and back filled with nitrogen 3 times, at which point a solvent mixture of THF:H2O 

(19:1, 1.25 ml) was added. The reaction mixture was stirred for 16 h at 40 °C and the solvent was 

removed under a stream of air, then ethanol added and solvent removed to remove water. Thionyl 

chloride (1 mL) and DMF (0.02 mL) were added to the residue under nitrogen, and stirred at 45 °C for 

2 hours. The solvent was removed under a stream of air, then water (1 mL) added, and the extracted 

to EtOAc (2 x 1 mL). The organic washings were combined, dried (MgSO4) and solvent removed. The 

residue was redissolved in CH2Cl2 (1 mL) and cooled in ice. Piperidine (0.03 mL) and triethylamine (0.04 

mL) were added sequentially, and the solution allowed to return to room temperature and stirred for 

16 hours. The solvent was then removed, and the residue purified via flash column chromatography 

(0-15% EtOAc:hexane) to give the product as a colourless oil (32.3 mg, 0.077 mmol, 31%), and mixed 

fractions. The mixed fractions were purified via flash column chromatography (20% hexane:CH2Cl2 to 

5:15:80 EtOAc:hexane:CH2Cl2) to give more product (15.9 mg, 0.038 mmol, 15%), resulting in a total 

yield of 46% (48.2 mg, 0.115 mmol). 1H NMR (600 MHz, CDCl3) δH 8.13 (2H, d, J = 8.2 Hz, H13), 7.52 

(2H, d, J = 8.2 Hz, H12), 7.50 (1H, d, J = 8.2 Hz, H7), 7.39 (1H, d, J = 2.2 Hz, H9), 7.37 (1H, dd, J = 8.2 Hz, 

2.2 Hz, H6), 4.42 (2H, q, J = 7.1 Hz, H16), 4.16 (2H, s, H4), 3.17 (4H, t, J = 5.2 Hz, H3), 1.61-1.56 (4H, m, 

H2), 1.56-1.51 (2H, m, H1), 1.43 (3H, t, J = 7.1 Hz, H17). 13C NMR (151 MHz, CDCl3) δC 166.3 (C15), 143.0 

(C11), 139.9 (C10), 133.3 (C9), 132.8 (C8), 131.2 (C6), 130.4 (C7), 129.9 (C14), 129.4 (C12), 129.4 (C13), 

128.2 (C5), 61.1 (C16), 55.5 (C4), 47.0 (C3), 25.7 (C2), 23.7 (C1), 14.3 (C17). HRMS (FTMS +p NSI) [M+H]+ 

calculated for [C21H25ClNO4S]+; 422.1187, found 422.1182, Δ= 1.2 ppm.  
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Ethyl 2'-chloro-5'-(chloromethyl)-[1,1'-biphenyl]-4-carboxylate 

 

Sodium (3,4-dichlorophenyl)methanesulfonate (65.8 mg, 0.25 mmol), (±)-sSPhos (5.1 mg, 0.01 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol),, K3PO4 (159 mg, 0.75 mmol), and (4-(ethoxycarbonyl)phenyl)boronic 

acid (72.8 mg, 0.375 mmol) were added to a 4 mL 15x45 mm crimp top vial containing a stirrer bar. 

The vial was evacuated and back filled with nitrogen 3 times, at which point a solvent mixture of 

THF:H2O (19:1, 1.25 ml) was added. The reaction mixture was stirred for 16 h at 40 oC and the solvent 

was removed under a stream of air, then ethanol added and solvent removed to remove water. 

Thionyl chloride (0.5 mL) and DMF (0.5 mL) were added to the residue under nitrogen, and stirred at 

70 °C for 1.5 hours. The solvent was removed under a stream of air, then water (1 mL) added, and the 

extracted to EtOAc (2 x 1 mL). The organic washings were combined, dried (MgSO4) and solvent 

removed. The residue was purified via flash column chromatography (50-70% CH2Cl2:hexane) to yield 

the product as a pale pink solid (38.5 mg, 0.125 mmol, 50%). 1H NMR (600 MHz, CDCl3) δH 8.13 (2H, d, 

J = 8.4 Hz, H10), 7.52 (2H, d, J = 8.4 Hz, H9), 7.49 (1H, d, J = 8.2 Hz, H4), 7.37 (1H, d, J = 2.1 Hz, H7), 7.35 

(1H, dd, J = 8.2, 2.2 Hz, H3), 4.60 (2H, s, H1), 4.42 (2H, q, J = 7.1 Hz, H13), 1.43 (3H, t, J = 7.1 Hz, H14). 

13C NMR (151 MHz, CDCl3) δC 166.3 (C12), 143.2 (C8), 139.9 (C6), 136.5 (C2), 132.4 (C5), 131.2 (C7), 

130.5 (C4), 129.9 (C11), 129.4 (C9), 129.4 (10), 129.2 (C3), 61.1 (C13), 45.1 (C1), 14.4 (C14). HRMS 

(FTMS +p NSI) [M+H]+ calculated for [C16H15O2Cl2]+, 309.0449, found 309.0446, Δ= 1.0 ppm. 

 

Methyl 4-chloro-3-((4-methoxyphenyl)ethynyl)benzoate 

 

General procedure A was performed with 3,4-dichlorobenzoic acid (47.8 mg, 0.25 mmol), 1-ethynyl-

4-methoxybenzene (39.7 mg, 0.3 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-sSPhos (5.1 mg, 0.01 

mmol) at 70 °C. The crude material was purified via column chromatography (silica stationary phase, 
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0-10% EtOAc:Hexane mobile phase) to yield the mono-coupled product 253 as a yellow oil with a 20 

mol% impurity of the internal standard 1,3,5-trimethoxybenzene (39 mg, 0.48 mmol, 48% adjusted). 

1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 2.1 Hz, 1H, H8), 7.87 (dd, J = 8.4, 2.1 Hz, 1H, H4), 7.51 (d, J = 

8.8 Hz, 2H, H12), 7.47 (d, J = 8.4 Hz, 1H, H5), 6.89 (d, J = 8.7 Hz, 2H, H13), 3.92 (s, 3H, H1), 3.83 (s, 3H, 

H15). 13C NMR (101 MHz, CDCl3) δ 165.8 (C2), 160.1 (C14), 140.4 (C6), 134.1 (C8), 133.3 (C12), 129.6 

(C4), 129.4 (C5), 128.7 (C3), 124.0 (C7), 114.6 (C11), 114.1 (C13), 95.7 (C10), 84.2 (C9), 55.3 (C15), 52.4 

(C1). HRMS (FTMS +p NSI) [M+H]+ calcd for C17H14ClO3
+; 301.0626, found 301.0624, Δ= 0.7 ppm. 

 

Methyl 2-(4-chloro-3-((4-methoxyphenyl)ethynyl)phenyl)acetate 

 

General procedure A was performed with 3,4-dichlorophenylacetic acid (51.3mg, 0.25 mmol), 1-

ethynyl-4-methoxybenzene (49.6 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-sSPhos (5.1 

mg, 0.01 mmol) at 70 °C. The mono-coupled product 254 was isolated via column chromatography 

(silica stationary phase, 0-10% EtOAc:Hexane) (52 mg, 0.165 mmol, 66%) as a colourless oil. 1H NMR 

(600.1 MHz, CDCl3) δ 7.51 (2H, d, J= 8.88 Hz, H6), 7.47 (1H, d, J= 2.2 Hz, H3), 7.37 (1H, d, J= 8.3 Hz, H5), 

7.16 (1H, dd, J= 8.3, 2.2 Hz, H4), 6.90 (2H, d, J= 8.8 Hz, H7), 3.84 (3H, s, H8), 3.71 (3H, s, H1), 3.60 (2H, 

s, H2). 13C NMR (150.9 MHz, CDCl3) δ 171.3 (C9), 160.0 (C16), 134.5 (C11), 133.7 (C3), 133.2 (C6), 132.5 

(C10), 129.9 (C4), 129.3 (C5), 123.7 (C12), 114.9 (C15), 114.0 (C7), 94.9 (C14), 84.8 (C13), 55.3 (C8), 

52.2 (C1), 40.3 (C2). HRMS (FTMS +p NSI) [M+H]+ calcd for C18H16ClO3; 315.0788, found 315.0791, Δ= 

1.0 ppm.  
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Methyl 3-(4-chloro-3-((4-methoxyphenyl)ethynyl)phenyl)propanoate 

 

General procedure A was performed with 3-(3,4-dichlorophenyl)propanoic acid (54.8 mg, 0.25 mmol), 

1-ethynyl-4-methoxybenzene (49.6 mg, 0.375 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) and (±)-sSPhos 

(5.1 mg, 0.01 mmol) at 70 °C. The mono-coupled product 255 was isolated via column chromatography 

(silica stationary phase, 0-10% EtOAc:Hexane) (54 mg, 0.165 mmol 66%) as a pale yellow oil. 1H NMR 

(600.1 MHz, CDCl3) δ 7.51 (2H, d, J= 8.8 Hz, H7), 7.39 (1H, d, J= 2.2 Hz, H4), 7.33 (1H, d, J= 8.3, H6), 

7.08 (1H, dd, J= 8.3, 2.2 Hz, H5), 6.89 (2H, d, J= 8.8 Hz, H8), 3.83 (3H, s, H9), 3.68 (3H, s, H1), 2.92 (2H, 

t, H= 7.7 Hz, H3), 2.63 (2H, t, J= 7.7 Hz, H2). 13C NMR (150.9 MHz, CDCl3) δ 172.9 (C10), 159.9 (C17), 

139.0 (C11), 133.5 (C13), 133.2 (C7), 132.8 (C4), 129.2 (C6), 129.1 (C5), 123.4 (C12), 114.9 (C16), 114.0 

(C8), 94.5 (C15), 84.9 (C14), 55.3 (C9), 51.7 (C1), 35.3 (C2), 30.1 (C3). HRMS (FTMS +p NSI) [M+H]+ calcd 

for C19H18ClO3; 329.0945, found 329.0948, Δ= 0.9 ppm.  

 

Methyl 2-(4-chloro-3-((4-nitrophenyl)amino)phenyl)acetate 

 

General procedure A was performed with 3,4-dichlorophenylacetic acid (51.3 mg, 0.25 mmol), 4-

nitroaniline (51.8 mg, 0.375 mmol), Pd2dba3 (11.5 mg, 0.0125 mmol) and tBu-sSPhos (11.5 mg, 0.025 

mmol) in dioxane (0.5 mL) at 110 °C. The mono-coupled product was isolated via column 

chromatography (silica, 0-20% EtOAc:Hexane) (29.1 mg, 0.091 mmol, 36%) with a 10 mol% impurity 

of 4-nitroaniline as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 9.1 Hz, 2H, H12), 7.43 – 7.34 

(m, 2H H6 H9), 7.05 (d, J = 9.2 Hz, 2H, H11), 6.96 (dd, J = 8.2, 2.1 Hz, 1H, H5), 6.45 (s, 1H, H14), 3.72 (s, 

3H, H1), 3.60 (s, 2H, H3). 13C NMR (101 MHz, CDCl3) δ 171.4 (C2), 148.5 (C10), 140.8 (C13), 136.8 (C8), 
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133.8 (C4), 130.3 (C6), 126.1 (C12), 125.4 (C5), 124.3 (C7), 121.6 (C9), 115.2 (C11), 52.3 (C1), 40.4 (C3). 

HRMS (FTMS +p NSI) [M]+ calcd for C15H13ClN2O4+; 320.0558, found 320.0559, Δ= 0.3 ppm. 

 

iii. Synthesis of authentic acid samples for optimisation 

During optimisation, all analysis was performed from crude 1H NMR containing mixtures of the starting 

material and coupled products as the acids. Since later these were isolated as the methyl esters, they 

couldn’t be used as authentic samples to confirm the assignments used during optimisation. By using 

a benzyl protecting group, the products could be isolated and debenzylated to give authentic samples 

of the coupled acid products.  

General procedure B 

 

Carboxylic acid (0.25 mmol, 1.0 equiv.), ligand (0.01 mmol, 4 mol%), Pd(OAc)2 (1.1 mg, 0.005 mmol, 2 

mol%),, K3PO4 (159 mg, 0.75 mmol, 3.0 equiv.), and (4-(ethoxycarbonyl)phenyl)boronic acid (72.8 mg, 

0.375 mmol, 1.5 equiv.) were added to a 4 mL 15x45 mm crimp top vial containing a stirrer bar. The 

vial was evacuated and back filled with nitrogen 3 times, at which point a solvent mixture of THF:H2O 

(19:1, 1.25 ml) was added. The reaction mixture was stirred for 16 h at 40-60 °C and the solvent was 

removed under a stream of air. Potassium carbonate (35 mg, 0.25 mmol) was added, DMF (1mL) 

added and then sealed under inert atmosphere. Benzyl bromide (0.05 mL, 0.375 mmol, 1.5 equiv.) 

was added, and the solution stirred at 40 °C for 16 h. Water (3 mL) was then added, and the products 

extracted to EtOAc (2 x 2 mL). The combined organic layers were washed with NaHCO3 solution 

(saturated, 2 mL), dried (MgSO4) and solvent removed. The benzyl esters were separated by column 

chromatography (silica stationary phase, 0-10% EtOAc:Hexane). Palladium on carbon (10% w/w, 5 mg) 

was added to each benzyl ester, and dissolved in EtOAc (1 mL). The suspension was then placed under 

a hydrogen atmosphere using a H2 balloon, and then stirred at room temperature for 16 h. The mixture 

was then filtered through MgSO4, and solvent removed to yield the corresponding carboxylic acids.  

 

3,4-dichlorobenzoic acid derived products 
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General procedure B was applied with 3,4-dichlorobenzoic acid (47.8 mg, 0.25 mmol), (±)-sSPhos (5.1 

mg, 0.01 mmol) at 40 °C. The meta-coupled product and di-coupled product were isolated. 

3-benzyl 4'-ethyl 6-chloro-[1,1'-biphenyl]-3,4'-dicarboxylate 

 

Isolated as a colourless oil (meta:para 18:1, 35.1 mg, 36%). 1H NMR (600.1 MHz, CDCl3) δ 8.14 (2H, d, 

J= 8.3 Hz, H9), 8.05 (1H, d, J= 2.1 Hz, H7), 8.02 (1H, dd, J= 8.3, 2.1 Hz, H5), 7.57 (1H, d, J= 8.3 Hz, H6), 

7.52 (2H, d, J= 8.3 Hz, H8), 7.44 (2H, m, H3), 7.40 (2H, m, H2), 7.36 1H, m, H1), 5.38 (2H, s, H4), 4.42 

(2H, q, J= 7.1 Hz, H10), 1.43 (3H, t, J= 7.1 Hz, H11). 13C NMR (150.9 MHz, CDCl3) δ 166.3 (C18), 165.4 

(C13), 142.8 (C16), 139.8 (C15), 137.5 (C14), 135.7 (C12), 132.3 (C7), 130.3 (C6), 130.1 (C5), 130.1 

(C17), 129.4 (C8, C9), 129.0 (C19), 128.7 (C2), 128.4 (C1), 128.3 (C3), 67.1 (4), 61.1 (C10), 14.3 (C11). 

HRMS (FTMS +p NSI) [M+H]+ calcd for C23H20ClO4; 395.1045, found 395.1041, Δ= -0.9 ppm.  

 

4'-benzyl 4,4''-diethyl [1,1':2',1''-terphenyl]-4,4',4''-tricarboxylate 

 

Isolated as a colourless oil (37.0 mg, 29%). 1H NMR (600.1 MHz, CDCl3) δ 8.16 (2H, m, H5 H6), 7.92 (4H, 

J= 7.7 Hz, H11 H9), 7.53 (1H, d, J= 7.6 Hz, H7), 7.47 (2H, d, J= 7.1 Hz, H3), 7.40 (2H, t, J= 7.3 Hz, H2), 

7.36 (1H, m, H1), 7.20 (4H, dd, J= 8.4, 2.5 Hz, H8 H10), 5.42 (2H, s, H4), 4.37 (4H, q, J= 7.1 Hz, H12 H13), 

1.39 (6H, td, J= 7.1, 1.1 Hz, H14 H15). 13C NMR (150.9 MHz, CDCl3) δ 166.3 (C25), 166.2 (C34), 165.9 

(C17), 144.7 (C22), 144.6 (C21), 144.1 (C19), 139.9 (C20), 135.9 (C16), 131.7 (C5), 130.7 (C7), 129.9 

(C18), 129.8 (C10), 129.6 (C8), 129.43 (C9), 129.42 (C11), 129.37 (C23), 129.27 (C6), 129.2 (C24), 128.6 
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(C2), 128.4 (C1), 128.3 (C3), 66.9 (C4), 61.06 (C12), 61.03 (C13), 23.8 (C14, C15). HRMS (FTMS +p NSI) 

[M+NH4]+ calcd for C32H32O6N; 526.2224, found 526.2213, Δ= -2.1 ppm.  

 

6-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-3-carboxylic acid 

 

Isolated as a white solid (14:1 meta:para, 12.1 mg, 45%). 1H NMR (500.0 MHz, CDCl3) δ 8.15 (2H, d, J= 

8.0 Hz, H5), 8.09 (1H, d, J= 2.0 Hz, H1), 8.05 (1H, dd, J= 8.4, 2.0 Hz, H2), 7.61 (1H, d, J= 8.4 Hz, H3), 7.54 

(2H, d, J= 8.0 Hz, H4), 4.42 (2H, q, J= 7.3 Hz, H6), 1.43 (3H, t, J= 7.3 Hz, H7) 13C NMR (125.7 MHz, CDCl3) 

δ 169.6 (C8), 166.2 (C14), 142.6 (C12), 140.1 (C11), 138.4 (C10), 132.8 (C1), 130.6 (C2), 130.5 (C3), 

130.2 (C13), 129.5 (C5), 129.5 (C4), 128.0 (C9), 61.2 (C6), 14.4 (C7). HRMS (FTMS -p NSI) [M-H]- Calcd 

for C16H12ClO4; 303.0430, found 303.0429, Δ= -0.2 ppm.  

 

4,4''-bis(ethoxycarbonyl)-[1,1':2',1''-terphenyl]-4'-carboxylic acid 

 

Isolated as a white solid (17.3mg, 58%). 1H NMR (600.1 MHz, CDCl3) δ 8.20 (2H, m, H1 H2), 7.94 (4H, 

d, J= 8.3 Hz, H5 H7), 7.58 (1H, d, J= 8.6 Hz, H3), 7.23 (4H, dd, J= 8.4, 2.7 Hz, H4 H6), 4.38 (4H, q, J= 7.1 

Hz, H8 H10), 1.40 (6H, td, J= 7.1, 1.5 Hz, H9 H11). 13C NMR (150.9 MHz, CDCl3) δ 171.1 (C12), 166.3 

(C20), 166.2 (C21), 144.9 (C16), 144.53 (C14), 144.52 (C17), 140.1 (C15), 132.3 (C1), 130.9 (C3), 129.8 

(C2), 129.6 (C18), 129.48 (C4 C6), 129.46 (C5 C7), 129.3 (C19), 129.0 (C13), 61.1 (C8 C10), 14.3 (C9 

C11). HRMS (FTMS -p NSI) [M-H]- C25H21O6; 417.1344, found 417.1343, Δ= -0.1 ppm.  

 

Para isomer 
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General procedure B was applied with 3,4-dichlorobenzoic acid (47.9 mg, 0.25 mmol) and (SPhos 4.1 

mg, 0.01 mmol) at 40 °C. The para-coupled product was isolated as a mixture with the meta isomer. 

Only the free acid was characterised. 

2-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-4-carboxylic acid 

 

Isolated as a colourless oil (34.5 mg, 8:1 para:meta, 45%). 1H NMR (400.1 MHz, CDCl3) δ 8.21 (1H, s, 

H1), 8.13 (2H, d, J= 8.0 Hz, H5), 8.03 (1H, d, J= 7.8 Hz, H2), 7.52 (2H, d, J= 8.1 Hz, H4), 7.44 (1H, d, J= 

7.9 Hz, H3), 4.41 (2H, q, J= 7.1 Hz, H6), 1.41 (3H, t, J= 7.1 Hz, H7). 13C NMR (100.6 MHz, CDCl3) δ 166.2 

(C14), 144.6 (C10), 142.7 (C12), 132.8 (C9), 131.8 (C1), 131.3 (C3 C11), 130.3 (C13), 129.5 (C5), 129.3 

(C4), 128.5 (C2), 61.2 (C6), 14.4 (C7).  

 

3,4-dichlorophenylacetic acid derived products 

General procedure B was applied with 3,4-dichlorophenylacetic acid (51.3 mg, 0.25 mmol), (±)-sSPhos 

(5.1 mg, 0.01 mmol) at 60 °C. The meta-coupled product and di-coupled product were isolated.  

Ethyl 2'-chloro-5'-(2-oxo-3-phenylpropyl)-[1,1'-biphenyl]-4-carboxylate 

 

Isolated as a colourless oil (23.3 mg, 23%). 1H NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, J= 8.3 Hz, H10), 

7.49 (2H, d, J= 8.3 Hz, H9), 7.45 (1H, d, J= 8.1 Hz, H8), 7.34 (5H, m, H2 H3 H6), 7.25 (2H, m, H1 H7), 

5.16 (2H, s, H4), 4.42 (2H, q, J= 7.1 Hz, H11), 3.70 (2H, s, H5), 1.43 (3H, t, J= 7.1 Hz, H12). 13C NMR 

(150.9 MHz, CDCl3) δ 170.8 (C14), 166.4 (C20), 143.5 (C18), 139.6 (C17), 135.6 (C13), 132.8 (C15), 132.1 

(C6), 131.2 (C16), 130.2 (C8), 130.0 (C7), 129.7 (C19), 129.5 (C9), 129.3 (C10), 128.6 (C2), 128.4 (C1), 
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128.3 (C3), 66.9 (C4), 61.0 (C11), 40.5 (C5), 14.4 (C12). HRMS (FTMS +p NSI) [M+H]+ calcd for 

C24H22ClO4; 409.1201, found 409.1198, Δ= -0.8 ppm. 
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Diethyl 4'-(2-oxo-3-phenylpropyl)-[1,1':2',1''-terphenyl]-4,4''-dicarboxylate 

 

Isolated as a colourless oil (4.2 mg, 3%). 1H NMR (500.0 MHz, CDCl3) δ 7.88 (4H, dd, J= 8.5, 3.2 Hz, H8 

H10), 7.40 (2H, m, H3), 7.35 (6H, m, H2 H1 H4 H5 H6), 7.16 (4H, dd, J= 8.1, 8.1 Hz, H7 H9), 5.18 (2H, s, 

H16), 4.36 (4H, qd, J= 7.1, 2.5 Hz, H11 H13), 3.68 (2H, s, H15), 1.38 (6H, td, J= 7.1, 3.0 Hz, H12 H14). 

13C NMR (125.7 MHz, CDCl3) δ 177.1 (C18), 166.5 (C27 C26), 145.5 (C22), 145.4 (C24), 139.9 (C20), 

138.5 (C21), 135.7 (C17), 133.9 (C19), 131.5 (C4), 130.8 (C6), 129.8 (C7), 129.8 (C9), 129.3 (C8), 129.3 

(C10), 129.1 (C5), 128.9 (C23), 128.8 (C25), 128.6 (C2), 128.4 (C1), 128.3 (C3), 66.9 (C16), 60.9 (C13), 

60.9 (C11), 41.0 (C15), 14.3 (C12 C14). HRMS (FTMS +p NSI) [M+NH4]+ calcd for C33H34O6N; 540.2381, 

found 540.2376, Δ= -0.9 ppm.  

 

2-(6-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-3-yl)acetic acid 

 

Isolated as a colourless oil (15.8 mg, 87%). 1H NMR (600 MHz, CDCl3) δ 8.12 (2H, d, J= 8.4 Hz, H6), 7.52 

(2H, d, J= 8.4 Hz, H5), 7.47 (1H, d, J= 8.0 Hz, H4), 7.26 (2H, m, H2 H3), 4.42 (2H, q, J= 7.1 Hz, H7), 3.68 

(2H, s, H1), 1.42 (3H, t, J= 7.1 Hz, H8). 13C NMR (150.9 MHz, CDCl3) δ 176.4 (C15), 166.4 (C14), 143.4 

(C12), 139.7 (C11), 132.2 (C9), 132.1 (C2), 131.5 (C10), 130.3 (C4), 130.0 (C3), 129.8 (C13), 129.5 (C5), 

129.3 (C6), 61.1 (C7), 40.1 (C1), 14.3 (C8). HRMS (FTMS -p NSI) [M-H]- cacld for C17H14ClO4; 317.0856, 

found 317.0586, Δ= 0.0 ppm.  
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2-(4,4''-bis(ethoxycarbonyl)-[1,1':2',1''-terphenyl]-4'-yl)acetic acid 

 

Isolated as a colourless oil (3.0 mg, 86%). 1H NMR (500.0 MHz, CDCl3) δ 7.89 (4H, dd, J= 8.5, 1.7 Hz, H6 

H8), 7.42 (2H, m, H3 H4), 7.38 (1H, s, H2), 7.18 (4H, dd, J= 8.5, 6.8 Hz, H5 H7), 4.36 (4H, qd, J= 7.1, 1.4 

Hz, H9 H11), 3.78 (2H, s, H1), 1.38 (6H, td, J= 7.1, 1.6 Hz, H10 H12). 13C NMR (125.7 MHz, CDCl3) δ 

174.4 (C13), 166.4 (C21), 166.4 (C22), 145.33 (C19), 145.28 (C17), 139.9 (C16), 138.8 (C15), 133.4 (C14), 

131.6 (C2), 130.9 (C4), 129.79 (C7), 129.77 (C5), 129.4 (C6 C8), 129.2 (C3), 128.9 (C20), 128.9 (C18), 

61.00 (C9), 60.99 (C11), 40.2 (C1), 14.3 (C10 C12). HRMS (FTMS +p NSI) [M+NH4]+ calcd for C26H28O6N; 

450.1911, found 450.1909, Δ= -0.5 ppm.  

 

Para isomer 

General procedure B was applied with 3,4-dichlorophenylacetic acid (51.3 mg, 0.25 mmol) and (SPhos 

4.1 mg, 0.01 mmol) at 40 °C. The para-coupled product was isolated as a mixture with the meta isomer. 

Only the free acid was characterised. 

2-(2-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-4-yl)acetic acid 

 

Isolated as a colourless oil (40.6 mg, 1.25:1 meta:para, 51%). 1H NMR (600.1 MHz, CDCl3) δ 8.12 (2H, 

d, J= 8.2 Hz, H6), 7.51 (2H, d, J= 8.4 Hz, H5), 7.44 (1H, d, J= 1.6 Hz, H2), 7.32 (1H, d, J= 7.8 Hz, H4), 7.26 

(1H, m, H3), 4.41 (2H, q, J= 7.1 Hz, H7), 3.70 (2H, s, H1), 1.42 (3H, t, J= 7.1 Hz, H8). 13C NMR (150.9 
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MHz, CDCl3) δ177.1 (C9), 166.5 (C15), 143.4 (C13), 138.6 (C12), 134.5 (C10), 132.2 (C11), 131.3 (C4), 

131.0 (C2), 129.6 (C14), 129.5 (C5), 129.4 (C6), 61.1 (C7), 40.2 (C1), 14.2 (C8). 

 

3-(3,4-dichlorophenyl)propanoic acid derived products 

General procedure B was applied with 3-(3,4-dichlorophenyl)propanoic acid (54.8mg, 0.25 mmol), (±)-

sSPhos (5.1 mg, 0.01 mmol) in THF:H2O (9:1). The meta-coupled product and di-coupled product were 

isolated.  

Ethyl 5'-(3-(benzyloxy)-3-oxopropyl)-2'-chloro-[1,1'-biphenyl]-4-carboxylate 

 

Isolated as a colourless oil (20.3 mg, 19%). 1H NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, J= 8.3 Hz, H11), 

7.48 (2H, d, J= 8.3 Hz, H10), 7.38 (1H, d, J= 8.2 Hz, H9), 7.33 (3H, m, H1 H2), 7.28 (2H, m, H3), 7.17 (1H, 

d, J= 2.1 Hz, H7), 7.14 (1H, dd, J= 8.2, 2.1 Hz, H8), 5.12 (2H, s, H4), 4.42 (2H, q, J= 7.1 Hz, H12), 3.00 

(2H, t, J= 7.6 Hz, H6), 2.72 (2H, t, J= 7.6 Hz, H5), 1.43 (3H, t, J= 7.1 Hz, H13). 13C NMR (150.9 MHz, CDCl3) 

δ 172.3 (C15), 166.4 (C21), 143.8 (C19), 139.5 (C18), 139.4 (C16), 135.7 (C14), 131.1 (C7), 130.2 (C17), 

130.1 (C9), 129.6 (C20), 129.5 (C11), 129.3 (C10), 129.1 (C8), 128.6 (C2), 128.3 (C1), 128.2 (C3), 66.4 

(C4), 61.0 (C12), 35.6 (C5), 30.2 (C6), 14.4 (C13). HRMS (FTMS +p NSI) [M+H]+ calcd for C25H24O4Cl; 

423.1358, found 423.1358, Δ= 0.0 ppm.  

 

Diethyl 4'-(3-(benzyloxy)-3-oxopropyl)-[1,1':2',1''-terphenyl]-4,4''-dicarboxylate 
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Isolated as a colourless oil (9.4 mg, 7%). 1H NMR (400.1 MHz, CDCl3) δ 7.88 (4H, d, J= 8.2 Hz, H11 H13), 

7.32 (8H, m, H1 H2 H3 H7 H8 H9), 7.14 (4H, dd, J= 8.2, 3.6 Hz, H10 H12), 5.12 (2H, s, H4), 4.35 (4H, td, 

J= 7.1, 2.2 Hz, H14 H16), 3.06 (2H, t, J= 7.7 Hz, H6), 2.76 (2H, t, J= 7.7 Hz, H5), 1.37 (6H, td, J= 7.1, 2.2 

Hz, H15 H17). 13C NMR (100.6 MHz, CDCl3) δ 172.5 (C19), 166.5 (C27), 166.4 (C28), 145.7 (C24), 145.6 

(C23), 140.6 (C20), 139.7 (C22), 137.7 (C21), 135.8 (C18), 130.8 (C9), 130.5 (C7), 129.8 (C10 C12), 129.3 

(C11 C13) 128.8 (C25), 128.6 (C26), 128.6 (C2), 128.3 (C1), 128.2 (C3), 128.2 (C8), 66.4 (C4), 60.9 (C14), 

60.9 (C16), 35.7 (C5), 30.5 (C6), 14.3 (C15 C17). HRMS (FTMS +p NSI) [M+NH4]+ calcd for C34H26O6N; 

554.2537, found 554.2530, Δ= -1.3 ppm.  

 

3-(6-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-3-yl)propanoic acid 

 

Isolated as a pale yellow oil (15.6 mg, 98%). 1H NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, J= 8.4 Hz, H7), 

7.51 (2H, d, J= 8.4 Hz, H6), 7.41 (1H, d, J= 8.1 Hz, H5), 7.20 (1H, d, J= 2.1 Hz, H3), 7.18 (1H, dd, J= 8.2, 

2.2 Hz, H4), 4.42 (2H, q, J= 7.1 Hz, H8), 2.98 (2H, t, J= 7.6 Hz, H2), 2.72 (2H, t, J= 7.6 Hz, H1), 1.42 (3H, 

t, J= 7.1 H9). 13C NMR (150.9 MHz, CDCl3) δ 177.9 (C10), 166.4 (C16), 143.7 (C14), 139.6 (C12), 139.1 

(C11), 131.1 (C3), 130.3 (C13), 130.2 (C5), 129.7 (C15), 129.5 (C6), 129.3 (C7), 129.0 (C4), 61.1 (C8), 

35.2 (C1), 29.8 (C2), 14.3 (C9). HRMS (FTMS -p NSI) [M-H]- calcd for C18H16O4Cl; 331.0743, found 

331.0740, Δ= -0.8 ppm.  

 

3-(4,4''-bis(ethoxycarbonyl)-[1,1':2',1''-terphenyl]-4'-yl)propanoic acid 
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Isolated as a pale yellow oil (4.1 mg, 51%). 1H NMR (400.0 MHz, CDCl3) δ 7.88 (4H, dd, J= 8.5, 4.3 Hz, 

H7 H9), 7.37 (1H, d, J= 7.8 Hz, H5), 7.33 (1H, d, J= 1.8 Hz, H3), 7.30 (1H, dd, J= 8.4, 1.8 Hz, H4), 7.16 

(4H, dd, J= 8.5, 5.4 Hz, H6 H8), 4.35 (4H, qd, J= 7.1, 1.3 Hz, H10 H12), 3.06 (2H, t, J= 7.7 Hz, H2), 2.77 

(2H, t, J= 7.7 Hz, H1), 1.37 (6H, td, J= 7.1, 1.1 Hz, H11 H13). 13C NMR (100.6 MHz, CDCl3) δ 176.8 (C14) 

166.48 (C22), 166.46 (C23), 145.7 (C19), 145.5 (C18), 140.4 (C15), 139.8 (C17), 137.8 (C16), 130.8 (C5), 

130.5 (C3), 129.8 (C6 C8), 129.33 (C9), 129.31 (C7), 128.8 (C21), 128.7 (C20), 128.1 (C4), 60.99 (C12), 

60.97 (C10), 35.1 (C1) 30.2 (C2), 14.3 (C11 C13). HRMS (FTMS +p NSI) [M+NH4]+ calcd for C27H30O6N; 

464.2068, found 464.2065, Δ= -0.6 ppm.  

 

Para isomer 

General procedure B was applied with 3-(3,4-dichlorophenyl)propanoic acid (54.8mg, 0.25 mmol) and 

(SPhos 4.1 mg, 0.01 mmol) at 40 °C. The para-coupled product was isolated as a mixture with the meta 

isomer. Only the free acid was characterised. 

3-(2-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-4-yl)propanoic acid 

 

Isolated as a colourless oil (36.3 mg, 1.4:1 meta:para, 44%). 1H NMR (600.1 MHz, CDCl3) δ 8.11 (2H, d, 

J= 8.4 Hz, H7), 7.51 (2H, d, J= 8.2 Hz, H6), 7.36 (1H, d, J= 1.6 Hz, H3), 7.28 (1H, d, J= 7.8 Hz, H5), 7.18 

(1H, dd, J= 7.8, 1.6 Hz, H4), 4.41 (2H, q, J= 7.1 Hz, H8), 2.99 (2H, t, J= 7.6 Hz, H2), 2.75 (2H, t, J= 7.6 Hz, 

H1), 1.42 (3H, t, J= 7.1 Hz, H9). 13C NMR (150.9 MHz, CDCl3) δ 178.5 (C10), 166.5 (C16), 143.6 (C14), 

141.6 (C11), 137.6 (C13), 132.3 (C12), 131.3 (C5), 129.9 (C3), 129.50 (C15), 129.48 (C6), 129.3 (C7), 

127.0 (C4), 61.1 (C8), 35.3 (C1), 29.8 (C2), 14.4 (C9).  
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c. Using chiral cations to achieve desymmetrisation in Suzuki-

Miyaura coupling 

i. Synthesis of chiral cations 

Dihydroquinine 

 

Procedure adapted from literature.258 Quinine (10 g, 30.8 mmol) and ammonium formate (7.8 g, 124 

mmol) were dissolved in MeOH (20 mL), then formic acid (3.5 mL, 93.5 mmol) added. The mixture was 

heated to 55 °C, and water (≈30 mL) added until the mixture becomes homogeneous. The solution 

was cooled to room temperature, and palladium on carbon (10%, 666 mg, 0.63 mmol) added. The 

mixture was stirred at room temperature for 1 hour, then heated to 50 °C and stirred for 23 h. Once 

complete, the mixture is cooled, and formic acid (1.3 mL) is added dropwise with vigorous stirring. The 

mixture was filtered through celite, and solvent partially removed. Aqueous ammonia (35%, 50 mL) 

was added, and the product extracted into CH2Cl2 (3x 80 mL). The organic layers were washed with 

aqueous ammonia (35%, 60 mL), water (2x 60 mL), then dried (MgSO4) and the solvent removed to 

afford dihydroquinine as a pale-yellow powder (9.360 g, 28.7 mmol, 93%). 1H NMR (600.1 MHz, CDCl3) 

δ 8.53 (1H, d, J= 4.6 Hz, H10) 7.91 (1H, d, J= 9.2 Hz, H2), 7.47 (1H, d, J= 4.6 Hz, H9), 7.27 (1H, dd, J= 9.3, 

2.6 Hz, H3), 7.23 (1H, d, J= 2.6 Hz, H6), 5.50 (1H, d, J= 3.9, H11) 4.72 (1H, br s, H12), 3.87 (3H, s, H5), 

3.44 (1H, m, H17a), 3.06 (1H, m, H13), 3.02 (1H, dd, J= 13.5, 10.0 Hz, H18a), 2.60 (1H, m, H17b), 2.34 

(1H, qd, J= 2.5, 13.5 Hz, H18b), 1.75 (1H, m, H15), 1.71 (2H, m, H14a H16a), 1.41 (3H, m, H14b H16b 

H19), 1.21 (2H, decet, J= 7.6 Hz, H20), 0.79 (3H, t, J= 7.6, H21). 13C NMR (150.9 MHz, CDCl3) δ 157.6 

(C4), 148.1 (C8), 147.4 (C10), 144.1 (C1), 131.3 (C2), 126.6 (C7), 121.3 (C3), 118.5 (C9), 101.4 (C6), 71.9 

(C11), 59.7 (C13), 58.6 (C18), 55.7 (C5), 43.3 (C17), 37.5 (C19), 28.3 (C16), 27.7 (C20), 25.4 (C15), 21.4 

(C14), 12.0 (C21). [𝜶]𝑫
𝟐𝟓= -87.0° (c 1.02, CHCl3). 

Data in accordance with literature.258 
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(1S,2S,4S,5R)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-yl)methyl)quinuclidine 

 

Dihydroquinine (5 g, 15.35 mmol) was dissolved in DMF (40 mL) and cooled in ice under argon. Sodium 

hydride (60% in mineral oil, 1.55 g) was added, and the mixture stirred at r.t. for 1 h. The mixture was 

cooled in ice, and methyl tosylate (2.34 mL, 15.5 mmol) was added dropwise. Once addition was 

complete, the solution was stirred at r.t.for 18 h. Water (80 mL) was slowly added with vigorous 

stirring, then extracted to EtOAc (2 x 80 mL). The combined organic phases were washed with water 

(4 x 160 mL) and brine (160 mL). The organic phase was dried (MgSO4) and solvent removed to afford 

crude product. The product was purified by column chromatography (silica stationary phase, 5-15 % 

MeOH:CH2Cl2 mobile phase) to afford the product as a pale yellow oil (2.132 g, 6.26 mmol, 41%). 1H 

NMR (600.1 MHz, CDCl3) δ 8.74 (1H, d, J= 4.4 Hz, H10), 8.02 (1H, d, J= 9.2 Hz, H2), 7.41 (1H, d, J= 4.4 

Hz, H9), 7.35 (1H, dd, J= 9.2, 2.7 Hz, H3), 7.30 (1H, s, H6), 5.00 (1H, s, H11), 3.92 (3H, s, H5), 3.40 (1H, 

m, H17a), 3.29 (3H, s, H12), 3.05 (2H, m, H13), 2.68 (1H, m, 17b), 2.33 (1H, m, H18a), 1.73 (3H, m, H14a 

H15, H16a), 1.41 (3H, m, H14b H16b H19), 1.20 (2H, m, H20), 0.77 (3H, t, J= 7.4 Hz, H21). 13C NMR (150.9 

MHz, CDCl3) δ 162.4 (C8), 157.7 (C4), 147.6 (C10), 144.7 (C1), 131.8 (C2), 127.4 (C7), 121.6 (C3), 118.7 

(C9), 101.2 (C6), 83.4 (C11), 59.8 (C13), 58.8 (C18), 57.1 (C12), 55.7 (C5), 43.4 (C17), 37.6 (C19), 28.4 

(C16), 27.6 (C20), 25.5 (C15), 21.8 (C14), 12.0 (C21). HRMS (FTMS +p NSI) m/z [M + H]+ Calcd for 

C21H29N2O2; 341.2224, found 341.2223, Δ= -0.2 ppm. [𝜶]𝑫
𝟐𝟓= -109.7° (c 1.00, CHCl3). 

Data in accordance with literature.234 

 

General procedure C 
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To a flame dried microwave vial, quinine derivative (1 equiv.), aryl halide (1 equiv.) and THF were 

added under argon. The sealed vial was heated at 80 °C for 18 h. The work-up varied, as shown for 

each example below.  

 

(1S,2S,4S,5R)-1-(3,5-dimethoxybenzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was performed on dihydroquinine (653 mg, 2 mmol) and 3,5-dimethoxybenzyl 

bromide (462 mg, 2 mmol) in THF (20 mL). After the reaction was complete, the solution was cooled 

to room temperature, filtered, washed with cold THF (2 x 5 mL), and dried in vacuo to give the product 

as a white powder (829.3 mg, 1.49 mmol, 74%). 1H NMR (600.1 MHz, DMSO) δ 8.80 (1H, d, J= 4.5 Hz, 

H10), 8.01 (1H, d, J= 9.1 Hz, H4), 7.73 (1H, d, J= 4.5 Hz, H9), 7.48 (1H, dd, J= 9.1, 2.6 Hz, H3), 7.37 (1H, 

d, 2.6 Hz, H5), 6.80 (2H, d, J= 2.1 Hz, H15), 6.67 (1H, d, J= 2.1 Hz, H17), 6.62 (1H, d, J= 4.4 Hz, H12), 

6.52 (1H, d, J= 4.2 Hz, H11), 5.24 (1H, d, J= 12.3 Hz, H13a), 4.55 (1H, d, J= 12.3 Hz, H13b), 4.23 (1H, t, J= 

11.5 Hz, H19a), 4.01 (3H, s, H1), 3.77 (6H, s, H18), 3.77 (1H, m, H24), 3.34 (2H, m, H22), 3.26 (1H, dt, J= 

6.3, 11.1, H19b), 2.22 (1H, m, 23a), 2.12 (1H, m, H20a), 1.95 (1H, m, H21), 1.80 (1H, m, H25), 1.75 (1H, 

m, 20b), 1.47 (1H, m, H23b), 1.27 (1H, m, H26a), 1.18 (1H, m, H26b), 0.71 (3H, t, J= 7.3 Hz, H27). 13C 

NMR (150.9 MHz, DMSO) δ 161.0 (C16), 157.9 (C2), 147.9 (C10), 144.3 (C8), 144.2 (C6), 131.9 (C4), 

130.3 (C14), 125.9 (C7), 121.9 (C3), 120.7 (C9), 112.0 (C15), 102.5 (C5), 102.0 (C17), 68.8 (C24), 64.0 

(C11, C13), 62.1 (C22), 55.9 (C1, C18), 51.6 (C19), 35.5 (C25), 25.6 (C26), 25.2 (C20), 24.1 (C21), 20.4 

(C23), 11.7 (C27). HRMS (FTMS +p NSI) m/z [M]+ Calcd for C29H37N2O4: 477.2748; found 477.2735, Δ= 

-2.7 ppm. [𝜶]𝑫
𝟐𝟓= -97.3° (c 1.02, CHCl3). 
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(1S,2S,4S,5R)-1-(anthracen-9-ylmethyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium chloride 

 

General procedure C was performed on dihydroquinine (326 mg, 1 mmol) and 9-

chloromethylanthracene (227 mg, 1 mmol) in Toluene (7 mL). After the reaction was complete, the 

solution was cooled to room temperature, filtered, washed with cold toluene (2 x 5 mL) and dried in 

vacuo to yield the product as a white powder (502 mg, 0.91 mmol, 91%). 1H NMR (600.1 MHz, DMSO) 

δ 8.96 (1H, d, J= 9.1 Hz, H24a), 8.94 (1H, s, H28), 8.85 (1H, d, J= 4.4 Hz, H8), 8.81 (1H, d, J= 9.1 Hz, 24b). 

8.25 (1H, d, J= 8.7, 27a), 8.23 (1H, d, J= 8.8, H27b), 8.04 (1H, d, J= 9.1 Hz, H4), 7.88 (1H, d, J= 4.4, H9), 

7.75 (2H, m, H25), 7.63 (2H, m, H26), 7.57 (1H, d, J= 4.9 Hz, H22), 7.50 (1H, dd, J= 9.2, 2.5 Hz, H3), 7.02 

(1H, d, J= 4.6, H11), 6.64 (1H, d, J= 14.0 Hz, H21a), 5.59 (1H, d, J= 14.0 Hz, H21b), 4.58 (2H, m, H12 

H16a), 4.05 (3H, s, H1), 3.62 (1H, m, H17a), 2.90, (1H, m, H17b), 2.76 (1H, m, H16b), 2.24 (1H, m, H13a), 

2.10 (1H, m, H15a), 1.80 (1H, s, H14), 1.49 (3H, m, H13b H15b H18), 1.16 (2H, pent, J= 7.3 Hz, H19), 0.52 

(3H, t, J= 7.3 Hz, H20). 13C NMR (150.9 MHz, DMSO) Very complex, potential rotamers. δ 157.6, 147.9, 

145.1, 144.3, 137.8, 133.6, 133.3, 132.4, 131.7, 131.6, 131.4, 130.1, 129.8, 129.3, 128.6, 128.0, 127.9, 

126.0, 125.9, 125.8, 125.7, 125.2, 122.3, 121.0, 119.5, 103.0, 69.4, 64.3, 62.1, 56.4, 55.8, 52.2, 35.6, 

28.9, 27.5, 25.6, 23.9, 22.9, 21.5, 21.0, 20.3, 19.7, 11.4. HRMS (FTMS +p NSI) m/z [M]+ Calc for 

C35H37N2O2 517.2850; found 517.2837 Δ= -2.4 ppm. [𝜶]𝑫
𝟐𝟓= -361.7° (c 1.08, CHCl3). 

 

(1S,2S,4S,5R)-1-benzyl-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium 

bromide 
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General procedure C was performed on dihydroquinine (653 mg, 2 mmol) and benzyl bromide (0.24 

mL, 2 mmol) in THF (20 mL). After the reaction was complete, the solvent was removed, the residue 

taken up in CH2Cl2 (10 mL) and washed with water (2 x 10 mL). The organic layer was dried (MgSO4), 

solvent removed, then purified by column chromatography (silica stationary phase, 5-15% 

MeOH:CH2Cl2 mobile phase) to yield the product as a purple powder (303.5 mg, 0.61 mmol, 31%). 1H 

NMR (400.1 MHz, DMSO) δ 8.81 (1H, d, J= 4.5, H10), 8.01 (1H, d, J= 9.2 Hz, H4), 7.76 (1H, d, J= 4.5 Hz, 

H9), 7.69 (2H, m, H15), 7.56 (3H, m, H16 H17), 7.49 (1H, dd, J= 9.2, 26 Hz, H3), 7.39 (1H, d, J= 2.6 Hz, 

H5), 6.69 (1H, d, J= 4.4 Hz, H12), 6.59 (1H, d, J= 4.4 Hz, H11), 5.45 (1H, d, J= 12.3 Hz, H13a), 4.65 (1H, 

d, J=12.3 Hz, H13b), 4.27 (1H, t, J= 11.3 Hz, H18a), 4.02 (3H, s, H1), 3.86 (1H, m, H22), 3.43 (1H, m, 

H23a), 3.27 (1H, t, J= 11.5 Hz, H23b), 3.16 (1H, m, 18b), 2.21 (1H, m, H21a), 1.95 (1H, m, H20), 1.77 (2H, 

m, H19b H24), 1.46 (1H, m, H21b), 1.20 (2H, m, H25), 0.71 (3H, t, J= 7.3 Hz, H26). 13C NMR (100.6 MHz, 

DMSO) δ 157.5 (C2), 147.5 (C10), 144.0 (C8), 143.8 (C6), 133.6 (C15), 131.5 (C4), 130.2 (C17), 129.1 

(C16), 128.1 (C14), 125.5 (C7), 121.6 (C3), 120.4 (C9), 102.2 (C5), 68.4 (C22), 63.6 (C11), 63.3 (C13), 

61.3 (C23), 55.6 (C1), 50.8 (C18), 35.0 (C24), 25.3 (C25), 24.8 (C19), 24.0 (C20), 20.1 (C21), 11.3 (C26). 

HRMS (FTMS +p NSI) m/z [M]+
 Calcd for C27H33N2O2; 417.2537, found 417.2530, Δ= -1.6 ppm. [𝜶]𝑫

𝟐𝟓= -

87.6° (c 0.17, CHCl3).  

Data in accordance with literature.234 

 

(1S,2S,4S,5R)-1-(3,5-bis(trifluoromethyl)benzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was performed on dihydroquinine (653 mg, 2 mmol) and 3,5-

bis(trifluoromethyl)benzyl bromide (0.37 mL, 2 mmol) in THF (20 mL). Once the reaction was 

complete, the solvent was removed, and the residue purified by column chromatography (silica 

stationary phase, 5-15% MeOH:CH2Cl2) to yield the product as a brown powder (755.4 mg, 1.17 mmol, 

58%). 1H NMR (600.1 MHz, DMSO) δ 8.80 (1H, d, J= 4.5 Hz, H10), 8.51 (2H, s, H15), 8.30 (1H, s, H17), 

8.00 (1H, d, J= 9.1 Hz, H4), 7.75 (1H, d, J= 4.4 Hz, H9), 7.48 (1H, dd, J= 9.2, 2.5 Hz, H3), 7.41 (1H, d, J= 

2.5 Hz, H5), 6.70 (1H, d, J= 4.9 Hz, H12), 6.57 (1H, d, J= 4.7 Hz, H11), 5.73 (1H, d, J= 11.6 Hz, H13a), 4.99 
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(1H, d, J= 12.4, H13b), 4.45 (1H, t, J= 11.2 Hz, H19a), 4.03 (3H, s, H1), 3.84 (1H, dd, J= 9.0, 7.9 Hz, H23), 

3.54 (1H, m, H24a), 3.33 (1H, m, H24b), 3.22 (1H, m, H19b), 2.24 (1H, m, H22a), 2.13 (1H, m, H20a), 1.97 

(1H, m, H21), 1.75 (2H, m, H20b H25), 1.52 (1H, dd, J= 12.8, 10.8 Hz, H22b), 1.26 (2H, m, H26), 0.70 (3H, 

t, J=7.4 Hz, H27). 13C NMR (150.9 MHz, DMSO) δ 158.0 (C2), 14.8 (C10), 144.2 (C8), 144.1 (C6), 134.8 

(C15), 131.9 (C7), 131.8 (C4), 131.2 (q, 1JC–F= 33.6 Hz, C18), 126.0 (C16), 124.5 (C17), 122.7 (C14), 121.9 

(C3), 120.8 (C9), 102.4 (C5), 69.0 (C23), 64.0 (C11), 62.0 (C13), 61.5 (C24), 56.2 (C1), 51.2 (C19), 35.5 

(C25), 25.6 (C26), 25.2 (C20), 24.2 (C21), 20.7 (C22), 11.6 (C27). 19F NMR (376.5 MHz, DMSO) δ -62.2. 

IR (νmax/cm-1) 3219, 2971, 1738, 1620, 1508. HRMS (FTMS +p NSI) m/z [M]+
 Calcd for C29H31F6N2O2; 

553.2284, found 553.2269, Δ= -2.8 ppm. [𝜶]𝑫
𝟐𝟓= -66.3° (c 1.09, CHCl3). 

Data in accordance with literature.234 

 

(1S,2S,4S,5R)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)-1-((3,3'',5,5''-

tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was applied to dihydroquinine (326 mg, 1 mmol), and 5'-(bromomethyl)-

3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-terphenyl (536 mg, 0.9 mmol) in THF (10 mL). Once the 

reaction was complete, the solvent was removed, and the product purified by hot recrystallisation 

(CHCl3 with drops of MeOH), to yield the product as a white solid (441 mg, 0.48 mmol, 52%). 1H NMR 

(600.1 MHz, DMSO) δ 8.81 (1H, d, J= 4.4 Hz, H9), 8.52 (4H, s, H18), 8.47 (1H, s, H16), 8.24 (2H, s, H14), 

8.20 (2H, s, H20), 8.04 (1H, d, J= 9.2Hz, H4), 7.77 (1H, d, J= 4.4 Hz, H8), 7.49 (1H, dd, J= 9.2, 2.4, H3), 

7.42 (1H, d, J= 2.4, H31), 6.69 (1H, d, J= 3.8 Hz, H11), 6.62 (1H, s, H10), 5.62 (1H, d, J= 12.3 Hz, H12a), 

4.86 (1H, d, J= 12.3 Hz, H12b), 4.41 (1H, t, J= 11.1 Hz, H22a), 4.02 (3H, s, H1), 3.83 (1H, m, H26), 3.52 

(2H, m, H27), 3.33 (1H, m, H22b), 2.28 (1H, m, H25a), 2.17 (1H, m, 23a), 2.00 (1H, s, H24), 1.80 (2H, m, 

H23b H28), 1.55 (1H, m, H25b), 1.31 (2H, m, H29), 0.74 (3H, t, J= 7.3 Hz, H30). 13C NMR (150.9 MHz, 

DMSO) δ 157.9 (C2), 147.9 (C9), 144.3 (C7), 144.2 (C5), 139.2 (C17), 133.4 (C14), 132.0 (C4), 131.4 (q, 

1JC–F= 32.9 Hz, C21), 130.5 (C13), 129.0 (C16), 128.7 (C18), 125.9 (C6), 124.7 (C19), 122.9 (C19), 122.1 

(C20), 121.8 (C3), 120.8 (C8), 102.4 (C31), 69.8 (C26), 64.2 (C10), 63.2 (C12), 62.2 (C27), 56.0 (C1), 51.6 
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(C22), 35.6 (C28), 25.6 (C29), 25.2 (C23), 24.2 (C24), 20.5 (C25), 11.5 (C30). 19F NMR (376.5 MHz, 

DMSO) δ -62.0. HRMS (FTMS +p NSI) m/z [M]+ Calcd for C43H37F12N2O2; 841.2658, found 841.2641, Δ= 

-2.0 ppm. [𝜶]𝑫
𝟐𝟓= -92.8° (c 0.61, CHCl3). 

Data in accordance with literature.234 

 

 (1S,2S,4S,5R)-5-ethyl-1-((3,3'',4,4'',5,5''-hexafluoro-[1,1':3',1''-terphenyl]-5'-yl)methyl)-2-((R)-

hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was applied to dihydroquinine (179.6 mg, 0.55 mmol) and 5'-(bromomethyl)-

3,3'',4,4'',5,5''-hexafluoro-1,1':3',1''-terphenyl (215.6 mg, 0.5 mmol) in THF (10 mL). Once the reaction 

was complete, the solution was cooled to room temperature, filtered, washed with cold THF (2 x 5 

mL), and dried in vacuo to yield the product as a white powder (259.1 mg, 0.34 mmol, 69%). 1H NMR 

(600.1 MHz, DMSO) δ 8.79 (1H, d, J= 4.4 Hz, H10), 8.21 (1H, s, H30), 8.19 (2H, s, H15), 7.99 (1H, d, 9.3 

Hz, H4), 7.97 (4H, dd, JC–F= 9.3, 7.5 Hz, H18), 7.75 (1H, d, J= 4.4 Hz, H9), 7.46 (1H, dd, J= 9.1, 2.4 Hz, 

H3), 7.42 (1H, d, J= 2.4 Hz, H6), 6.73 (1H, d, J= 4.5 Hz, H12), 6.63 (1H, d, J= 4.1 Hz, H11), 5.60 (1H, d, 

12.4 Hz, H13a), 4.84 (1H, d, J= 12.4 Hz, H13b), 4.48 (1H, t, J= 11.3 Hz, H21a), 4.04 (3H, s, H1), 3.85 (1H, 

dd, J= 9.0, 7.9 Hz, H25), 3.53 (2H, m, H26), 3.30 (1H, m, H21b), 2.25 (1H, m, H24a), 2.16 (1H, m, H22a), 

1.99 (1H, s, H23), 1.79 (2H, m, H22b H27), 1.54 (1H, m, H24b), 1.36 (1H, m, H28a), 1.22 (1H, m, H28b), 

0.72 (3H, t, J= 7.4 Hz, H29). 13C NMR (150.9 MHz, DMSO) δ 156.0 (C2), 151.1 (ddd, JC–F= 246.8, 9.6, 4.0 

Hz, C19), 147.8 (C10), 144.2 (C5 C8), 139.1 (dt, Jc–F= 250.6, 15.6 Hz, C20), 138.6 (C16), 135.9 (m, C17), 

132.3 (C15), 131.9 (C4), 130.4 (C14), 127.0 (C30), 126.0 (C7), 121.9 (C3), 120.7 (C9), 112.3 (dd, JC–F= 

17.5, 4.0 Hz, C18), 102.3 (C6), 68.8 (C25), 64.1 (C11), 63.0 (C13), 62.5 (C26), 56.2 (C1), 51.6 (C21), 35.6 

(C7), 25.6 (C28), 25.3 (C22), 24.0 (C23), 20.7 (C24), 11.7 (C29). 19F NMR (376.5 MHz, DMSO) -135.78 

(4F, d, J= 21.7 Hz, F19), -163.39 (2F, t, J= 21.7 Hz, F20). HRMS (FTMS +p NSI) m/z [M]+ Calcd for 

C39H35F6N2O2; 677.2597, found 677.2853, Δ= -2.1 ppm. [𝜶]𝑫
𝟐𝟓= -139.0° (c 1.05, CHCl3).  

Data in accordance with literature.234 
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(1S,2S,4S,5R)-1-(3,5-dimethoxybenzyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was applied to O-methyldihydroquinine (650 mg, 1.9 mmol) and 3,5-

dimethoxybenzyl bromide (439 mg, 1.9 mmol) in THF (20 mL). Once the reaction was complete, the 

solution was cooled to room temperature, filtered, washed with cold THF (2 x 5 mL), and dried in 

vacuo to yield the product as a white powder (664.5 mg, 1.16 mmol, 61%). 1H NMR (600.1 MHz, DMSO) 

δ 8.83 (1H, d, J= 4.4 Hz,H6), 8.03 (1H, d, J= 9.2 Hz, H3), 7.62 (1H, d, J= 4.4 Hz, H5), 7.49 (1H, dd, J= 9.2, 

2.6 Hz, H2), 7.37 (1H, d, J= 2.3 Hz, H4), 6.87 (2H, d, J= 2.1 Hz, H10), 6.68 (1H, t, J= 2.1 Hz, H11), 6.30 

(1H, s, H7), 5.34 (1H, d, J= 12.2 Hz, H9a), 4.57 (1H, d, J= 12.2 Hz, H9b), 4.00 (3H, s, H1), 3.99 (1H, m, 

H13a), 3.81 (6H, s, H12), 3.79 (1H, m, H17), 3.50 (3H, s, H8), 3.33 (2H, m, H18), 3.26 (1H, dd, J= 12.4, 

10.7 Hz, H13b), 2.28 (1H, m, H16a), 2.09 (1H, m, H14a), 1.95 (1H, m, H15), 1.78 (2H, m, H14b H19), 1.51 

(1H, m, H16b), 1.20 (2H, m, H20), 0.69 (3H, t, J= 7.4 Hz, H21). 13C NMR (150.9 MHz, DMSO) δ 161.0, 

157.9, 147.9, 144.5, 140.3, 131.9, 130.3, 126.7, 122.3, 120.2, 112.1, 102.4, 102.0, 73.6, 65.9, 64.5, 

61.6, 56.9, 56.0, 55.9, 51.8, 35.3, 25.5, 25.2, 24.1, 20.4, 11.7. HRMS (FTMS +p NSI) m/z [M]+ Calcd for 

C30H39N2O4; 491.2904, found 491.2912, Δ= 1.6 ppm. [𝜶]𝑫
𝟐𝟓= -155.4° (c 1.02, CHCl3).  

Data in accordance with literature.234 

 

(1S,2S,4S,5R)-1-(anthracen-9-ylmethyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium chloride 
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General procedure C was applied to O-methyldihydroquinine (650 mg, 1.9 mmol) and 9-

chloromethylanthracene (431 mg, 1.9 mmol) in THF (20 mL). Once the reaction was complete, the 

solvent was removed, and the residue purified by column chromatography (silica stationary phase, 5-

15% MeOH:CH2Cl2 mobile phase) to yield the product as a yellow powder (722 mg, 1.27 mmol, 67%). 

1H NMR (600.1 MHz, DMSO) δ 8.98 (1H, s, H14), 8.89 (1H, d, J= 4.4 Hz, H5), 8.85 (1H, d, J= 9.1 Hz, 

H10a), 8.55 (1H, d, J= 9.1 Hz, H10b) 8.27 (2H, dd, J= 8.1, 5.5 Hz, H13), 8.08 (1H, d, J= 9.2 Hz, H3), 7.85 

(1H, m, H11a), 7.74 (2H, m, H6 H11b), 7.66 (3H, m, H4 H12), 7.54 (1H, dd, J= 9.2, 2.6 Hz, H2), 6.91 (1H, 

s, H7), 6.69 (1H, d, J= 14.0 Hz, H9a), 5.59 (1H, d, J= 14.0 Hz, H9b), 4.58 (1H, m, H15a), 4.19 (1H, m, H19), 

4.01 (3H, s, H1), 3.72 (3H, s, H8), 3.67 (1H, m, H20a), 2.98 (1H, t, J= 11.4 Hz, H20b), 2.78 (1H, m, H15b), 

2.29 (1H, m, H18a), 2.03 (1H, m, H16a), 1.82 (1H, m, H17), 1.49 (3H, m, H16b H18b H21), 1.15 (2H, pent, 

J= 7.4 Hz, H22), 0.56 (3H, t, J= 7.3 Hz, H23). 13C NMR (150.9 MHz, DMSO) δ 133.2, 132.6, 131.8, 131.6, 

131.5, 130.2, 130.1, 128.2, 128.1, 126.9, 125.9, 125.1, 125.0, 122.5, 120.5, 119.1, 103.2, 68.3, 62.1, 

56.9, 56.2, 55.7, 55.4, 52.4, 35.4, 25.6, 23.8, 21.0, 11.5. HRMS (FTMS +p NSI) m/z [M]+ Calcd for 

C36H39N2O2; 531.3006, found 531.2995, Δ= -2.1 ppm. [𝜶]𝑫
𝟐𝟓= -316.1° (c 0.95, CHCl3).  

 

(1S,2S,4S,5R)-1-benzyl-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium 

bromide 

 

General procedure C was applied to O-methyldihydroquinine (681 mg, 2 mmol) and benzyl bromide 

(0.24 mL, 2 mmol) in THF (20 mL). Once the reaction was complete, the solvent was removed, and the 

residue purified by column chromatography (silica stationary phase, 5-15% MeOH:CH2Cl2 mobile 

phase) to yield the product as a pale pink powder (607.8 mg, 1.19 mmol, 59%). 1H NMR (600.1 MHz, 

DMSO) δ 8.84 (1H, d, J= 4.4 Hz, H5), 8.03 (1H, d, J= 9.2 Hz, H3), 7.70 (2H, m, H10), 7.63 (1H, d, J= 4.4 

Hz, H6), 7.56 (3H, m, H11 H12), 7.50 (1H, dd, J= 9.2, 2.6 Hz, H2), 7.39 (1H, d, J= 2.4 Hz, H4), 6.35 (1H, 

s, H7), 5.46 (1H, d, J= 12.2 Hz, H9a), 4.64 (1H, d, J= 12.2 Hz, H9b), 4.00 (3H, s, H1), 3.95 (1H, m, H13a), 

3.87 (1H, m, H17), 3.51 (3H, s, H8), 3.39 (1H, m, H13b), 3.32 (2H, m, H18), 2.28 (1H, m, H16a), 2.09 (1H, 

m, H14a), 1.96 (1H, s, H15), 1.77 (2H, m, H14b H19), 1.52 (1H, m, H16b), 1.21 (2H, m, H20), 0.69 (3H, t, 

J= 7.4 Hz, H21). 13C NMR (150.9 MHz, DMSO) δ 157.9, 148.0, 144.6, 140.2, 134.1, 131.9, 130.6, 129.5, 

128.4, 126.7, 122.3, 120.3, 102.5, 73.7, 68.6, 64.3, 61.3, 56.8, 55.9, 51.4, 35.2, 25.5, 25.1, 24.3, 20.4, 
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11.6. HRMS (FTMS +p NSI) m/z [M]+ Calcd for C28H35N2O2; 431.2693, found 431.2685, Δ= -1.9 ppm. 

[𝜶]𝑫
𝟐𝟓= -130.0° (c 1.09, CHCl3).  

 

(1S,2S,4S,5R)-1-(3,5-bis(trifluoromethyl)benzyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was applied to O-methyldihydroquinine (681 mg, 2 mmol) and 3,5-

bis(trifluoromethyl)benzyl bromide (0.37 mL, 2 mmol) in THF (20 mL). Once the reaction was 

complete, the solvent was removed, and the residue purified by column chromatography (silica 

stationary phase, 5-15% MeOH:CH2Cl2 mobile phase) to yield the product as an orange powder (774.9 

mg, 1.20 mmol, 60 %). 1H NMR (600.1 MHz, DMSO) δ 8.84 (1H, d, J= 4,4 Hz, H5), 8.55 (2H, s, H10), 8.34 

(1H, s, H11), 8.03 (1H, d, J= 9.2 Hz, H3), 7.64 (1H, d, J= 4.5 Hz, H6), 7.49 (1H, dd, J= 9.2, 2.6 Hz, H2), 

7.40 (1H, d, J= 2.3 Hz, H4), 6.33 (1H, s, H7), 5.67 (1H, d, J= 12.3 Hz, H9a), 4.97 (1H, d, J= 12.3 Hz, H9b), 

4.16 (1H, m, H12a), 4.00 (3H, s, H1), 3.80 (1H,m, H16), 3.52 (3H, s, H8), 3.49 (1H, m, H12b), 3.29 (2H, 

m, H17), 2.32 (1H, m, H15a), 2.10 (1H, m, H13a), 1.97 (1H, s, H14), 1.74 (2H, m, H13b H18), 1.56 (1H, m, 

H15b), 1.21 (2H, m, H19), 0.68 (3H, t, J= 7.4 Hz, H20). 13C NMR (150.9 MHz, DMSO) δ 144.6, 140.0, 

135.0, 131.9, 131.7, 131.2 (q, 1JC–F= 33.1 Hz), 126.8, 126.3, 124.5, 122.7, 122.2, 120.4, 102.4, 73.8, 39.2, 

62.4, 61.5, 57.0, 56.9, 56.1, 55.4, 51.5, 35.4, 25.5, 25.2, 24.1, 20.5, 11.6. 19F NMR (376.5 MHz, DMSO) 

δ -61.1. HRMS (FTMS +p NSI) m/z [M]+ Calcd for C30H33F6N2O2; 567.2441, found 567.2424, Δ= -3.0 ppm. 

[𝜶]𝑫
𝟐𝟓= -130.8° (c 1.02, CHCl3). 
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(1S,2S,4S,5R)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-yl)methyl)-1-(3,4,5-

trifluorobenzyl)quinuclidin-1-ium bromide 

 

General procedure C was performed with dihydroquinine (163.2 mg, 0.5 mmol) and 3,4,5-

trifluorobenzyl bromide (112.5 mg, 0.5 mmol) in THF (6 mL). Once the reaction was complete, the 

solvent was removed, and the residue purified by column chromatography (silica stationary phase, 5-

15% MeOH:CH2Cl2 mobile phase) to yield the product as an purple powder (31.7 mg, 0.06 mmol, 12%). 

1H NMR (400 MHz, CDCl3) δ 8.69 (d, J = 4.5 Hz, 1H), 7.94 (d, J = 9.1 Hz, 1H), 7.75 (t, J = 6.9 Hz, 2H), 7.69 

(d, J = 4.5 Hz, 1H), 7.28 – 7.21 (m, 2H), 6.53 (d, J = 3.9 Hz, 1H), 6.36 (s, 1H), 5.94 (d, J = 12.0 Hz, 1H), 

5.03 (d, J = 11.9 Hz, 1H), 4.78 (t, J = 11.9 Hz, 1H), 4.03 – 3.92 (m, 4H), 3.83 – 3.71 (m, 1H), 3.42 – 3.27 

(m, 1H), 3.05 – 2.91 (m, 1H), 2.34 – 2.15 (m, 2H), 1.98 (q, J = 3.0 Hz, 1H), 1.68 (dd, J = 16.4, 9.8 Hz, 2H), 

1.51 – 1.41 (m, 1H), 1.21 (ddt, J = 35.7, 14.4, 7.3 Hz, 2H), 0.65 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 158.2, 149.8 (m), 147.1, 143.9, 143.0, 131.6, 125.9, 123.6 (m), 121.1, 120.6, 118.7, 118.5 (m), 

102.0, 69.3, 64.2, 62.8, 60.9, 56.4, 51.4, 36.1, 29.7, 26.0, 25.3, 23.8, 21.3, 11.2. 19F NMR (376 MHz, 

CDCl3) δ -132.58 (d, J = 20.7 Hz, 2F), -157.17 (t, J = 20.8 Hz, 1F). HRMS (FTMS +p NSI) m/z: [M]+ Calcd 

for C27H30F3N2O2 471.2254; found 471.2244, Δ= -2.1 ppm. [𝜶]𝑫
𝟐𝟓= -63.3° (c 0.64, CHCl3). 

 

(1S,2S,4S,5R)-1-(3,5-di-tert-butylbenzyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium bromide 

 

General procedure C was performed with dihydroquinine (163 mg, 0.5 mmol) and 3,5-

ditertbutylbenzyl bromide (142 mg, 0.5 mmol) in THF (6 mL). Once the reaction was complete, the 

solid formed was filtered to yield the product as a white powder (200 mg, 0.42 mmol, 85%). 1H NMR 

(400 MHz, DMSO) δ 8.79 (d, J = 4.5 Hz, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.69 (d, J = 4.5 Hz, 1H), 7.51 (d, J = 
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2.2 Hz, 2H), 7.49 (d, J = 2.6 Hz, 1H), 7.42 (d, J = 2.7 Hz, 1H), 7.38 (d, J = 1.7 Hz, 2H), 6.64 (d, J = 4.4 Hz, 

1H), 6.50 (d, J = 4.5 Hz, 1H), 5.15 (d, J = 12.4 Hz, 1H), 4.69 (d, J = 12.3 Hz, 1H), 4.28 – 4.13 (m, 1H), 4.00 

(s, 3H), 3.77 (dd, J = 10.9, 6.3 Hz, 1H), 3.32 – 3.22 (m, 2H), 3.17 (td, J = 11.2, 5.9 Hz, 1H), 2.30 – 2.18 

(m, 1H), 2.17 – 2.03 (m, 1H), 1.95 (q, J = 2.9 Hz, 1H), 1.87 – 1.71 (m, 2H), 1.60 – 1.44 (m, 1H), 1.26 (s, 

18H), 1.34 – 1.16 (m, 2H), 0.71 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 157.7, 151.3, 147.7, 

144.1, 144.0, 131.7, 127.9, 127.2, 125.9, 123.8, 121.7, 120.3, 102.5, 79.5, 79.2, 78.8, 68.2, 64.6, 64.0, 

61.6, 55.7, 51.4, 35.2, 34.8, 31.3, 25.6, 25.1, 24.5, 20.3, 11.3. HRMS (FTMS +p NSI) m/z: [M]+ Calcd for 

C35H49N2O2 529.3789; found 529.3773, Δ= -2.9 ppm. [𝜶]𝑫
𝟐𝟓= -104.4° (c 0.74, CHCl3). 

 

(3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)methanol 

 

3,5-dibromobenzaldehyde (3.96 g, 15 mmol), 3,5-bis(trifluoromethyl)benzeneboronic acid (8.87 g, 

34.5 mmol) and Pd(dppf)Cl2.CH2Cl2 (370 mg, 0.45 mmol) we dissolved in dioxane (150 mL) and aqueous 

NaCO3 (10 mL, 2M) under argon. The solution was refluxed for 16 h, then the solvent removed. The 

residue was redissolved in MeOH (120 mL) and cooled in ice. NaBH4 (1.32 g, 35 mmol) was added 

portionwise, and the mixture was allowed to warm to room temperature, then stirred for 2 h. The 

solvent was then removed, and the residue was purified by column chromatography (silica stationary 

phase, 0-5% EtOAc:Petrol) to yield the product as a white solid (1.815g, 3.4 mmol, 23%). 1H NMR 

(600.1 MHz, CDCl3) 8.07 (4H, s, H5), 7.93 (2H, s, H6), 7.69 (3H, s, H3 H4), 4.93 (2H, d, J= 5.7 Hz, H2). 

 

5'-(bromomethyl)-3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-terphenyl 

 

(3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)methanol (1.82 g, 3.4 mmol) and 

carbon tetrabromide (1.69 g, 5.1 mmol) were dissolved in CH2Cl2 (75 mL) under argon. The solution 
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was cooled in ice, and triphenylphosphine (1.34 g, 5.1 mmol) in CH2Cl2 (25 mL) was added dropwise. 

The mixture was allowed to warm to room temperature and stirred for 16 h. The solvent was then 

removed, and the residue purified by column chromatography (silica stationary phase, 0-2% 

EtOAc:petrol mobile phase) to afford the product as a white powder (1.722 g, 2.89 mmol, 85%). 1H 

NMR (600.1 MHz, CDCl3) δ 8.06 (4H, s, H3), 7.95 (2H, s, H1), 7.70 (3H, s, H6 H9), 4.65 (2H, s, H10). 13C 

NMR (150.9 MHz, CDCl3) δ 142.1 (C4), 140.3 (C5), 132.5 (C8, q, 1JC–F= 33.4 Hz), 128.3 (C6), 127.5 (C3), 

126.2 (C9), 124.1 (C7), 122.3 (C2), 121.8 (C1), 32.0 (C10). 19F NMR (376.5 MHz, CDCl3) δ -62.8 (s, F8). 

HRMS (FTMS +p NSI) m/z: [M]+ Calcd for C23H11F12Br 593.9853; found 593.9855, Δ= 0.3 ppm. 

Data in accordance with literature.234 

 

(3,3'',4,4'',5,5''-hexafluoro-[1,1':3',1''-terphenyl]-5'-yl)methanol 

 

3,5-dibromobenzaldehyde (2.64 g, 10 mmol), 3,4,5-trifluorobenzeneboronic acid (4.05 g, 23 mmol) 

and Pd(dppf)Cl2.CH2Cl2 (247 mg, 0.3 mmol) we dissolved in dioxane (100 mL) and aqueous Na2CO3 (10 

mL, 2 M) under argon. The solution was refluxed for 16 h, then the solvent removed. The residue was 

redissolved in MeOH (90 mL) and cooled in ice. NaBH4 (0.87, 23 mmol) was added portionwise, and 

the mixture was allowed to warm to room temperature, then stirred for 2 h. The solvent was then 

removed, and the residue was purified by column chromatography (silica stationary phase, 0-10% 

EtOAc:Petrol) to afford the product as a white solid 1.445 g, 3.92 mmol, 39%). 1H NMR (400.1 MHz, 

CDCl3) δ 7.52 (2H, s, H7), 7.50 (1H, d, J= 1.6 Hz, H6), 7.23 (4H, dd, J= 8.7, 6.5 Hz, H3), 4.84 (2H, d, J= 5.6 

Hz, H9), 1.84 (1H, t, J= 5.6 Hz, H10). 13C NMR (101.6 MHz, CDCl3) δ 151.5 (ddd, J= 250.3, 10.1, 4.3 Hz, 

C2), 142.8 (C8), 139.6 (dt, J= 252.8, 15.4 Hz, C1), 139.5 (C5), 136.6 (m, C4), 125.2 (C7), 124.7 (C6), 111.3 

(dd, J= 15.9, 6.1 Hz, C3) 64.7 (C9). 19F NMR (376.5 MHz, CDCl3) -133.6 (4F, d, J= 20.5, F2), -161.6 (2F, t, 

J= 20.5, F1). HRMS (FTMS +p NSI) m/z: [M+] Calcd for C19H10F6O 368.0636, found 368.0636, Δ= 0 ppm. 

Data in accordance with literature.234 
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5'-(bromomethyl)-3,3'',4,4'',5,5''-hexafluoro-1,1':3',1''-terphenyl 

 

(3,3'',4,4'',5,5''-hexafluoro-[1,1':3',1''-terphenyl]-5'-yl)methanol (1.0 g, 2.72 mmol) and carbon 

tetrabromide (1.35 g, 4.08 mmol) were dissolved in CH2Cl2 (45 mL) under argon. The solution was 

cooled in ice, and triphenylphosphine (1.07 g, 4.08 mmol) in CH2Cl2 (15 mL) was added dropwise. The 

mixture was allowed to warm to room temperature and stirred for 16 h. The solvent was then 

removed, and the residue purified by column chromatography (silica stationary phase, 0-5% 

EtOAc:petrol mobile phase) to afford the product as a white solid (1.06 g, 2.46 mmol, 90%). 1H NMR 

(600.1 MHz, CDCl3) δ 7.56 (2H, d, J= 1.6 Hz, H3), 7.53 (1H, t, J= 1.6Hz, H5), 7.24 (4H, dd, J= 8.4, 6.5 Hz, 

H7), 4.60 (2H, s, H1). 13C NMR (150.9 MHz, CDCl3) δ 151.5 (ddd, JC–F= 250.6, 10.0, 4.2 Hz, C8), 139.9 (m, 

C4), 139.8 (C2), 139.7 (dt, JC–F= 253.1, 15.3 Hz, C9), 136.1 (m, C6), 127.4 (C3), 125.4 (C5), 111.3 (dd, JC–

F= 17.1, 4.6 Hz, C7), 32.3 (C1). 19F NMR (376.5 MHz, CDCl3) δ -133.3 (4F, d, J= 20.5 Hz, F8), -161.2 (2F, 

t, J= 20.5 Hz, F9). HRMS (FTMS +p NSI) m/z: [M+] calcd for C19H9F6Br; 429.9792, found 429.9794, Δ= 

0.5 ppm.  

Data in accordance with literature.234 

 

3,5-di(tertbutyl)benzeneboronic acid pinacol ester 

 

1-bromo-3,5-di(tertbutyl)benzene (4.04 g, 15 mmol) B2Pin2 (4.57 g, 18 mmol), Pd(dppf)Cl2.CH2Cl2 (367 

mg, 0.45 mmol) and potassium acetate (7.36 g, 75 mmol) were dissolved in dioxane (100 mL) under 

argon. The mixture was refluxed for 16 h, then the solvent removed. The residue was purified by 

column chromatography (silica stationary phase, 0-10% EtOAc:petrol) to yield the product as a white 

crystalline solid (4.6911 g, 14.8 mmol, 99%), with a 15% impurity of B2Pin2 which was used without 

further purification. 1H NMR (600.1 MHz, CDCl3) δ 7.68 (2H, d, J= 2.0 Hz, H3), 7.56 (1H, t, J= 2.0 Hz, 
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H5), 1.36 (18H, s, H7), 1.35 (12H, s, H1). 13C NMR (150.9 MHz, CDCl3) δ 149.8(C2), 128.8 (C3), 125.5 

(C5), 83.5 (C8), 34.8 (C6), 31.5 (C7), 24.9 (C1). HRMS (FTMS +p NSI) m/z: [M+H]+ calcd for C20H34BO2; 

316.2688, found 316.2682, Δ= -1.9 ppm.  

Data in accordance with literature.234 

 

(3,3'',5,5''-tetra-tert-butyl-[1,1':3',1''-terphenyl]-5'-yl)methanol 

 

3,5-dibromobenzaldehyde (1.32 g, 5 mmol), 3,5-di(tertbutyl)benzeneboronic acid pinacol ester (4.11 

g, 13 mmol) and Pd(dppf)Cl2.CH2Cl2 (124 mg, 0.15 mmol) we dissolved in dioxane (80 mL) and aqueous 

Na2CO3 (5 mL, 2 M) under argon. The solution was refluxed for 16 h, then the solvent removed. The 

residue was redissolved in MeOH (60 mL) and cooled in ice. NaBH4 (0.5, 16 mmol) was added 

portionwise, and the mixture was allowed to warm to room temperature, then stirred for 2 h. The 

solvent was then removed, and the residue was purified by column chromatography (silica stationary 

phase, 0-10% EtOAc:Petrol) to afford the product as a white solid (630 mg, 1.30 mmol, 26%). 1H NMR 

(600.1 MHz, CDCl3) δ 7.74 (1H, t, J= 1.5 Hz, H8) 7.58 (2H, d, J= 1.5 Hz, H9), 7.50 (2H, d, J= 1.7 Hz, H4), 

7.49 (4H, d, J= 1.7 Hz, H5), 4.88 (2H, d, J= 4.7 Hz, H11), 1.81 (1H, t, J= 5.4 Hz, H12), 1.42 (36H, s, H1). 

13C NMR (150.9 MHz, CDCl3) δ 151.3 (C3), 143.5 (C6), 141.6 (C10), 140.7 (C7), 126.4 (C8), 125.0 (C9), 

121.9 (C5), 121.7 (C4), 65.6 (C11), 35.0 (C2), 31.5 (C1). HRMS (FTMS +p NSI) m/z [M]+ Calcd for C35H48O 

484.3705; found 484.3707, Δ= 0.4 ppm. 

Data in accordance with literature.234 

 

5'-(bromomethyl)-3,3'',5,5''-tetra-tert-butyl-1,1':3',1''-terphenyl 
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(3,3'',5,5''-tetra-tert-butyl-[1,1':3',1''-terphenyl]-5'-yl)methanol (0.55 g, 1.13 mmol) and carbon 

tetrabromide (0.562 g, 1.7 mmol) were dissolved in CH2Cl2 (30 mL) under argon. The solution was 

cooled in ice, and triphenylphosphine (445 mg, 1.7 mmol) in CH2Cl2 (10 mL) was added dropwise. The 

mixture was allowed to warm to room temperature and stirred for 16 h. The solvent was then 

removed, and the residue purified by column chromatography (silica stationary phase, 0-5% 

EtOAc:petrol mobile phase) to afford the product as a white solid (554 mg, 1.01 mmol, 90%). 1H NMR 

(600.1 MHz, CDCl3) δ 7.75 (1H, t, J= 1.6 Hz, H8), 7.60 (2H, d, J= 1.6 Hz, H9), 7.53 (2H, t, J= 1.8 Hz, H4), 

7.49 (4H, d, J= 1.8 Hz, H5), 4.69 (2H, s, H11), 1.44 (36H, s, H1). 13C NMR (150.9 MHz, CDCl3) δ 151.3 

(C3), 143.8 (C6), 140.4 (C7), 138.4 (C10), 127.2 (C8), 126.9 (C9), 121.9 (C4), 121.8 (C5), 35.0 (C2), 33.7 

(C11), 31.6 (C1). HRMS (FTMS +p NSI) m/z [M+H]+ Calcd for C35H48Br 547.2939; found 547.2939, Δ= 0.0 

ppm. 

Data in accordance with literature.234 

 

ii. Salt exchanges to form chiral cation-ligand salt pairs 

General procedure D 

 

Quinine salt (1.1 equiv.) and (±)-sSPhos (1 equiv.) were dissolved in CHCl3 (1 mL), and a few drops of 

water added over 5 minutes whilst stirring until precipitate forms. The mixture was stirred for 1h, 

filtered through MgSO4 and solvent removed to yield the crude product. Stoichiometry was checked; 

if quinine was in excess, the solid was washed with water. If sSPhos is in excess, the solid is redissolved 

in CHCl3 and more quinine salt is added. The solid is then dried in vacuo to give the quinine sSPhos salt 

product.  
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(1S,2S,4S,5R)-1-(3,5-dimethoxybenzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos  

 

General procedure D was performed with quinine salt 84 (135 mg, 0.242 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as a purple solid (198 mg, 0.204 mmol, 93%) with 

5 mol% impurity of the quinine bromide salt 84. 1H NMR (600.1 MHz, DMSO) δ 8.80 (d, J = 4.5 Hz, 1H), 

8.02 (d, J = 9.2 Hz, 1H), 7.74 (d, J = 4.5 Hz, 1H), 7.67 (dd, J = 8.7, 4.2 Hz, 1H), 7.54 (dt, J = 4.9, 2.2 Hz, 

1H), 7.49 (dd, J = 9.2, 2.6 Hz, 1H), 7.36 (d, J = 2.8 Hz, 1H), 7.33 (dd, J = 5.8, 3.2 Hz, 2H), 7.09 (tt, J = 7.2, 

3.6 Hz, 1H), 6.79 (d, J = 2.2 Hz, 2H), 6.70 – 6.60 (m, 3H), 6.53 (d, J = 4.4 Hz, 1H), 5.24 (d, J = 12.2 Hz, 

1H), 4.55 (d, J = 12.2 Hz, 1H), 4.21 (t, J = 11.4 Hz, 1H), 4.00 (s, 3H), 3.78 (s, 6H), 3.58 (s, 3H), 3.28 (d, J = 

3.8 Hz, 3H), 2.28 – 2.05 (m, 2H), 2.00 – 1.87 (m, 2H), 1.85 – 0.85 (m, 30H), 0.72 (t, J = 7.3 Hz, 3H). 13C 

NMR (151 MHz, DMSO) Peaks are quoted, phosphorous coupling has not been included. δ 160.7, 

157.9, 157.5, 154.8, 147.6, 144.1, 143.8, 142.4, 142.0, 136.7, 136.5, 133.9, 132.0, 131.9, 131.6, 131.5, 

129.9, 128.7, 127.8, 126.5, 125.8, 125.7, 125.5, 121.6, 120.3, 111.6, 104.2, 102.1, 101.6, 79.3, 68.5, 

63.7, 61.7, 60.1, 55.5, 55.2, 51.3, 35.1, 35.0, 34.9, 33.0, 32.9, 30.4, 30.2, 30.1, 29.9, 29.4, 29.3, 28.9, 

28.8, 27.3, 27.2, 27.1, 26.8, 26.7, 26.7, 26.6, 26.2, 26.1, 25.9, 25.3, 24.9, 23.8, 20.0, 11.4. 31P NMR 

(242.9 MHz, DMSO) δ -10.55. HRMS (FTMS +p NSI) [M]+ Calcd for C29H37N2O4; 477.2748, found 

477.2734, Δ= -2.9 ppm. (FTMS -p NSI) [M]- Calcd for C26H34O5PS; 489.1870, found 489.1872, Δ= 0.4 

ppm. [𝜶]𝑫
𝟐𝟓= -56.6° (c 0.27, CHCl3).  

 

(1S,2S,4S,5R)-1-(anthracen-9-ylmethyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos  
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General procedure D was performed with quinine salt 85 (133 mg, 0.24 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as a yellow solid (181 mg, 0.179 mmol, 82%) with 

<1 mol% impurity of quinine chloride salt 85. 1H NMR (600 MHz, DMSO) δ 8.96 (s, 1H), 8.86 (d, J = 4.4 

Hz, 1H), 8.80 (d, J = 9.1 Hz, 1H), 8.69 (d, J = 9.1 Hz, 1H), 8.26 (dd, J = 8.5, 4.3 Hz, 2H), 8.05 (d, J = 9.2 Hz, 

1H), 7.88 (d, J = 4.5 Hz, 1H), 7.75 (td, J = 9.3, 6.5 Hz, 2H), 7.71 – 7.62 (m, 4H), 7.55 – 7.48 (m, 2H), 7.34 

– 7.25 (m, 2H), 7.14 (d, J = 4.2 Hz, 1H), 7.12 – 7.01 (m, 2H), 6.65 – 6.50 (m, 2H), 5.56 (d, J = 14.0 Hz, 

1H), 4.48 (ddd, J = 30.8, 12.7, 8.8 Hz, 2H), 4.02 (s, 3H), 3.57 (s, 3H), 3.28 (d, J = 3.7 Hz, 3H), 2.96 (t, J = 

11.4 Hz, 1H), 2.75 (td, J = 11.1, 5.9 Hz, 1H), 2.24 (dd, J = 12.9, 5.3 Hz, 1H), 2.15 – 2.04 (m, 1H), 2.00 – 

1.87 (m, 1H), 1.82 (q, J = 3.0 Hz, 1H), 1.75 – 1.29 (m, 16H), 1.27 – 0.88 (m, 12H), 0.54 (t, J = 7.3 Hz, 3H). 

13C NMR (151 MHz, DMSO) Peaks are quoted, phosphorous coupling has not been included. δ 158.3, 

157.6, 155.2, 147.9, 144.8, 144.2, 142.7, 142.4, 137.0, 136.9, 134.3, 133.6, 133.3, 132.5, 132.3, 131.9, 

131.7, 131.6, 131.5, 130.2, 130.0, 129.0, 128.1, 128.1, 128.0, 126.8, 126.1, 126.1, 125.9, 125.9, 125.9, 

125.2, 125.0, 122.2, 120.9, 119.3, 104.5, 104.5, 103.0, 79.6, 69.0, 64.6, 62.2, 60.5, 56.2, 55.7, 55.5, 

52.2, 35.6, 35.4, 35.3, 33.4, 33.3, 30.7, 30.6, 30.4, 30.3, 29.7, 29.7, 29.2, 29.2, 27.6, 27.5, 27.5, 27.4, 

27.1, 27.0, 26.9, 26.5, 26.5, 25.7, 25.6, 23.9, 20.8, 11.5. 31P NMR (242.9 MHz, DMSO) δ -10.57. HRMS 

(FTMS +p NSI) [M]+ Calcd for C35H37N2O2; 517.2850, found 517.2834, Δ= -3.0 ppm. (FTMS -p NSI) [M]- 

Calcd for C26H34O5PS; 489.1870, found 489.1872, Δ= 0.4 ppm. [𝜶]𝑫
𝟐𝟓= -185.6° (c 1.09, CHCl3).  

 

(1S,2S,4S,5R)-1-benzyl-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium (±)-

sSPhos 

 

General procedure D was performed with quinine salt 83 (109 mg, 0.22 mmol) and (±)-sSPhos (102 

mg, 0.20 mmol) in CHCl3. The product was isolated as a purple solid (113 mg, 0.125 mmol, 62%) with 

10 mol% impurity of quinine bromide salt 83. 1H NMR (600 MHz, DMSO) δ 8.80 (d, J = 4.4 Hz, 1H), 8.01 

(d, J = 9.2 Hz, 1H), 7.75 (d, J = 4.5 Hz, 1H), 7.69 – 7.61 (m, 3H), 7.55 (dd, J = 4.9, 2.0 Hz, 3H), 7.48 (dd, J 

= 9.2, 2.6 Hz, 1H), 7.36 (d, J = 2.7 Hz, 1H), 7.32 (dd, J = 6.4, 3.0 Hz, 2H), 7.11 – 7.03 (m, 1H), 6.71 (d, J = 

4.2 Hz, 1H), 6.63 (dd, J = 12.4, 8.8 Hz, 1H), 6.57 (d, J = 4.3 Hz, 1H), 5.37 (d, J = 12.3 Hz, 1H), 4.61 (d, J = 

12.3 Hz, 1H), 4.20 (t, J = 11.6 Hz, 1H), 3.99 (s, 3H), 3.87 – 3.79 (m, 1H), 3.58 (d, J = 2.4 Hz, 3H), 3.28 (d, 

J = 6.9 Hz, 3H), 3.16 (td, J = 11.1, 5.7 Hz, 1H), 2.22 (dd, J = 14.0, 6.2 Hz, 1H), 2.12 (d, J = 8.0 Hz, 1H), 1.98 
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– 1.86 (m, 2H), 1.85 – 1.33 (m, 15H), 1.31 – 0.86 (m, 14H), 0.70 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, 

DMSO) Peaks are quoted, phosphorous coupling has not been included. δ 158.3, 157.8, 155.2, 147.9, 

147.9, 144.5, 144.1, 142.6, 142.4, 137.0, 136.9, 134.3, 134.0, 132.3, 131.9, 130.6, 129.5, 128.4, 126.1, 

125.8, 121.9, 120.7, 104.5, 79.7, 79.6, 68.8, 64.1, 63.9, 61.7, 60.5, 55.9, 55.5, 51.2, 35.4, 35.3, 33.4, 

33.3, 30.6, 30.4, 29.7, 29.2, 27.0, 26.5, 25.7, 25.1, 20.4, 11.7, 11.6. 31P NMR (242.9 MHz, DMSO) δ -

10.56. HRMS (FTMS +p NSI) [M]+ Calcd for C27H33N2O2; 417.2537, found 417.2524, Δ= -3.0 ppm. (FTMS 

-p NSI) [M]- Calcd for C26H34O5PS; 489.1870, found 489.1871, Δ= 0.2 ppm. [𝜶]𝑫
𝟐𝟓= -43.9° (c 0.33, CHCl3)  

 

(1S,2S,4S,5R)-1-(3,5-bis(trifluoromethyl)benzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with quinine salt 86 (155 mg, 0.244 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as an orange solid (172 mg, 0.164 mmol, 75%) with 

<5 mol% impurity of quinine bromide salt 86. 1H NMR (600 MHz, DMSO) δ 8.80 (d, J = 4.4 Hz, 1H), 8.41 

(s, 2H), 8.34 (s, 1H), 8.03 (d, J = 9.1 Hz, 1H), 7.73 (d, J = 4.5 Hz, 1H), 7.66 (dd, J = 8.7, 6.6 Hz, 1H), 7.54 

(dt, J = 6.7, 2.2 Hz, 1H), 7.50 (dd, J = 9.2, 2.6 Hz, 1H), 7.36 (d, J = 2.7 Hz, 1H), 7.34 – 7.27 (m, 2H), 7.07 

(ddt, J = 13.2, 6.3, 3.4 Hz, 1H), 6.70 (d, J = 4.3 Hz, 1H), 6.63 (t, J = 9.0 Hz, 1H), 6.51 (d, J = 4.2 Hz, 1H), 

5.52 (d, J = 12.5 Hz, 1H), 4.87 (d, J = 12.5 Hz, 1H), 4.31 (td, J = 12.2, 11.2, 3.4 Hz, 1H), 3.98 (s, 3H), 3.76 

(dd, J = 10.5, 7.1 Hz, 1H), 3.58 (s, 3H), 3.27 (d, J = 4.6 Hz, 3H), 3.22 (td, J = 11.5, 6.1 Hz, 1H), 2.29 – 2.19 

(m, 1H), 2.19 – 2.07 (m, 1H), 1.99 – 1.87 (m, 2H), 1.86 – 1.46 (m, 15H), 1.38 (d, J = 13.4 Hz, 1H), 1.32 – 

0.88 (m, 13H), 0.70 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) Peaks are quoted, phosphorous and 

fluorine coupling have not been included. δ 158.3, 158.0, 155.2, 147.9, 144.2, 144.1, 142.6, 142.4, 

137.0, 136.9, 134.8, 134.2, 132.3, 132.0, 131.9, 131.9, 131.7, 131.6, 131.3, 131.1, 130.9, 129.0, 128.2, 

126.8, 126.3, 126.1, 126.1, 125.9, 124.5, 122.7, 121.6, 120.9, 120.7, 104.6, 104.5, 102.5, 79.6, 69.1, 

64.2, 62.0, 60.5, 56.1, 55.5, 51.3, 35.6, 35.4, 35.3, 33.4, 33.3, 30.7, 30.6, 30.4, 30.3, 29.7, 29.7, 29.2, 

29.2, 27.6, 27.5, 27.5, 27.4, 27.1, 27.0, 26.9, 26.5, 26.5, 25.7, 25.2, 24.2, 20.5, 11.6. 31P NMR (242.9 

MHz, DMSO) δ -10.55. 19F NMR (376.5 MHz, DMSO) -61.17. HRMS (FTMS +p NSI) [M]+ Calcd for 
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C29H31F6N2O2; 553.2284, found 553.2271, Δ= -2.4 ppm. (FTMS -p NSI) [M]- Calcd for C26H34O5PS; 

489.1870, found 489.1872, Δ= 0.4 ppm. [𝜶]𝑫
𝟐𝟓= -47.6° (c 1.01, CHCl3).  

 

(1S,2S,4S,5R)-1-(3,5-dimethoxybenzyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with quinine salt 88 (126 mg, 0.22 mmol) and (±)-sSPhos (123 

mg, 0.24 mmol) in CHCl3. The product was isolated as a pale yellow solid (116 mg, 0.118 mmol, 54%) 

with <5 mol% impurity of quinine bromide salt 88. 1H NMR (600 MHz, DMSO) δ 8.83 (d, J = 4.4 Hz, 1H), 

8.03 (d, J = 9.2 Hz, 1H), 7.66 (dd, J = 8.7, 3.1 Hz, 1H), 7.62 (d, J = 4.4 Hz, 1H), 7.56 – 7.51 (m, 1H), 7.50 

(dd, J = 9.2, 2.6 Hz, 1H), 7.35 (d, J = 2.7 Hz, 1H), 7.33 – 7.28 (m, 2H), 7.13 – 7.02 (m, 1H), 6.84 (d, J = 2.3 

Hz, 2H), 6.69 (t, J = 2.3 Hz, 1H), 6.64 (dd, J = 8.8, 5.9 Hz, 1H), 6.24 (s, 1H), 5.26 (d, J = 12.1 Hz, 1H), 4.53 

(d, J = 12.0 Hz, 1H), 3.99 (s, 3H), 3.81 (s, 6H), 3.80 – 3.71 (m, 1H), 3.58 (s, 3H), 3.48 (s, 3H), 3.29 (s, 3H), 

3.28 – 3.22 (m, 1H), 2.34 – 2.23 (m, 1H), 2.13 – 2.04 (m, 1H), 2.00 – 1.90 (m, 2H), 1.79 (d, J = 9.8 Hz, 

2H), 1.74 – 1.45 (m, 13H), 1.39 (d, J = 13.6 Hz, 1H), 1.31 – 0.87 (m, 13H), 0.69 (t, J = 7.3 Hz, 3H). 13C 

NMR (151 MHz, DMSO) Peaks are quoted, phosphorous coupling has not been included. δ 161.1, 

158.2, 157.9, 155.2, 147.9, 144.5, 142.7, 142.5, 140.2, 137.0, 136.9, 134.5, 132.3, 131.9, 130.2, 126.7, 

126.1, 126.1, 112.0, 104.5, 102.0, 79.7, 79.6, 68.9, 61.6, 60.5, 56.9, 56.0, 55.8, 55.5, 51.8, 35.3, 30.6, 

29.7, 29.2, 27.5, 26.5, 25.5, 25.2, 24.1, 20.4, 19.4, 11.7, 11.6. 31P NMR (242.9 MHz, DMSO) δ -10.58. 

HRMS (FTMS +p NSI) [M]+ Calcd for C30H39N2O4; 491.2904; found 491.2890, Δ= -2.9 ppm. (FTMS -p NSI) 

[M]- Calcd for C26H34O5PS; 489.1870, found 489.1872, Δ= 0.4 ppm. [𝜶]𝑫
𝟐𝟓= -61.2° (c 1.07, CHCl3).  
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(1S,2S,4S,5R)-1-(anthracen-9-ylmethyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with quinine salt 89 (146 mg, 0.26 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as a yellow solid (198 mg, 0.194 mmol, 88%) with 

<5 mol% impurity of quinine chloride salt 89. 1H NMR (600 MHz, DMSO) δ 8.99 (s, 1H), 8.90 (d, J = 4.4 

Hz, 1H), 8.82 (d, J = 9.1 Hz, 1H), 8.53 (d, J = 9.1 Hz, 1H), 8.28 (ddd, J = 8.7, 5.3, 1.3 Hz, 2H), 8.09 (d, J = 

9.2 Hz, 1H), 7.86 (ddd, J = 9.0, 6.4, 1.4 Hz, 1H), 7.76 (ddd, J = 9.0, 6.4, 1.4 Hz, 1H), 7.73 (d, J = 4.4 Hz, 

1H), 7.66 (qd, J = 8.7, 8.3, 5.9 Hz, 4H), 7.55 (td, J = 8.8, 2.9 Hz, 2H), 7.31 (dd, J = 5.8, 3.3 Hz, 2H), 7.08 

(dt, J = 8.1, 4.0 Hz, 1H), 6.85 (s, 1H), 6.66 – 6.55 (m, 2H), 5.57 (d, J = 14.0 Hz, 1H), 4.55 (dd, J = 11.1, 6.6 

Hz, 1H), 4.21 (td, J = 11.3, 5.6 Hz, 1H), 4.00 (s, 3H), 3.72 (s, 3H), 3.63 (dq, J = 12.3, 3.2 Hz, 1H), 3.58 (d, 

J = 2.8 Hz, 2H), 3.30 (d, J = 3.8 Hz, 2H), 3.06 – 2.92 (m, 1H), 2.79 (td, J = 11.4, 6.1 Hz, 1H), 2.35 – 2.27 

(m, 1H), 2.07 – 1.99 (m, 1H), 1.97 – 1.90 (m, 1H), 1.83 (q, J = 3.0 Hz, 1H), 1.75 – 1.34 (m, 14H), 1.30 – 

0.85 (m, 12H), 0.55 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) Peaks are quoted, phosphorous 

coupling has not been included. δ 158.2, 158.2, 157.7, 155.2, 148.0, 144.7, 142.8, 142.5, 140.0, 137.0, 

136.9, 134.6, 133.6, 133.2, 132.7, 132.3, 131.8, 131.6, 131.5, 130.2, 130.2, 129.1, 128.2, 128.1, 126.8, 

126.1, 126.1, 125.9, 124.9, 124.9, 122.4, 120.5, 119.0, 104.5, 103.1, 79.7, 68.3, 62.2, 61.1, 60.5, 57.0, 

56.2, 55.7, 55.5, 52.4, 35.4, 35.4, 35.3, 33.4, 33.3, 30.6, 30.5, 30.4, 30.3, 29.7, 29.7, 29.3, 29.2, 27.6, 

27.5, 27.5, 27.4, 27.1, 27.0, 27.0, 26.5, 26.5, 26.3, 25.6, 23.8, 21.0, 11.5. 31P NMR (242.9 MHz, DMSO) 

δ -10.59. HRMS (FTMS +p NSI) [M]+ Calcd for C36H39N2O2; 531.3006, found 531.2990, Δ= -3.0 ppm. 

(FTMS -p NSI) [M]- Calcd for C26H34O5PS; 489.1870, found 489.1871, Δ= 0.2 ppm. [𝜶]𝑫
𝟐𝟓= -127.2° (c 1.03, 

CHCl3). 
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(1S,2S,4S,5R)-1-benzyl-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-1-ium (±)-

sSPhos 

 

General procedure D was performed with quinine salt 87 (132 mg, 0.26 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as a pale yellow solid (156 mg, 0.169 mmol, 77%) 

with 5 mol% impurity of quinine bromide salt 87. 1H NMR (600 MHz, DMSO) δ 8.84 (d, J = 4.4 Hz, 1H), 

8.04 (d, J = 9.2 Hz, 1H), 7.67 (ddd, J = 10.5, 7.7, 2.1 Hz, 3H), 7.63 (d, J = 4.5 Hz, 1H), 7.58 – 7.53 (m, 4H), 

7.51 (dd, J = 9.2, 2.6 Hz, 1H), 7.37 (d, J = 2.7 Hz, 1H), 7.34 – 7.30 (m, 2H), 7.14 – 7.03 (m, 1H), 6.64 (dd, 

J = 8.8, 4.8 Hz, 1H), 6.30 (s, 1H), 5.39 (d, J = 12.3 Hz, 1H), 4.61 (d, J = 12.2 Hz, 1H), 3.98 (s, 3H), 3.85 (dd, 

J = 11.1, 6.3 Hz, 1H), 3.58 (d, J = 1.5 Hz, 3H), 3.49 (s, 3H), 3.29 (s, 3H), 3.23 (dt, J = 11.3, 8.1 Hz, 2H), 

2.33 – 2.21 (m, 1H), 2.14 – 2.03 (m, 1H), 1.98 – 1.88 (m, 2H), 1.82 – 1.44 (m, 14H), 1.39 (d, J = 13.5 Hz, 

1H), 1.31 – 0.91 (m, 13H), 0.69 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) Peaks are quoted, 

phosphorous coupling has not been included. δ 158.2, 157.9, 155.2, 148.0, 144.5, 142.7, 142.5, 140.1, 

137.0, 136.9, 134.5, 134.0, 132.3, 131.9, 131.9, 131.9, 130.6, 129.5, 129.1, 128.3, 128.2, 126.8, 126.7, 

126.1, 126.1, 122.2, 120.2, 104.5, 102.5, 79.6, 73.7, 68.6, 64.3, 61.4, 60.5, 56.8, 55.8, 55.5, 51.4, 35.4, 

35.3, 35.2, 33.4, 33.3, 30.7, 30.6, 30.4, 30.3, 29.7, 29.7, 29.3, 29.2, 27.6, 27.5, 27.5, 27.4, 27.1, 27.0, 

27.0, 26.5, 26.5, 25.5, 25.1, 24.3, 20.4, 11.6. 31P NMR (242.9 MHz, DMSO) δ -10.58. HRMS (FTMS +p 

NSI) [M]+ Calcd for C28H35N2O2; 431.2693, found 431.2683, Δ= -2.3 ppm. (FTMS -p NSI) [M]- Calcd for 

C26H34O5PS; 489.1870, found 489.1871, Δ= 0.2 ppm. [𝜶]𝑫
𝟐𝟓= -59.4° (c 1.09, CHCl3).  

 

(1S,2S,4S,5R)-1-(3,5-bis(trifluoromethyl)benzyl)-5-ethyl-2-((R)-methoxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos 
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General procedure D was performed with quinine salt 90 (161 mg, 0.25 mmol) and (±)-sSPhos (113 

mg, 0.22 mmol) in CHCl3. The product was isolated as an orange solid (174 mg, 0.165 mmol, 75%) with 

10 mol% impurity of quinine bromide salt 90. 1H NMR (600 MHz, DMSO) δ 8.84 (d, J = 4.5 Hz, 1H), 8.51 

(s, 2H), 8.35 (s, 1H), 8.04 (d, J = 9.1 Hz, 1H), 7.69 – 7.61 (m, 2H), 7.53 (ddd, J = 11.8, 6.6, 2.3 Hz, 2H), 

7.37 (d, J = 2.7 Hz, 1H), 7.32 (dd, J = 5.7, 3.2 Hz, 2H), 7.14 – 7.05 (m, 1H), 6.63 (t, J = 9.1 Hz, 1H), 6.24 

(s, 1H), 5.54 (d, J = 12.3 Hz, 1H), 4.88 (d, J = 12.3 Hz, 1H), 4.16 (dd, J = 13.1, 9.7 Hz, 1H), 3.98 (s, 3H), 

3.76 (dd, J = 10.3, 7.1 Hz, 1H), 3.58 (d, J = 2.4 Hz, 3H), 3.51 (s, 3H), 3.29 (s, 3H), 3.33 – 3.24 (m, 1H), 

2.34 – 2.27 (m, 1H), 2.17 – 2.02 (m, 1H), 2.02 – 1.86 (m, 2H), 1.80 – 1.45 (m, 14H), 1.39 (d, J = 13.3 Hz, 

1H), 1.31 – 0.86 (m, 13H), 0.68 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 158.3, 158.1, 155.2, 

148.0, 147.9, 144.6, 142.7, 142.5, 139.9, 137.0, 136.9, 135.0, 134.4, 134.4, 132.3, 132.1, 131.9, 131.6, 

131.6, 131.3, 131.1, 130.9, 126.8, 126.3, 126.1, 126.1, 124.5, 122.7, 122.1, 120.9, 120.4, 104.5, 102.4, 

102.3, 79.7, 79.6, 73.8, 69.2, 62.5, 61.6, 60.4, 57.0, 57.0, 56.0, 56.0, 55.5, 55.5, 51.5, 33.3, 30.3, 29.7, 

25.6, 25.2, 24.1, 24.0, 20.6, 11.6, 11.5. 31P NMR (242.9 MHz, DMSO) δ -10.56. 19F NMR (376.5 MHz, 

DMSO) –62.05. HRMS (FTMS +p NSI) [M]+ Calcd for C30H33F6N2O2; 567.2441, found 567.2424, Δ= -3.0 

ppm. (FTMS -p NSI) [M]- Calcd for C26H34O5PS; 489.1870, found 489.1872, Δ= 0.4 ppm. [𝜶]𝑫
𝟐𝟓= -65.1° (c 

1.03, CHCl3).  

 

(1S,2S,4S,5R)-1-(2-cyanobenzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-

1-ium (±)-sSPhos 

 

General procedure D was performed with 2-cyano quinine salt (110 mg, 0.21 mmol, made by Georgi 

Genov) and (±)-sSPhos (102 mg, 0.20 mmol) in CHCl3. The product was isolated as a pale pink solid 

(136.4 mg, 0.139 mmol, 70%) with <1 mol% impurity of 2- cyano quinine bromide salt. 1H NMR (600.1 

MHz, DMSO) δ 8.81 (1H, d, J= 4.4 Hz, H14). 8.10 (1H, d, J= 7.7, H22), 8.01 (2H, d , = 8.9 Hz, H12 H19), 

7.92 (1H, t, J= 7/6 Hz, H20), 7.80 (1H, t, J=7.6 Hz, H21), 7.78 (1H, d, J= 4.4 Hz, H15), 7.67 (1H, dd, J= 8.6, 

5.9 Hz, H8), 7.54 (1H,m, H4), 7.48 (1H, dd, J= 9.2, 2.3 Hz, H11), 7.39 (1H, m, H13), 7.32 (2H, m, H2 H3), 

7.09 (1H, m, H1), 6.80 (1H, m, H17), 6.64 (1H, t, J= 8.5 Hz, H7), 6.58 (1H, s, H16), 5.58 (1H, d, J= 13.2 

Hz, H18a), 4.74 (1H, d, J= 13.2 Hz, H18b), 4.39 (1H, t, J= 11.0 Hz, J= 23a), 4.03 (1H, m, H27), 4.01 (3H, s, 



243 
 

H10), 3.58 (3H, s, H5), 3.44 (1H, m, H28a), 3.34 (1H, m, H28b), 3.29 (3H, s, H6), 3.26 (1H, m, H23b), 2.19 

(1H, m, H26a), 2.12 (1H, m, H24a), 1.94 (2H, m, H9 H25), 1.47-1.83 (12H, m, H9 H24b H29), 1.40 (2H, m, 

H9 H26b), 0.90-1.30 (12H, m, H9 H30), 0.71 (3H, t, J= 7.8 Hz, H31). 13C NMR (150.9 MHz, DMSO) Peaks 

are quoted, phosphorous coupling has not been included. δ 158.3, 157.9, 155.2, 147.8, 144.2, 144.1, 

142.7, 142.5, 137.0, 136.9, 136.1, 134.8, 134.3, 134.2, 132.3, 131.9, 131.8, 131.7, 131.2, 129.0, 128.2, 

126.9, 126.1, 126.1, 125.9, 122.0, 120.8, 118.3, 116.0, 104.6, 104.5, 102.4, 79.7, 69.2, 64.6, 62.1, 62.0, 

60.5, 56.1, 55.5, 51.8, 40.5, 35.6, 35.4, 53.3, 33.4, 33.3, 30.7, 30.6, 30.4, 30.3, 29.7, 29.6, 29.3, 29.2, 

27.6, 27.6, 27.5, 27.4, 27.1, 27.0, 27.0, 26.5, 26.5, 25.7, 25.3, 24.1, 20.8, 11.6. 31P NMR (242.9 MHz, 

DMSO) δ -10.55. HRMS (FTMS +p NSI) [M]+ Calcd for C28H32N3O2; 442.2489, found 442.2482, Δ= -1.6 

ppm. (FTMS -p NSI) [M+O]- Calcd for C26H34O6PS; 505.1819, found 505.1820, Δ= 0.1 ppm. [𝜶]𝑫
𝟐𝟓= -92.0° 

(c 0.96, CHCl3).  

 

(1S,2S,4S,5R)-1-(2,4-bis(trifluoromethyl)benzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with 2,4-CF3 quinine salt (133 mg, 0.21 mmol made by Georgi 

Genov) and (±)-sSPhos (102 mg, 0.20 mmol) in CHCl3. The product was isolated as a yellow solid (139 

mg, 0.107 mmol, 54%) with 10 mol% impurity of 2,4-CF3 quinine bromide salt. 1H NMR (600.1 MHz, 

DMSO) δ 8.81 (1H, d, J= 4.5 Hz, H14), 8.31 (1H, d, J= 10.6 Hz, H19), 8.27 (2H, d, J= 10.9 Hz, H20 H21), 

8.01 (1H, d, J=9.2 Hz, H12), 7.79 (1H, d, J= 4.4 Hz, H15), 7.66 (1H, d, J= 8.6 Hz, H8), 7.54 (1H, m, H4), 

7.48 (1H, dd, J= 9.2, 2.5 Hz, H11), 7.35 (1H, d, J= 2.3 Hz, H13), 7.31 (2H, m, H2 H3), 7.08 (1H, m, H1), 

6.78 (1H, d, J= 3.1 Hz, H17), 6.63 (1H, dd, J= 8.8, 5.8 Hz, H7), 6.57 (1H, s, H16), 5.81 (1H,d, J= 13.5 Hz, 

H18a), 4.80 (1H,d, J= 13.5 Hz, H18b), 4.39 (1H, m, H22), 4.16 (1H, m, H26), 4.00 (3H, s, H10), 3.58 (3H, 

s, H5), 3.37 (1H, m, H27a), 3.30 (2H, m, H22b 27b), 3.28 (3H, d, J= 5.7 Hz, H6), 2.16 (2H, m, H24 H25a), 

1.94 (2H, m, H9 H23a), 1.50-1.80 (12H, m, H9 H23b H28), 1.38 (2H, m, H9 H25b), 0.90-1.30 (12H, m, H9 

H29), 0.68 (3H, t, J= 7.3 Hz, H30). 13C NMR (150.9 MHz, DMSO) Peaks are quoted, phosphorous and 

fluorine coupling has not been included. δ 158.3, 157.8, 155.2, 155.2, 147.9, 144.2, 144.2, 142.6, 

142.3, 138.9, 134.1, 134.1, 132.3, 131.8, 131.8, 131.6, 131.6, 130.8, 130.0, 129.0, 128.2, 126.9, 126.1, 
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126.1, 126.1, 125.8, 125.2, 124.6, 124.5, 122.8, 122.7, 122.0, 120.9, 104.6, 104.5, 102.5, 79.7, 69.8, 

64.4, 62.6, 60.5, 60.5, 60.0, 55.8, 55.5, 52.1, 40.5, 35.7, 35.4, 35.3, 35.2, 33.4, 33.4, 33.3, 33.3, 30.7, 

30.7, 30.5, 30.4, 30.3, 29.7, 29.6, 29.3, 29.2, 29.1, 27.6, 27.5, 27.5, 27.4, 27.0, 27.0, 26.9, 26.5, 26.4, 

25.5, 25.4, 24.3, 21.1, 11.5. 31P NMR (242.9 MHz, DMSO) -10.48. 19F NMR (376.5 MHz, DMSO) -55.9, -

62.6. HRMS (FTMS +p NSI) [M]+ Calcd for C29H31F6N2O2; 553.2284, found 553.2271, Δ= -2.4 ppm. (FTMS 

-p NSI) [M+O]- Calcd for C26H34O6PS; 505.1819, found 505.1820, Δ= 0.1 ppm. [𝜶]𝑫
𝟐𝟓= -50.5° (c 1.08, 

CHCl3).  

 

(1S,2S,4S,5R)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)-1-(3,4,5-

trifluorobenzyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with quinine salt 265 (116 mg, 0.21 mmol) and (±)-sSPhos (102 

mg, 0.20 mmol) in CHCl3. The product was isolated as a purple solid (62 mg, 0.058 mmol, 29%) with 

<1 mol% impurity of 265. 1H NMR (500.0 MHz, DMSO) δ 8.80 (1H, d, J= 4.5 Hz, H14), 8.01 (1H, d, J= 

9.2 Hz, H12), 7.74 (1H, d, J= 4.5 Hz, H15), 7.70 (2H, dd, J= 7.0, 7.9 Hz, H19), 7.66 (1H, dd, J= 8.7, 1.9 Hz, 

H8), 7.54 (1H, m, H4), 7.49 (1H, dd, J= 9.2, 2.6 Hz, H11), 7.31 (3H, m, H2 H3 H13) 7.08 (1H, m, H1), 6.63 

(2H, m, H7 H17), 6.46 (1H, s, H16), 5.26 (1H, d, J= 12.5 Hz, H18a), 4.58 (1H, d, J= 12.5 Hz, H18b), 4.12 

(1H, m, H20a), 3.97 (3H, s, H10), 3.70 (1H, m, H24), 3.57 (3H, s, H5), 3.33 (1H, m, H25a), 3.28 (3H, d, J= 

1.5 Hz, H6), 3.22 (2H, m, H20b H25b), 2.20 (1H, m, H23a), 2.11 (1H, m, H21a), 1.95 (2H, m, H9 H22), 

1.35-1.80 (14H, m, H9 H21 H23b H26), 0.85-1.30 (13H, m, H9 H27), 0.71 (3H, t, J= 7.4 Hz, H28). 13C NMR 

(125.7 MHz, DMSO) Peaks are quoted, phosphorous and fluorine coupling has not been included. δ 

158.3, 157.9, 155.2, 147.9, 144.2, 144.2, 142.8, 142.5, 137.0, 134.5, 132.4, 132.0, 129.0, 128.2, 126.9, 

125.8, 121.8, 120.8, 119.1, 118.9, 104.6, 102.5, 79.7, 79.6, 79.4, 79.2, 69.1, 64.3, 62.1, 60.5, 56.0, 55.5, 

51.4, 35.7, 35.4, 33.4, 30.6, 30.4, 29.7, 29.2, 27.6, 27.5, 27.0, 26.6, 25.7, 25.2, 24.1, 20.4, 11.8. 31P NMR 

(161.8 MHz, DMSO) -10.61. 19F NMR (376.5 MHz, DMSO) -134.3 (2F, d, J= 21.7 Hz), -159.3 (1F, t, J= 

21.7 Hz). HRMS (FTMS +p NSI) [M]+ Calcd for C27H30F3N2O2; 471.2254, found 471.2245, Δ= -1.9 ppm. 

(FTMS -p NSI) [M]- Calcd for C26H34O5PS; 489.1870, found 489.1873, Δ= 0.6 ppm. [𝜶]𝑫
𝟐𝟓= -26.8° (c 0.26, 

CHCl3).  
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(1S,2S,4S,5R)-1-(3,5-di-tert-butylbenzyl)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-

yl)methyl)quinuclidin-1-ium (±)-sSphos 

 

General procedure D was performed with quinine salt 266 (129 mg, 0.21 mmol) and (±)-sSPhos (102 

mg, 0.20 mmol) in CHCl3. The product was isolated as a purple solid (150 mg, 0.122 mmol, 61%) with 

10 mol% impurity of 266. 1H NMR (600.1 MHz, DMSO) δ 8.78 (1H, d, J= 4.4 Hz, H14), 8.01 (1H, d, J= 

9.1 Hz, H12), 7.68 (2H, m, H8 H15), 7.54 (1H, d, J= 6.8 Hz, H4), 7.51 (1H, s, H20), 7.49 (1H, dd, J= 9.2, 

2.5 Hz, H11), 7.43 (1H, d, J= 2.4 Hz, H13), 7.41 (2H, s, H19), 7.32 (2H, m, H2 H3), 7.07 (1H, m, H1), 6.67 

(1H, d, J= 4.4 Hz, H17), 6.64 (1H, dd, J= 8.8, 4.8 Hz, H7), 6.53 (1H, m, H16), 5.24 (1H, d, J= 12.4 Hz, 

H18a), 4.70 (1H, d, J= 12.4 Hz, H18b), 4.25 (1H, t, J= 11.3 Hz, H22a), 4.00 (3H, s, H10), 3.76 (1H, m, H26), 

3.58 (3H, s, H5), 3.31 (2H, m, H22a H27a), 3.28 (3H, d, J= 5.7 Hz, H6), 3.17 (1H, m, H27b), 2.23 (1H, m, 

H25a), 2.12 (1H, m, H23a), 1.95 (2H, m, H9 H23b), 1.82 (2H, m, H23b H28), 1.45-1.75 (10H, m, H9 H25b), 

1.40 (1H, m, H9), 1.27 (18H, s, H21), 0.85-1.30 (13H, m, H9 H29), 0.71 (3H, t, J= 7.3 Hz, H30). 13C NMR 

(150.9 MHz, DMSO) Peaks are quoted, phosphorous coupling has not been included. δ 158.3, 157.9, 

155.2, 151.4, 147.9, 144.3, 144.3, 136.9, 134.3, 131.9, 129.0, 128.2, 127.6, 126.9, 126.1, 126.1, 123.9, 

121.9, 120.6, 104.6, 102.7, 79.7, 68.5, 64.6, 64.1, 61.8, 60.5, 55.9, 55.5, 51.5, 35.4, 35.4, 35.3, 33.4, 

33.3, 30.7, 30.6, 30.4, 30.3, 29.7, 29.7, 29.2, 29.1, 27.6, 27.5, 27.5, 27.4, 27.1, 27.0, 26.9, 26.5, 26.4, 

25.8, 25.3, 24.8, 20.5, 11.5. 31P NMR (242.9 MHz, DMSO) -10.54. HRMS (FTMS +p NSI) [M]+ Calcd for 

C35H49N2O2; 529.3789, found 529.3775, Δ= -2.6 ppm. (FTMS -p NSI) [M+O]- Calcd for C26H34O6PS; 

505.1819, found 505.1821, Δ= 0.3 ppm. [𝜶]𝑫
𝟐𝟓= -42.4° (c 0.97, CHCl3). 
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(1S,2S,4S,5R)-5-ethyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)-1-((3,3'',5,5''-

tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)methyl)quinuclidin-1-ium (±)-sSPhos 

 

General procedure D was performed with quinine salt 263 (194 mg, 0.21 mmol) and (±)-sSPhos (102 

mg, 0.20 mmol) in CHCl3 (4 mL) with a few drops of MeOH for 4 h. The product was isolated as a pale 

yellow solid (206 mg, 0.155 mmol, 77%) with <10 mol% impurity of quinine bromide salt 263. 1H NMR 

(600 MHz, DMSO) δ 8.81 (d, J = 4.5 Hz, 1H), 8.52 (s, 4H), 8.46 (s, 1H), 8.21 (d, J = 4.6 Hz, 4H), 8.01 (d, J 

= 9.2 Hz, 1H), 7.77 (d, J = 4.5 Hz, 1H), 7.67 (dd, J = 8.8, 5.7 Hz, 1H), 7.53 (d, J = 6.7 Hz, 1H), 7.49 (dd, J = 

9.1, 2.7 Hz, 1H), 7.41 (d, J = 2.8 Hz, 1H), 7.35 – 7.23 (m, 2H), 7.07 (dt, J = 12.1, 5.7 Hz, 1H), 6.73 (d, J = 

4.1 Hz, 1H), 6.63 (d, J = 5.8 Hz, 2H), 5.61 (d, J = 12.2 Hz, 1H), 4.85 (d, J = 12.2 Hz, 1H), 4.37 (t, J = 11.7 

Hz, 1H), 3.99 (s, 3H), 3.81 (t, J = 8.6 Hz, 1H), 3.57 (s, 2H), 3.51 (d, J = 11.2 Hz, 1H), 3.44 (d, J = 12.2 Hz, 

1H), 3.24 (d, J = 15.5 Hz, 3H), 2.36 – 2.24 (m, 1H), 2.17 (q, J = 10.0, 9.5 Hz, 1H), 1.99 (s, 1H), 1.93 (s, 

1H), 1.87 – 1.44 (m, 14H), 1.40 – 0.86 (m, 13H), 0.73 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO) 

Peaks are quoted, phosphorous and fluorine couplings have not been included. δ 158.3, 157.9, 155.2, 

147.9, 144.4, 144.2, 142.4, 142.2, 139.3, 134.2, 133.4, 132.3, 132.0, 131.9, 131.8, 131.5, 131.3, 131.1, 

130.5, 129.0, 128.7, 128.1, 126.8, 126.5, 125.9, 124.7, 122.9, 122.1, 121.7, 121.1, 120.7, 104.5, 102.4, 

69.2, 64.2, 63.3, 62.2, 60.4, 55.9, 55.5, 51.6, 35.6, 35.4, 35.3, 33.4, 33.3, 29.7, 29.6, 29.2, 27.5, 27.4, 

27.0, 26.5, 26.4, 25.7, 25.3, 24.3, 20.4, 11.5. 31P NMR (242.9 MHz, DMSO) δ -10.58. 19F NMR (376.5 

MHz, DMSO) -61.95. HRMS (FTMS +p NSI) [M]+ Calcd for C43H37F12N2O2; 841.2658, found 841.2643, Δ= 

-1.8 ppm. (FTMS -p NSI) [M+O]- Calcd for C26H34O6PS; 505.1819, found 505.1821, Δ= 0.4 ppm. [𝜶]𝑫
𝟐𝟓= 

-41.6° (c 0.92, CHCl3).  
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iii. Substrate synthesis  

Bis(3-chlorophenyl)methanamine 

 

Magnesium turnings (1 g, 40 mmol) were suspended in THF (14 mL), and 1-bromo-3-chlorobenzene 

was added dropwise whilst stirring until reaction flask got hot. The rest of 1-bromo-3-chlorobenzene 

(4.68 mL, 40 mmol) was dissolved in THF (6 mL) and added dropwise to the solution, maintaining a 

gentle reflux. Once the addition was complete, the solution was heated at reflux for a further 60 

minutes. The solution was cooled to room temperature, and 3-chlorobenzonitrile (5.23 g, 38 mmol) 

dissolved in THF (8 mL) was added dropwise. The solution was then heated at reflux for 16 hours. Once 

complete, the reaction is cooled to room temperature and then in ice, and MeOH (30 mL) added. 

NaBH4 (2.76 g, 72.8 mmol) was added portion wise, and the mixture warmed to room temperature 

for 1 hour, after which the solution was heated at reflux for a further hour. The mixture was then 

filtered through celite, and the filtrate poured onto HCl (1 M, 100 mL). This mixture was washed with 

ether (3 x 30 mL), and basified with NaOH (2.5 M) until pH 14. This solution was extracted into CH2Cl2 

(2 x 100 mL), dried (MgSO4) and solvent removed to yield the product as a thick yellow oil (8.92 g, 31.8 

mmol, 84%). This oil was used in the next step without further purification. 1H NMR (600.1 MHz, CDCl3) 

δ 7.40 (2H, s, H4), 7.23 (6H, m, H6 H7 H8), 5.14 (1H, s, H2), 1.84 (2H, br s, H1). 13C NMR (150.9 MHz, 

CDCl3) δ 147.0 (C3), 134.5 (C5), 129.9 (C7), 127.4 (C6), 127.0 (C3), 125.1 (C8), 59.0 (C2). HRMS (FTMS 

+p NSI) m/z [M]+ Calcd for C13H12Cl2N; 252.0341, found 252.0342, Δ= 0.2 ppm. 

 

Bis(3,4-dichlorophenyl)methanamine 

 

Magnesium turnings (1 g, 40 mmol) were suspended in THF (14 mL), and 1-bromo-3,4-

dichlorobenzene (9.04 g, 40 mmol) in THF (6 mL) was added dropwise, maintaining a gentle reflux. 

Once the addition was complete, the solution was heated at reflux for a further 60 minutes. The 

solution was cooled to room temperature, and 3,4-dichlorobenzonitrile (6.54 g, 38 mmol) dissolved in 
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THF (8 mL) was added dropwise. The solution was then heated at reflux for 16 hours. Once complete, 

the reaction is cooled to room temperature and then in ice, and MeOH (30 mL) added. NaBH4 (2.76 g, 

72.8 mmol) was added portionwise, and the mixture warmed to room temperature for 1 hour, after 

which the solution was heated at reflux for a further hour. The mixture was then filtered through 

celite, and the filtrate poured onto HCl (1 M, 100 mL). This mixture was washed with ether (3 x 30 mL), 

and basified with NaOH (2.5 M) until pH 14. This solution was extracted into CH2Cl2 (2 x 100 mL), dried 

(MgSO4) and solvent removed to yield the product as a thick yellow oil (9.80 g, 30.5 mmol, 76%). This 

oil was used in the next step without further purification. 1H NMR (600.1 MHz, CDCl3) δ 7.48 (2H, d, J= 

2.0 Hz, H8), 7.39 (2H, d, J= 8.3 Hz, H5), 7.18 (2H, dd, J= 8.3, 2.0 Hz, H4), 5.13 (1H, s, H2), 1.72 (2H, br s, 

H1). 13C NMR (150.9 MHz, CDCl3) δ 144.7 (C3), 132.8 (C7), 131.4 (C6), 130.6 (C5), 128.7 (C8), 126.2 

(C4), 58.0 (C2). HRMS (FTMS +p NSI) m/z [M-NH2]+ calcd for C13H7Cl4; 302.9296, found 302.9301, Δ= 

1.5 ppm. 

 

N-(bis(3-chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(3-chlorophenyl)methanamine (1.26 g, 5 mmol) in CH2Cl2 (20 mL) was cooled to -78 °C. 

Triethylamine (0.7 mL, 5 mmol) was added, and stirred for 10 minutes, then Tf2O (0.89 mmol, 5.3 

mmol) added dropwise. Once completed, the solution was stirred at -78 °C for 90 minutes. H2O (20 

mL) was added slowly, then allowed to warm to room temperature. The mixture was extracted to 

CH2Cl2 (2 x 10 mL), the combined organic fractions washed with brine (20 mL), dried and solvent 

removed to yield crude product. The residue was purified by column chromatography (silica stationary 

phase, 5-20% EtOAc:petrol mobile phase) to afford the product as a pale yellow oil which solidified 

upon standing (1.73g, 4.5 mmol, 90%). 1H NMR (600.1 MHz, CDCl3) 7.34 (4H, m, H7 H8), 7.24 (2H, s, 

H5), 7.16 (2H, m, H9), 6.20 (1H, br s, H2), 5.81 (1H, s, H3). 13C NMR (150.9 MHz, CDCl3) 141.0 (C4), 

135.1 (C6), 130.4 (C8), 128.9 (C7), 127.3 (C5), 125.3 (C9), 119.4 (q, 1JC–F= 320 Hz, C1), 61.4 (C3). HRMS 

(FTMS +p NSI) [M-CF3SO2]+ Calcd for C13H10Cl2N; 250.0190, found 250.0198, Δ= 3.2 ppm.  
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Bis(3-chlorophenyl)methanol 

 

Magnesium turnings (0.5 g, 20 mmol) was suspended in THF (7 mL) under a nitrogen atmosphere in a 

flask with a condenser fitted. 1-chloro-3-bromobenzene (2.34 mL, 20 mmol) was added neat dropwise 

until the reaction flask was warmed, then the rest was diluted in THF (3 mL) and added dropwise. The 

resulting solution was heated at reflux for 30 minutes, then cooled to room temperature. 3-

chlorobenzaldehyde (2.27 mL, 20 mmol) was diluted in THF (20 mL), then added dropwise to the 

reaction mixture. The solution was heated again at reflux for 16 hours, then cooled in ice. HCl solution 

(3 M, 20 mL) was added slowly, then the solution partially concentrated under reduced pressure. 

EtOAc (50 mL) and water (30 mL) were then added and separated. The aqueous layer was extracted 

twice more with EtOAc (2 x 50 mL), then the organic layers were dried (MgSO4) and concentrated 

under reduced pressure. The crude mixture was purified by column chromatography (silica, 0-5% 

EtOAc:petrol) to yield the product as a white solid (2.79 g,  11.0 mmol, 55%). 1H NMR (400 MHz, CDCl3) 

δ 7.38 (s, 2H, H8), 7.31 – 7.26 (m, 4H, H5 H6), 7.25 – 7.21 (m, 2H, H4), 5.75 (s, 1H, H2), 2.69 (s, 1H, H1). 

13C NMR (100 MHz, CDCl3) δ 145.1 (C3), 134.6 (C7), 129.9 (C5), 128.0 (C6), 126.6 (C8), 124.7 (C4), 75.1 

(C2). HRMS (FTMS +p NSI) [M-OH]+ calcd for C13H9Cl2; 235.0081, found 235.0079, Δ= -0.9 ppm.  

Data in accordance with literature.259 

 

Bis(3-chlorophenyl)methanone 

 

bis(3-chlorophenyl)methanol (2.72 g, 10.7 mmol) was dissolved in CH2Cl2 (75 mL), then activated MnO2 

(9.3 g, 107 mmol) was added. The resulting suspension was stirred vigorously for 16 hours, then the 

reaction mixture was filtered through a celite pad. The solvent was removed under reduced pressure 

to yield the product as a white solid (2.38 g, 9.51 mmol, 89%). 1H NMR (400 MHz, CDCl3) δ 7.77 (t, J = 

1.9 Hz, 2H, H7), 7.65 (dt, J = 7.7, 1.4 Hz, 2H, H3), 7.59 (ddd, J = 8.1, 2.2, 1.1 Hz, 2H, H5), 7.44 (t, J = 7.8 
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Hz, 2H, H4). 13C NMR (101 MHz, CDCl3) δ 193.8 (C1), 138.6 (C2), 134.8 (C6), 132.8 (C5), 129.8 (C7), 

129.8 (C4), 128.1 (C3). 

Data in accordance with literature.260 

 

3,3'-(ethene-1,1-diyl)bis(chlorobenzene) 

 

Methyltriphenylphosphonium bromide (3.86 g, 10.8 mmol) was suspended in Et2O (25 mL), then 

sodium tert-butoxide (1.04 g, 10.8 mmol) and stirred for 15 minutes until a yellow suspension formed. 

The mixture was cooled to 0 °C, then bis(3-chlorophenyl)methanone (2.26 g, 9 mmol) was added 

portion wise over 10 minutes. The mixture was stirred at room temperature for 16 hours, filtered 

through a celite pad and solvent removed to yield the product as a colourless oil (2.26 g, 9.0 mmol, 

100%). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.26 (m, 6H, H3 H4 H5), 7.20 (dt, J = 7.3, 1.6 Hz, 2H, H7), 

5.53 (s, 2H, H8). 13C NMR (101 MHz, CDCl3) δ 147.7 (C1), 142.7 (C2), 134.3 (C6), 129.6 (C4), 128.2 (C3), 

128.1 (C5), 126.4 (C7), 116.3 (C8). HRMS (FTMS +p NSI) [M]+ calcd for C14H10Cl2; 248.0160, found 

248.0156, Δ= -1.6 ppm.  

 

2,2-bis(3-chlorophenyl)ethan-1-ol 

 

3,3'-(ethene-1,1-diyl)bis(chlorobenzene) (2.26 g, 9 mmol) was dissolved in THF (10 mL) and cooled to 

0 °C. BH3.THF (1 M in THF, 18 mL, 18 mmol) was added dropwise, and the resulting solution was stirred 

at room temperature for 16 hours. Once complete, THF:H2O (9:1, 4 mL) was added slowly, then NaOH 

solution (3 M, 25 mL) and H2O2 (100 vol., 20 mL) was added and the solution was stirred for 90 minutes. 

The solution was poured into water (50 mL) and acidified with HCl solution (3 M). The solution was 

extracted twice with Et2O (2 x 100 mL), the organic layers combined, dried (MgSO4) and solvent 

removed. The crude product was purified by column chromatography (silica, 10-30% EtOAc:petrol) to 
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yield the product as a colourless oil (1.78 g, 6.67 mmol, 74%). 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.19 

(m, 6H, H3 H4 H5), 7.14 (dt, J = 7.2, 1.7 Hz, 2H, H7), 4.15 (d, J = 4.1 Hz, 3H, H1 H8), 1.51 – 1.45 (m, 1H, 

H9). 13C NMR (101 MHz, CDCl3) δ 142.8 (C2), 134.7 (C6), 130.0 (C4), 128.4 (C7), 127.3 (C5), 126.5 (C3), 

65.6 (C8), 52.9 (C1). 

Data in accordance with literature.261 

 

3,3'-(2-bromoethane-1,1-diyl)bis(chlorobenzene) 

 

2,2-bis(3-chlorophenyl)ethan-1-ol (1.38 g, 5 mmol) and carbon tetrabromide (2.46 g, 7.5 mmol) were 

dissolved in CH2Cl2 (130 mL) and cooled to 0 °C. Triphenylphosphine (1.96 g, 7.5 mmol) dissolved in 

CH2Cl2 (20 mL) was added to the reaction flask, and the solution was stirred for 16 hours at room 

temperature. The solvent was then removed, and the crude material purified by column 

chromatography (silica, 0-5% EtOAc:petrol) to yield the product as a colourless oil (905 mg, 2.74 mmol, 

55%). 1H NMR (400 MHz, CDCl3) δ 7.35 – 7.21 (m, 6H, H3 H4 H5), 7.15 (dt, J = 7.1, 1.8 Hz, 2H, H7), 4.35 

(t, J = 7.8 Hz, 1H, H1), 3.89 (d, J = 7.9 Hz, 2H, H8). 13C NMR (100 MHz, CDCl3) δ 143.0 (C2), 134.7 (C6), 

130.1 (C5), 128.1 (C3), 127.6 (C4), 126.0 (C7), 53.0 (C1), 34.3 (C8). HRMS (FTMS +p NSI) [M+H]+ calcd 

for C14H12BrCl2
+; 328.9494, found 328.9489, Δ= 1.5 ppm.  
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d. Synthesis of enantiopure sSPhos and derivatives 

2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonyl chloride 

 

(±)-sSPhos (1.02 g, 2 mmol) was dissolved in thionyl chloride (4 mL) and sealed into a microwave vial 

under nitrogen. DMF (0.1 mL) was added, and the solution stirred at 70 °C for 2 hours. The solvent 

was then removed under a stream of air, then under high vacuum for one hour. The residue was 

cooled to 0 °C, and EtOAc (5 mL) and H2O (5 mL) were used to wash the residue into water (20 mL). 

EtOAc (20 mL) was added, and the organic layer separated. The aqueous layer was washed with EtOAc 

(25 mL), the organic layers combined, dried (MgSO4) and solvent removed to yield the title compound 

as a pale-yellow solid (963 mg, 1,83 mmol, 92%) which was used in subsequent steps without further 

purification. 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 9.0 Hz, 1H), 7.65 – 7.52 (m, 2H), 7.50 (tt, J = 7.5, 

1.6 Hz, 1H), 7.33 (ddd, J = 7.6, 3.2, 1.2 Hz, 1H), 6.79 (d, J = 9.1 Hz, 1H), 3.79 (s, 3H), 3.51 (s, 3H), 2.09 – 

1.01 (m, 22H). 13C NMR (101 MHz, CDCl3) δ 163.9, 157.0, 137.0 (d, J = 4.5 Hz), 133.2 (d, J = 8.8 Hz), 

131.6 (d, J = 9.7 Hz), 130.9, 130.7, 130.5 (d, J = 2.5 Hz), 129.9, 127.6 (d, J = 10.7 Hz), 126.8 (d, J = 2.6 

Hz), 105.5, 62.3, 56.1, 37.8 (d, J = 56.4 Hz), 37.1 (d, J = 56.8 Hz), 26.7 (d, J = 5.1 Hz), 26.6 (d, J = 3.2 Hz), 

26.5 (d, J = 2.3 Hz), 26.0 (d, J = 3.3 Hz), 25.9 (d, J = 1.5 Hz), 25.8 (d, J = 1.4 Hz), 25.7 (d, J = 3.3 Hz), 25.6 

(d, J = 3.0 Hz), 25.4 (d, J = 3.0 Hz). 31P NMR (162 MHz, CDCl3) δ 46.57. HRMS (FTMS +p NSI) [M+H]+ 

calcd for C26H35ClO5PS+; 525.1626, found 525.1635, Δ= 1.8 ppm. 

 

2,2,2-trifluoro-1-phenylethyl 2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonyl chloride (131 mg, 0.25 mmol, 

crude from previous step) and 1-phenyl-2,2,2-trifluoroethanol (88 mg, 0.5 mmol) were placed under 
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a nitrogen atmosphere and dissolved in CH2Cl2 (1 mL). Triethylamine (0.07 mL, 0.5 mmol) was then 

added, and the resulting solution was stirred at room temperature for 16 hours. The solvent was then 

removed under a stream of air, and the residue purified by column chromatography (silica, 0-20% 

EtOAc:petrol) to yield the product as a white solid (60 mg, 0.09 mmol, 36%, 1.5:1 dr). 1H NMR (400 

MHz, CDCl3) Assignments to each diastereomer are provided: Ha being the major isomer and Hb the 

minor. δ 7.89 (d, J = 9.0 Hz, 1Hb), 7.74 (d, J = 9.0 Hz, 1Ha), 7.63 – 7.49 (m, 1Ha 3Hb), 7.52 – 7.43 (m, 3Ha 

3Hb), 7.45 – 7.29 (m, 4Ha 2Hb), 7.13 (ddd, J = 7.6, 3.1, 1.4 Hz, 1Ha), 7.00 (ddd, J = 7.0, 2.9, 1.7 Hz, 1Hb), 

6.72 (d, J = 9.0 Hz, 1Hb), 6.65 (d, J = 9.0 Hz, 1Ha), 5.90 (dq, J = 8.8, 6.4 Hz, 1Ha 1Hb), 3.75 (s, 3Hb), 3.74 

(s, 3Ha), 3.42 (s, 3Ha), 3.39 (s, 3Hb), 2.08 – 0.99 (m, 22Ha 22Hb). 13C NMR (101 MHz, CDCl3) Peaks are 

not assigned to a diastereomer. δ 162.9, 162.8, 156.9, 156.8, 137.2 (d, J = 4.9 Hz), 133.5 (d, J = 9.0 Hz), 

133.4 (d, J = 8.9 Hz), 132.1, 131.7, 131.4, 131.3 (d, J = 7.0 Hz), 131.1 (d, J = 10.8 Hz), 130.4, 130.4 (m), 

130.0, 129.9, 128.5, 128.4, 128.4, 128.0, 127.3 (d, J = 10.8 Hz), 127.3 (d, J = 10.7 Hz), 126.4 (d, J = 2.5 

Hz), 126.4 (d, J = 2.5 Hz), 123.9, 121.7, 121.3, 121.1, 105.3, 105.1, 61.8, 61.7, 55.8, 38.3 (d, J = 65.3 Hz), 

36.8 (d, J = 66.6 Hz), 26.9 (d, J = 12.5 Hz), 26.7 (d, J = 13.1 Hz), 26.5 (d, J = 3.7 Hz), 26.4 (d, J = 4.0 Hz), 

26.0 (d, J = 1.9 Hz), 25.6, 25.4 (d, J = 3.2 Hz), 25.3 (d, J = 2.9 Hz), 25.3 (d, J = 3.5 Hz). 31P NMR (203 MHz, 

CDCl3) δ 46.48 (Pa), 46.31 (Pb). HRMS (FTMS +p NSI) [M+H]+ calcd for C34H41F3O6PS+; 665.2308, found 

665.2314, Δ= 0.9 ppm. 

 

Sodium 5-bromo-2'-(dicyclohexylphosphaneyl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate (Br-sSPhos) 

 

Sulfuric acid (conc. 10 mL) was cooled to 0 °C whilst stirring, and (±)-sSPhos (2.56 g, 5 mmol) was added 

portionwise. CH2Cl2 (5 mL) was added, until the majority of the solid had dissolved. N-

bromosuccinimide (890 mg, 5 mmol) was added portionwise. The solution was allowed to warm to 

room temperature and stirred for 4 hours, then the solution was poured into ice water (50 mL). The 

solution was cooled to 0 °C, and NaOH solution (2.5 M) was added portion wise until the pH was above 

14. CH2Cl2 (200 mL) was added and the organic layer separated. The aqueous was washed once with 

CH2Cl2 (200 mL), the organic layers combined and solvent evaporated to yield the product as a yellow 

solid (1.2 g, 2.0 mmol, 41%). 1H NMR (400 MHz, MeOD) δ 8.10 (s, 1H, H11), 7.71 – 7.59 (m, 1H, H3), 

7.48 – 7.34 (m, 3H, H4 H5 H6), 3.44 (s, 3H, H14/15), 3.44 (s, 3H, H14/15), 2.00 – 1.40 (m, 12H, H1), 
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1.35 – 0.96 (m, 10H, H1). 13C NMR (101 MHz, MeOD) δ 157.2 (d, J = 1.3 Hz, C9/13), 155.3 (d, J = 1.1 Hz, 

C9/13), 140.7 (d, J = 32.5 Hz, C2), 137.2 (d, J = 18.4 Hz, C7), 135.3 (C10), 133.8 (d, J = 6.9 Hz, C8), 132.3 

(d, J = 3.2 Hz, C3), 131.6 (C11), 131.2 (d, J = 6.1 Hz, C6), 127.7 (C5), 127.2 (C4), 110.2 (C12), 60.4 

(C14/15), 59.5 (C14/15), 35.2 (d, J = 13.9 Hz, C1), 34.2 (d, J = 13.1 Hz, C1), 30.9 (d, J = 14.8 Hz, C1), 30.2 

(d, J = 12.8 Hz, C1), 30.0 (d, J = 16.6 Hz, C1), 29.3 (d, J = 12.4 Hz, C1), 27.4 (d, J = 10.8 Hz, C1), 27.2 (d, J 

= 9.4 Hz, C1), 27.0 (d, J = 9.7 Hz, C1), 26.8 (d, J = 11.0 Hz, C1), 26.2 (d, J = 8.8 Hz, C1). 31P NMR (162 

MHz, MeOD) δ -8.70. HRMS (FTMS -p NSI) [M-Na]- calcd for C26H33BrO5PS-; 567.0975, found 567.0967, 

Δ= 1.4 ppm. 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (S)- 5-bromo-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-

[1,1'-biphenyl]-3-sulfonate 

 

Br-sSPhos (2.37 g, 4 mmol) was dissolved in thionyl chloride (8 mL) in a microwave vial under a 

nitrogen atmosphere. DMF (0.1 mL) was added, and the solution was heated at 70 °C for 2 hours. The 

solvent was then removed under a stream of air, and cooled to 0 °C, after which ice-cold water (10 

mL) and EtOAc (10 mL) were added. This was further diluted by water (40 mL) and EtOAc (40 mL) and 

the layers separated. The aqueous layer was further extracted with EtOAc (50 mL), and the organic 

layers combined, dried (MgSO4) then solvent removed to yield the crude sulfonyl chloride. In a 

separate flask, (R)-BINOL (2.86 g, 10 mmol) was dissolved in CH2Cl2 (40 mL) and sodium hydride (60% 

w/w suspension in mineral oil, 0.96g, 24 mmol) was added portion wise, and the mixture allowed to 

stir at room temperature for 15 minutes. The crude sulfonyl chloride was dissolved in CH2Cl2 (10 mL), 

and added dropwise to the BINOL mixture, followed by TMEDA (1.6 mL, 10 mmol). The mixture was 

allowed to stir at room temperature for 16 h, after which point, water (100 mL) and EtOAc (100 mL) 

were added and the layers separated. The aqueous layer was washed with EtOAc (100 mL), the organic 

layers combined, dried (MgSO4) and solvent removed to yield the crude product. This was purified by 

column chromatography to yield the (R,S) diastereomer (depicted above) as a mixture with excess (R)-

BINOL (1.5 g). The (S,S) isomer was also identified separately in low amounts, but was not successfully 

purified. The (R,S) isomer and (R)-BINOL mixture (1.5 g) was dissolved in Et2O (15 mL), sonicated, and 

then hexane (15 mL) added, at which point a white precipitate formed. The liquid was decanted away, 
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the solid washed with Et2O:Hexane mix (1:3, 4 x 30 mL), then dried under high vacuum to yield the 

product as a white solid (800 mg, 0.94 mmol, 23%). The diastereomer isolated has been assigned (R,S) 

by the comparison to the 1H NMR spectrum of (R,R)-111 (the debrominated analogue). 1H NMR (400 

MHz, CDCl3) δ 9.81 (s, 1H), 7.95 (d, J = 9.0 Hz, 1H), 7.92 – 7.78 (m, 4H), 7.76 (d, J = 8.9 Hz, 1H), 7.57 – 

7.49 (m, 1H), 7.52 – 7.36 (m, 3H), 7.37 – 7.25 (m, 2H), 7.27 – 7.17 (m, 2H), 7.02 (t, J = 9.2 Hz, 2H), 6.63 

(s, 1H), 3.50 (s, 3H), 3.15 (s, 3H), 2.27 – 2.07 (m, 2H), 2.04 – 1.00 (m, 20H). 13C NMR (101 MHz, CDCl3) 

δ 159.0, 156.4, 153.7, 145.9, 137.3 (d, J = 3.4 Hz), 134.2 (d, J = 8.7 Hz), 134.1 (d, J = 20.2 Hz), 132.4 (d, 

J = 2.6 Hz), 132.3 (d, J = 12.9 Hz), 129.9, 129.1, 127.9, 127.9 (d, J = 13.4 Hz), 127.6 (d, J = 11.4 Hz), 127.5 

(d, J = 12.7 Hz), 127.3, 126.1 (d, J = 43.2 Hz), 125.5 (d, J = 37.0 Hz), 122.4, 122.1, 119.7, 113.8, 111.7, 

68.0, 61.4, 60.2, 37.9 (d, J = 54.3 Hz), 37.3 (d, J = 56.2 Hz), 26.9 (d, J = 4.7 Hz), 26.8 (d, J = 4.1 Hz), 26.6, 

26.5, 26.1 (d, J = 3.6 Hz), 26.0 (d, J = 3.5 Hz), 25.9, 25.7 (d, J = 11.5 Hz). 31P NMR (162 MHz, CDCl3) δ 

48.92. [𝜶]𝑫
𝟐𝟓= +25.3° (c 0.91, CHCl3). HRMS (FTMS -p NSI) [M-H]- calcd for C46H45BrO7PS-; 851.1812, 

found 851.1780, Δ= 3.8 ppm. 

 

(R)- 2'-hydroxy-[1,1'-binaphthalen]-2-yl-(R)- 2-(dicyclohexylphosphoryl)-2',6'-dimethoxy-[1,1':3',1''-

terphenyl]-5'-sulfonate 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (S)- 5-bromo-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate (85.4 mg, 0.1 mmol), palladium acetate (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 

0.01 mmol), phenylboronic acid (24.4 mg, 0.2 mmol) and K3PO4.H2O (69 mg, 0.3 mmol) were weighed 

into a microwave vial, the vial sealed then put under a nitrogen atmosphere. THF:H2O (19:1, 0.5 mL) 

was then added and the vial heated at 80 °C with stirring for 16 hours. The solvent was then removed 

under a stream of air, then HCl (2 mL) and CHCl3 (1 mL) added. The organic layer was separated, the 

aqueous layer washed with CHCl3 (2 mL), the organic layers filtered through MgSO4. The product was 

purified by column chromatography (silica, 0-30% EtOAc:petrol) to yield the product as a white solid 

(63 mg, 0.074 mmol, 74%). 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 1H), 7.90 – 7.83 (m, 2H), 
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7.54 – 7.47 (m, 3H), 7.47 – 7.39 (m, 7H), 7.39 – 7.31 (m, 2H), 7.29 (d, J = 4.8 Hz, 1H), 7.20 (t, J = 7.6 Hz, 

1H), 7.16 – 7.03 (m, 3H), 6.98 – 6.89 (m, 2H), 6.71 (s, 1H), 3.05 (s, 3H), 3.05 (s, 3H), 2.41 – 0.97 (m, 

22H). 13C NMR (101 MHz, CDCl3) δ 160.2, 156.4, 153.7, 146.0, 138.7 (d, J = 3.5 Hz), 136.9, 134.0 (d, J = 

13.6 Hz), 133.8 (d, J = 8.8 Hz), 132.1, 131.2, 130.5, 130.5 (d, J = 14.1 Hz), 130.3 (d, J = 12.1 Hz), 129.4, 

129.1, 129.0, 129.0, 128.3, 127.7 (d, J = 7.4 Hz), 127.4 (d, J = 7.5 Hz), 127.3, 127.1 (d, J = 14.8 Hz), 126.0 

(d, J = 20.6 Hz), 125.7 (d, J = 19.5 Hz), 124.9, 122.2 (d, J = 22.1 Hz), 119.2, 113.2, 61.2, 59.9, 38.2 (d, J = 

66.3 Hz), 37.0 (d, J = 65.8 Hz), 27.2 (d, J = 12.5 Hz), 26.9 (d, J = 16.3 Hz), 26.8, 26.5 (d, J = 12.6 Hz), 26.4 

(d, J = 13.0 Hz), 26.1, 25.6, 25.4 (d, J = 3.3 Hz). 31P NMR (162 MHz, CDCl3) δ 48.37. HRMS (FTMS +p NSI) 

[M+H]+ calcd for C52H52O7PS+; 851.3166, found 851.3147, Δ= 2.2 ppm. [𝜶]𝑫
𝟐𝟓= +82.3° (c 0.49, CHCl3). 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl-(R)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-5-

(naphthalen-1-yl)-[1,1'-biphenyl]-3-sulfonate 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (S)- 5-bromo-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate (299 mg, 0.35 mmol), palladium acetate (3.9 mg, 0.0175 mmol), SPhos (14.4 mg, 

0.035 mmol), 1-naphthylboronic acid (120 mg, 0.7 mmol) and K3PO4.H2O (242mg, 1.05 mmol) were 

weighed into a microwave vial, the vial sealed then put under a nitrogen atmosphere. THF:H2O (19:1, 

1.75 mL) was then added and the vial heated at 80 °C with stirring for 16 hours. The solvent was then 

removed under a stream of air, then HCl (2 mL) and CHCl3 (2 mL) added. The organic layer was 

separated, the aqueous layer washed with CHCl3 (4 mL), the organic layers filtered through MgSO4. 

The product was purified by column chromatography (silica, 0-30% EtOAc:petrol) to yield the product 

as an off-white solid (287 mg, 0.32 mmol, 91%). Rotamers/atropisomers were seen in the 1H, 13C and 

31P NMR with a ratio of 1.4:1, significantly increasing the complexity of these spectra. 1H NMR (400 

MHz, CDCl3) δ 10.10 (d, J = 10.3 Hz, 1H), 8.57 (d, J = 8.0 Hz, 0.7H), 8.11 – 8.05 (m, 0.7H), 7.94 (ddd, J = 

33.6, 16.1, 7.0 Hz, 5.5H), 7.81 (d, J = 7.1 Hz, 0.4H), 7.74 (d, J = 8.4 Hz, 0.4H), 7.65 (p, J = 6.9 Hz, 2H), 

7.48 (t, J = 7.4 Hz, 3.3H), 7.45 – 7.31 (m, 4H), 7.26 – 7.16 (m, 2H), 7.16 – 7.04 (m, 3.5H), 6.97 – 6.90 (m, 
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1.8H), 2.94 (s, 1.2H), 2.87 (s, 3H), 2.80 (s, 1.8H), 2.35 – 0.96 (m, 22H). 13C NMR (101 MHz, CDCl3) 

Spectrum very busy due to rotamers and phosphorous coupling, NMR peaks reported without attempt 

to assign couplings δ 161.6, 160.9, 157.5, 156.9, 153.6, 153.3, 146.4, 146.2, 139.2, 136.1, 134.1, 134.0, 

133.9, 133.8, 133.4, 132.0, 131.3, 131.0, 130.5, 130.3, 129.5, 129.4, 129.0, 128.9, 128.6, 128.4, 128.3, 

128.1, 128.0, 127.9, 127.7, 127.6, 127.6, 127.5, 127.2, 127.1, 126.5, 126.4, 126.1, 126.0, 125.9, 125.8, 

125.7, 125.6, 125.5, 125.4, 125.1, 124.9, 124.6, 124.5, 122.1, 122.1, 121.9, 121.7, 118.9, 113.4, 60.8, 

60.8, 60.4, 59.8, 59.5, 38.7, 38.3, 38.1, 37.7, 37.4, 27.1, 26.9, 26.8, 26.6, 26.5, 26.3, 26.2, 26.0, 14.2. 

31P NMR (162 MHz, CDCl3) δ 49.85 (0.6P), 48.83 (0.4P). HRMS (FTMS +p NSI) [M+H]+ calcd for 

C56H54O7PS+; 901.3322, found 901.3329, Δ= ppm. [𝜶]𝑫
𝟐𝟓= +118.6° (c 1.21, CHCl3). 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl-(R)-1'-2''-(dicyclohexylphosphoryl)-2',4'-dimethoxy-2,4,6-

trimethyl-[1,1':3',1''-terphenyl]-5'-sulfonate 

 

(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (S)- 5-bromo-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate (214 mg, 0.25 mmol), palladium acetate (5.6 mg, 0.025 mmol), SPhos (20.5 mg, 

0.05 mmol), 2,4,6-trimethylphenylboronic acid (164 mg, 1 mmol) and K3PO4.H2O (173 mg, 0.75 mmol) 

were weighed into a microwave vial, the vial sealed then put under a nitrogen atmosphere. THF:H2O 

(19:1, 2 mL) was then added and the vial heated at 80 °C with stirring for 16 hours. The solvent was 

then removed under a stream of air, then HCl (2 mL) and CHCl3 (2 mL) added. The organic layer was 

separated, the aqueous layer washed with CHCl3 (4 mL), the organic layers filtered through MgSO4. 

The product was purified by column chromatography (silica, 0-30% EtOAc:petrol) then by further 

column chromatography (silica, 0-5% EtOAc:CH2Cl2) to yield the product as an off white solid (37 mg, 

0.041 mmol, 16%). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 9.0 Hz, 1H), 7.95 (d, J = 9.1 Hz, 1H), 7.86 (d, 

J = 8.2 Hz, 1H), 7.67 (dd, J = 11.3, 8.5 Hz, 2H), 7.48 (t, J = 7.1 Hz, 1H), 7.42 – 7.29 (m, 4H), 7.29 – 7.27 

(m, 1H), 7.24 – 7.07 (m, 5H), 6.93 (s, 1H), 6.90 (d, J = 8.4 Hz, 1H), 6.84 (s, 1H), 2.99 (s, 3H), 2.87 (s, 3H), 

2.30 (s, 3H), 2.29 (s, 3H), 1.98 (s, 3H), 2.20 – 0.93 (m, 22H). 13C NMR (101 MHz, CDCl3) δ 160.5, 156.6, 
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153.2, 147.0, 137.3 (d, J = 46.3 Hz), 136.2, 134.1, 134.0 (d, J = 9.2 Hz), 133.8, 133.5 (d, J = 17.4 Hz), 

131.9, 130.6, 130.4 (d, J = 9.1 Hz), 129.3 (d, J = 33.1 Hz), 128.2, 127.9 (d, J = 36.1 Hz), 126.8 (d, J = 11.3 

Hz), 126.2 (d, J = 7.6 Hz), 126.0, 125.5, 124.5 (d, J = 7.9 Hz), 122.4, 121.3, 119.0, 113.9, 60.7, 59.0, 38.3 

(d, J = 66.0 Hz), 37.3 (d, J = 65.1 Hz), 35.8 (d, J = 67.4 Hz), 27.0 (d, J = 12.9 Hz), 26.9, 26.7 (m), 26.5 (d, 

J = 3.5 Hz), 26.4 (d, J = 12.4 Hz), 26.1 (d, J = 2.3 Hz), 26.0, 25.7, 25.6, 25.6, 25.5, 21.2, 21.1, 21.0. 31P 

NMR (162 MHz, CDCl3) δ 48.62. [𝜶]𝑫
𝟐𝟓= +201.1° (c 0.23, CHCl3). HRMS (FTMS -p NSI) [M-H]- calcd for 

C55H56O7PS-; 891.3490, found 891.3470, Δ= 2.2 ppm. 

 

Neopentyl 2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

The sulfonyl chloride was formed as described on page 252 (0.5 mmol (±)-sSPhos) and used crude in 

the next step. Neopentyl alcohol (440 mg, 5 mmol) was added to a microwave vial and sealed under 

nitrogen. The crude sulfonyl chloride was dissolved in CH2Cl2 (3 mL) and added to the alcohol. 

Triethylamine (0.35 mL, 2.5 mmol) was added, then the solution was heated at 40 °C for 16 hours. 

Water (3 mL) was added, layers separated, and the aqueous layer washed with CH2Cl2 (3 mL). The 

organic layers were combined, dried (MgSO4) and solvent removed to yield crude product. This was 

purified by column chromatography (silica, 40-100% EtOAc:petrol) to yield the product as a white 

powder (162 mg, 0.28 mmol, 56%). 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.9 Hz, 1H, H10), 7.60 – 

7.42 (m, 3H, H2 H3 H4), 7.30 (dd, J = 7.7, 3.2 Hz, 1H, H5), 6.76 (d, J = 8.9 Hz, 1H, H9), 3.86 (s, 2H, H16), 

3.74 (s, 3H, H13), 3.43 (s, 3H, H14), 2.01 – 1.04 (m, 22H, H15), 0.99 (s, 9H, H18). 13C NMR (101 MHz, 

CDCl3) δ 162.0 (C8), 157.3 (C12), 138.5 (d, J = 3.7 Hz, C6), 135.6 (d, J = 123.9 Hz, C1), 133.5 (d, J = 8.9 

Hz, C5), 131.9 (C10), 130.8 (d, J = 6.6 Hz, C4), 130.3 (d, J = 2.6 Hz, C2), 127.2 (d, J = 11.0 Hz, C3), 126.2 

(d, J = 2.7 Hz, C7), 121.7 (C11), 105.4 (C9), 79.9 (C16), 61.6 (C14), 55.7 (C13), 37.8 (d, J = 148.2 Hz, C15), 

37.1 (d, J = 148.9 Hz, C15), 31.7 (C17), 26.8 (d, J = 2.2 Hz, C15), 26.6 (d, J = 2.0 Hz, C15), 26.6 (d, J = 1.9 

Hz, C15), 26.4 (d, J = 1.7 Hz, C15), 26.4 (C18), 26.2 (d, J = 3.1 Hz, C15), 25.8 (C15), 25.7 (d, J = 1.2 Hz, 

C15), 25.4 (d, J = 3.1 Hz, C15), 25.1 (d, J = 3.0 Hz, C15). 31P NMR (162 MHz, CDCl3) δ 46.12 (P15). HRMS 

(FTMS +p NSI) [M+H]+ calcd for C31H46O6PS+; 577.2747, found 577.2750, Δ= 0.6 ppm. 
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Isobutyl 2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

The sulfonyl chloride was formed as described on page 252 (0.5 mmol (±)-sSPhos) and used crude in 

the next step. The crude sulfonyl chloride was placed in a microwave vial, sealed, and put under 

nitrogen, then dissolved in CH2Cl2 (3 mL). Isobutyl alcohol (0.92 mL, 10 mmol) then triethylamine (0.35 

mL, 2.5 mmol) were added, then the solution was heated at 40 °C for 16 hours. Water (3 mL) was 

added, layers separated, and the aqueous layer washed with CH2Cl2 (3 mL). The organic layers were 

combined, dried (MgSO4) and solvent removed to yield crude product. This was purified by column 

chromatography (silica, 40-100% EtOAc:petrol) to yield the product as a white powder (181 mg, 0.32 

mmol, 64%). 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.9 Hz, 1H, H10), 7.60 – 7.51 (m, 1H, H4), 7.50 – 

7.42 (m, 2H, H2 H3), 7.38 – 7.28 (m, 1H, H5), 6.76 (d, J = 8.9 Hz, 1H, H9), 3.99 (dd, J = 9.1, 5.9 Hz, 1H, 

H16a), 3.88 (dd, J = 9.1, 7.5 Hz, 1H, H16b), 3.74 (s, 3H, H13), 3.43 (s, 3H, H14), 2.10 – 1.95 (m, 1H, H17), 

1.93 – 1.53 (m, 12H, H15), 1.53 – 1.05 (m, 10H, H15), 0.99 (d, J = 6.7 Hz, 3H, H18a), 0.95 (d, J = 6.7 Hz, 

3H, H18b). 13C NMR (101 MHz, CDCl3) δ 162.0 (C8), 157.5 (C12), 138.6 (C6), 133.4 (d, J = 8.8 Hz, C5), 

132.0 (C10), 131.1 (C1), 130.6 (d, J = 10.9 Hz, C2), 130.2 (d, J = 2.5 Hz, C4), 127.1 (d, J = 11.1 Hz, C3), 

126.3 (d, J = 2.6 Hz, C7), 121.4 (C11), 105.4 (C9), 76.9 (C16), 61.7 (C14), 55.7 (C13), 38.4 (d, J = 66.1 Hz, 

C15), 36.7 (d, J = 67.0 Hz, C15), 28.2 (C17), 26.8 (d, J = 3.0 Hz, C15), 26.7 (d, J = 3.1 Hz, C15), 26.5 (d, J 

= 12.5 Hz, C15), 26.2 (d, J = 2.9 Hz, C15), 25.9 (d, J = 1.4 Hz, C15), 25.8 (d, J = 1.3 Hz, C15), 25.5 (d, J = 

3.3 Hz, C15), 25.3 (d, J = 3.2 Hz, C15), 25.1 (d, J = 2.9 Hz, C15), 19.1 (C18), 18.8 (C18). 31P NMR (162 

MHz, CDCl3) δ 46.12 (P15). HRMS (FTMS +p NSI) [M+H]+ calcd for C30H44O6PS; 563.2591, found 

563.2603, Δ= 2.1 ppm. 
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2,2,2-trifluoroethyl 2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

The sulfonyl chloride was formed as described on page 252 (0.5 mmol (±)-sSPhos) and used crude in 

the next step. The crude sulfonyl chloride was placed in a microwave vial, sealed, and put under 

nitrogen, then dissolved in CH2Cl2 (3 mL). 2,2,2-Trifluoroethanol (0.73 mL, 10 mmol) then triethylamine 

(0.35 mL, 2.5 mmol) were added, then the solution was heated at 40 °C for 16 hours. Water (3 mL) 

was added, layers separated, and the aqueous layer washed with CH2Cl2 (3 mL). The organic layers 

were combined, dried (MgSO4) and solvent removed to yield crude product. This was purified by 

column chromatography (silica, 40-100% EtOAc:petrol) to yield the product as a white powder (213 

mg, 0.36 mmol, 72%). 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 9.0 Hz, 1H, H10), 7.58 (t, J = 7.6 Hz, 1H, 

H4), 7.48 (t, J = 6.6 Hz, 1H, H3), 7.41 (t, J = 9.9, 8.2 Hz, 1H, H2), 7.39 – 7.31 (m, 1H, H5), 6.80 (d, J = 9.0 

Hz, 1H, H9), 4.89 – 4.75 (m, 1H, H16a), 4.59 – 4.45 (m, 1H, H16b), 3.76 (s, 3H, H13), 3.38 (s, 3H, H14), 

2.11 – 0.79 (m, 22H, H15). 13C NMR (101 MHz, CDCl3) δ 162.3 (C8), 158.3 (C12), 138.5 (d, J = 3.5 Hz, 

C6), 133.4 (d, J = 8.6 Hz, C5), 132.1 (C10), 130.4 (C4), 130.3 (d, J = 14.3 Hz, C2), 129.8 (d, J = 81.7 Hz, 

C1), 127.2 (d, J = 11.3 Hz, C3), 125.9 (d, J = 2.8 Hz, C7), 122.5 (q, J = 277.3 Hz, C17), 119.9 (C11), 106.0 

(C9), 65.7 (q, J = 36.9 Hz, C16), 61.4 (C14), 55.8 (C13), 37.4 (d, J = 301.6 Hz, C15), 36.8 (d, J = 303.1 Hz, 

C15), 26.7 (d, J = 5.3 Hz, C15), 26.6 (d, J = 5.4 Hz, C15), 26.5 (d, J = 8.8 Hz, C15), 26.4 (d, J = 4.2 Hz, C15), 

26.3 (d, J = 2.6 Hz, C15), 25.8 (C15), 25.5 (C15), 25.0 (d, J = 3.1 Hz, C15), 24.9 (d, J = 3.2 Hz, C15), 24.6 

(d, J = 2.9 Hz, C15). 31P NMR (162 MHz, CDCl3) δ 47.14 (P15). 19F NMR (Proton coupled, 376 MHz, CDCl3) 

δ -73.07 (t, J = 8.3 Hz, F17). HRMS (FTMS -p NSI) [M+HCOO]- calcd for C29H37F3O8PS-; 633.1904, found 

633.1910, Δ= 0.9 ppm. 
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(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (R)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate and (R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl (S)-2'-(dicyclohexylphosphoryl)-

2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

The sulfonyl chloride was formed as described on page 252 (20 mmol (±)-sSPhos) and used crude in 

the next step. (R)-BINOL (14.3 g, 50 mmol) was dissolved in CH2Cl2 (250 mL) and sodium hydride (60% 

w/w in mineral oil, 4.8 g, 24 mmol) was added portionwise. The mixture was stirred for 15 minutes, 

then the crude sulfonyl chloride (dissolved in 50 mL CH2Cl2) was added slowly, followed by TMEDA 

(7.5 mL, 50 mmol). The reaction mixture was stirred at 40 °C for 16 hours, after which time the solvent 

was removed under reduced pressure. EtOAc (100 mL) and H2O (100 mL) was added, the layers 

separated and the aqueous layer washed with EtOAc (2 x 100 mL). The aqueous layers were combined, 

dried (MgSO4) and solvent removed to yield the crude material. The crude was dissolved in a minimum 

amount of CH2Cl2, then purified by column chromatography in two batches (20-100% EtOAc:petrol) to 

yield (R,R)-111 (3.8 g, 4.9 mmol, 25%) as an off-white solid, and (R,S)-111 (4.6 g) with impurities. The 

(R,S) diastereomer was purified by adding EtOAc (90 mL), sonicating and then filtering. The filter cake 

was washed with boiling EtOAc (450 mL) to yield pure product (735 mg). The filtrate was allowed to 

cool and crystalise over 3 days, and filtered to yield further product (510 mg). The filtrate was 

concentrated to about 20% of the volume (100 mL), hexane (500 mL) added, then allowed to stand 

for 4 hours. The mixture was filtered to yield further product (457 mg). In total, (R,S)-111 was isolated 

as a white crystalline solid (1.7 g, 2.20 mmol, 11%).  

(R,R)-111: Off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 1H), 7.91 – 7.85 (m, 2H), 7.80 

(dd, J = 8.0, 1.3 Hz, 1H), 7.70 (d, J = 8.9 Hz, 1H), 7.48 (ddd, J = 7.6, 5.3, 2.7 Hz, 1H), 7.43 – 7.36 (m, 3H), 

7.35 – 7.27 (m, 2H), 7.26 – 7.17 (m, 3H), 7.06 – 6.99 (m, 2H), 6.83 (d, J = 9.0 Hz, 1H), 6.37 (d, J = 9.0 Hz, 

1H), 3.77 (s, 3H), 3.02 (s, 3H), 2.09 – 0.94 (m, 22H). 13C NMR (101 MHz, CDCl3) δ 161.6, 157.3, 153.9, 

146.4, 138.5 (d, J = 3.6 Hz), 134.2, 134.1 (d, J = 9.2 Hz), 132.1, 130.9, 130.7 (d, J = 2.6 Hz), 130.1 (d, J = 

12.1 Hz), 130.0 (d, J = 84.3 Hz), 129.1 (d, J = 1.1 Hz), 128.0, 127.7, 127.5, 127.1, 127.0 (d, J = 11.7 Hz), 

126.6, 126.2, 125.6, 124.9, 124.7 (d, J = 2.7 Hz), 122.4, 122.3 (d, J = 1.7 Hz), 119.7, 113.9, 105.8, 61.4, 

55.7, 37.8 (d, J = 107.7 Hz), 37.2 (d, J = 107.5 Hz), 27.0 (d, J = 12.4 Hz), 26.7 (d, J = 5.8 Hz), 26.5 (d, J = 

5.7 Hz), 26.3 (d, J = 12.7 Hz), 26.2 (d, J = 3.3 Hz), 25.9, 25.7, 25.6, 25.5 (d, J = 3.3 Hz), 25.3 (d, J = 3.0 
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Hz). 31P NMR (162 MHz, CDCl3) δ 48.19. HRMS (FTMS +p NSI) [M+2Na]2+ calcd for C46H47Na2O7PS2+; 

410.1282, found 410.1288, Δ= 1.5 ppm. [𝜶]𝑫
𝟐𝟓= -+33.7° (c 0.34, DMSO). 

(R,S)-111: White crystalline solid. 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 9.1 Hz, 1H), 8.02 (d, J = 9.1 

Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.73 (s, 1H), 7.58 – 7.48 (m, 2H), 7.47 – 7.38 

(m, 4H), 7.30 – 7.19 (m, 2H), 7.20 – 7.11 (m, 3H), 6.89 (d, J = 8.4 Hz, 1H), 6.43 (d, J = 9.1 Hz, 1H), 3.64 

(s, 3H), 3.19 (s, 3H), 2.13 – 1.03 (m, 22H). 13C NMR (101 MHz, CDCl3) δ 161.9, 156.4, 152.9, 147.1, 137.5 

(d, J = 4.4 Hz), 134.2, 134.1 (d, J = 9.2 Hz), 133.8, 132.2, 132.1, 131.0 (d, J = 10.6 Hz), 130.8 (d, J = 84.0 

Hz), 130.6 (d, J = 2.6 Hz), 129.8, 129.1, 128.4, 128.0, 127.7, 127.2 (d, J = 11.1 Hz), 127.0, 126.5, 126.4, 

126.1 (d, J = 2.8 Hz), 126.1, 125.3, 124.7, 122.9, 121.9, 120.8, 119.0, 114.0, 105.5, 62.1, 55.6, 37.7 (d, 

J = 169.5 Hz), 37.0 (d, J = 170.7 Hz), 26.9 (d, J = 12.5 Hz), 26.7 (d, J = 4.4 Hz), 26.5 (d, J = 5.9 Hz), 26.4 

(d, J = 10.0 Hz), 26.1 (d, J = 2.2 Hz), 26.0 (d, J = 12.5 Hz), 25.8 (d, J = 3.0 Hz), 25.5 (d, J = 3.5 Hz). 31P 

NMR (162 MHz, CDCl3) δ 47.37. HRMS (FTMS +p NSI) [M+H]+ calcd for C46H48O7PS +; 775.2853, found 

775.2853, Δ= 0 ppm. [𝜶]𝑫
𝟐𝟓= -82.4° (c 0.43, DMSO). 

 

(R)-2'-methoxy-[1,1'-binaphthalen]-2-yl (R)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate 

 

(R,R)-111 (1.16 g, 1.5 mmol) and potassium carbonate (830 mg, 6 mmol) were added to a microwave 

vial and sealed under a nitrogen atmosphere. Acetone (20 mL) was added, then methyl iodide (0.93 

mL, 15 mmol), then the mixture heated at 60 °C for 16 hours. Once the reaction was complete, the 

solvent was removed under a stream of air and water (20 mL) and CH2Cl2 (20 mL) added. The layers 

were separated, the aqueous washed with CH2Cl2 (2 x 20 mL), the organic layers combined, dried 

(MgSO4) and solvent removed to yield crude product. This was purified by column chromatography 

(20-60% EtOAc:petrol) to yield the product as a yellow solid (946 mg, 1.2 mmol, 80%). 1H NMR (400 

MHz, CDCl3) δ 7.96 (dd, J = 9.0, 7.9 Hz, 2H), 7.90 (dt, J = 8.4, 1.0 Hz, 1H), 7.85 – 7.80 (m, 1H), 7.74 – 

7.67 (m, 1H), 7.66 (d, J = 5.1 Hz, 1H), 7.63 (d, J = 5.0 Hz, 1H), 7.52 (tt, J = 7.5, 1.5 Hz, 1H), 7.48 – 7.41 

(m, 2H), 7.38 (d, J = 9.1 Hz, 1H), 7.29 – 7.22 (m, 3H), 7.19 – 7.12 (m, 2H), 7.05 (dd, J = 8.5, 1.1 Hz, 1H), 

6.62 (d, J = 9.0 Hz, 1H), 3.80 (s, 3H), 3.75 (s, 3H), 3.05 (s, 3H), 2.03 – 0.92 (m, 22H). 13C NMR (101 MHz, 
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CDCl3) δ 162.6, 156.7 (d, J = 0.6 Hz), 155.3, 146.4, 136.9 (d, J = 5.1 Hz), 133.9, 133.7, 133.2 (d, J = 8.9 

Hz), 132.2, 132.1, 132.0, 131.4, 131.2, 130.1 (d, J = 2.5 Hz), 130.0, 129.5, 128.8, 128.1, 127.7, 127.3 (d, 

J = 10.5 Hz), 126.5 (d, J = 4.7 Hz), 126.5, 126.4, 126.3 (d, J = 2.4 Hz), 125.8, 125.2, 123.6, 123.4, 121.6, 

117.2, 113.4, 105.2, 61.7, 56.5, 55.9, 37.8 (d, J = 65.9 Hz), 37.5 (d, J = 66.2 Hz), 26.7 (d, J = 11.0 Hz), 

26.6 (d, J = 9.1 Hz), 26.5 (d, J = 10.5 Hz), 26.3 (d, J = 3.3 Hz), 26.0 (d, J = 3.1 Hz), 25.9 (d, J = 0.8 Hz), 25.8 

(d, J = 3.0 Hz), 25.6 (d, J = 3.0 Hz). 31P NMR (162 MHz, CDCl3) δ 46.05. HRMS (FTMS +p NSI) [M+H]+ 

calcd for C47H50O7PS +; 789.3009, found 789.3020, Δ= 1.4 ppm. [𝜶]𝑫
𝟐𝟓= +52.6° (c 0.37, CHCl3).  

 

(R)-2'-methoxy-[1,1'-binaphthalen]-2-yl (S)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-

biphenyl]-3-sulfonate 

 

(R,S)-111 (388 mg, 0.5 mmol) and potassium carbonate (138 mg, 1 mmol) were added to a microwave 

vial and sealed under a nitrogen atmosphere. Acetone (5 mL) was added, then methyl iodide (0.3 mL, 

5 mmol), then the mixture heated at 60 °C for 16 hours. Once the reaction was complete, the solvent 

was removed under a stream of air and water (5 mL) and CH2Cl2 (5 mL) added. The layers were 

separated, the aqueous washed with CH2Cl2 (2 x 5 mL), the organic layers combined, dried (MgSO4) 

and solvent removed to yield crude product. This was purified by column chromatography (20-60% 

EtOAc:petrol) to yield the product as a yellow solid (371 mg, 0.47 mmol, 94%). 1H NMR (400 MHz, 

CDCl3) δ 7.99 – 7.88 (m, 3H), 7.83 – 7.76 (m, 1H), 7.79 – 7.71 (m, 1H), 7.71 (d, J = 8.9 Hz, 1H), 7.54 (tt, 

J = 7.5, 1.5 Hz, 1H), 7.48 (dt, J = 7.6, 1.7 Hz, 1H), 7.43 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.39 (d, J = 9.1 Hz, 

1H), 7.36 (d, J = 8.9 Hz, 1H), 7.30 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.25 – 7.18 (m, 2H), 7.18 – 7.14 (m, 2H), 

7.08 (dd, J = 8.5, 1.1 Hz, 1H), 6.36 (d, J = 9.0 Hz, 1H), 3.76 (s, 3H), 3.70 (s, 3H), 3.27 (s, 3H), 1.98 – 0.88 

(m, 22H). 13C NMR (101 MHz, CDCl3) δ 162.2, 156.4 (d, J = 0.6 Hz), 155.1, 146.5, 136.7 (d, J = 5.4 Hz), 

134.0, 133.7, 133.1, 133.0, 132.5, 132.4 (d, J = 9.0 Hz), 132.0, 131.7, 130.9, 130.0 (d, J = 2.6 Hz), 130.0, 

129.4, 128.8, 128.1, 127.6, 127.3 (d, J = 10.3 Hz), 126.5 (d, J = 2.8 Hz), 126.4, 126.0 (d, J = 2.5 Hz), 125.9, 

125.8, 123.5, 123.2, 122.1, 117.6, 113.6, 105.1, 61.7, 56.6, 55.8, 37.8 (d, J = 65.8 Hz), 37.5 (d, J = 66.1 

Hz), 26.7, 26.6, 26.5 (d, J = 2.7 Hz), 26.4, 26.4, 26.1 (d, J = 3.1 Hz), 25.9, 25.7 (d, J = 3.8 Hz), 25.6. 31P 
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NMR (162 MHz, CDCl3) δ 46.41. HRMS (FTMS +p NSI) [M+H]+ calcd for C47H50O7PS; 789.3009, found 

789.3016, Δ= 0.9 ppm. [𝜶]𝑫
𝟐𝟓= -41.8° (c 0.72, CHCl3). 

 

Sodium (R)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate AND Sodium (S)-

2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

(R,R)-111 (3.5 g, 4.52 mmol) and NaOH (9g, 22.5 mmol) were dissolved in a MeOH:H2O mixture (9:1, 

100 mL) and heated at 100 °C for 16 hours. After the reaction was complete, the solution was partially 

concentrated, and HCl solution (3 M, 150 mL), H2O (500 mL) and CH2Cl2 (500 mL) added. The organic 

layer was taken, dried (MgSO4) and solvent removed to yield crude product. This was purified by 

column chromatography (0-15% MeOH:CH2Cl2) to yield (R)-107 as a grey powder. 1H NMR (400 MHz, 

MeOD) δ 7.97 (d, J = 8.8 Hz, 1H, H10), 7.87 (dd, J = 11.8, 7.6 Hz, 1H, H2), 7.69 (t, J = 7.5 Hz, 1H, H4), 

7.60 (t, J = 7.5, 6.9 Hz, 1H, H3), 7.42 (dd, J = 7.4, 4.0 Hz, 1H, H5), 6.93 (d, J = 8.8 Hz, 1H, H9), 3.75 (s, 

3H, H13), 3.43 (s, 3H, H14), 2.37 – 2.19 (m, 1H, H15), 2.10 – 1.52 (m, 11H, H15), 1.50 – 1.05 (m, 8H, 

H15). 13C NMR (101 MHz, MeOD) δ 159.5 (C8), 155.8 (C12), 138.0 (d, J = 6.5 Hz, C6), 134.3 (d, J = 9.9 

Hz, C5), 132.2 (d, J = 10.4 Hz, C2), 131.6 (d, J = 2.7 Hz, C4), 130.7 (C11), 129.8 (C10), 127.3 (d, J = 11.7 

Hz, C3), 125.6 (d, J = 88.1 Hz, C1), 124.5 (d, J = 2.5 Hz, C7), 105.7 (C9), 60.6 (C14), 55.0 (C13), 36.3 (d, J 

= 65.2 Hz, C15), 35.3 (d, J = 60.8 Hz, C15), 26.2 (d, J = 2.8 Hz, C15), 25.9 (d, J = 3.0 Hz, C15), 25.8 (d, J = 

2.9 Hz, C15), 25.6, 25.5 (m, C15), 25.3 (C15), 25.0 (d, J = 3.3 Hz, C15), 24.8 (d, J = 3.7 Hz, C15). 31P NMR 

(162 MHz, MeOD) δ 52.97 (P15). [𝜶]𝑫
𝟐𝟓= +0.63° (c 0.95, MeOH). HRMS (FTMS -p NSI) [M-H]- calcd for 

C26H34O6PS-; 505.1819, found 505.1816, Δ= 0.6 ppm 
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The same reaction was performed on (R,S)-111 (1.2 g, 1.55 mmol) with NaOH (3 g, 7.5 mmol) in 

MeOH:H2O (9:1, 20 mL). This yielded (S)-107 as black powder (645 mg, 1.22 mmol, 79%). NMR data 

matched the (R) enantiomer. [𝜶]𝑫
𝟐𝟓= -0.45° (c 0.66, MeOH). 

 

Isobutyl (R)-2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate AND Isobutyl (S)-

2'-(dicyclohexylphosphoryl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

The sulfonyl chloride was formed by the analogous reaction on page 256 using (R)-107 (2.11 g, 4 mmol) 

instead of (±)-sSPhos. The crude sulfonyl chloride was then dissolved in CH2Cl2 (20 mL) and cooled to 

0 °C. Isobutyl alcohol (16 mL, 160 mmol) was added, then triethylamine (5.6 mL, 40 mmol) was added 

dropwise. The reaction was heated to 40 °C and stirred for 16 hours. Once complete, water (50 mL) 

was added, the layers separated, and the aqueous layer washed with CH2Cl2 (2 x 50 mL). The combined 

organic layers were washed with HCl (3M, 50 mL) and brine (saturated, 50 mL), dried (MgSO4) and 

solvent removed to yield crude product. This material was purified by column chromatography (20-

100 EtOAc:petrol) to yield (R)-117 as a white solid (1.25 g, 2.23 mmol, 56%). NMR data was consistent 

with the racemic compound. [𝜶]𝑫
𝟐𝟓= +36.0° (c 0.95, CHCl3). 

The same reaction was performed with (S)-107 (610 mg, 1.15 mmol), CH2Cl2 (10 mL), isobutyl alcohol 

(2.2 mL, 23 mmol), triethylamine (0.8 mL, 5.75 mmol) and MgSO4 (1 g, added before the isobutyl 

alcohol) to yield (S)-117 as a white solid (444 mg, 0.79 mmol, 69%). [𝜶]𝑫
𝟐𝟓= -34.6° (c 1.15, CHCl3). 
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(S)-sSPhos AND Isobutyl (S)-2'-(dicyclohexylphosphaneyl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 

 

For this reaction, all solvents used (THF, Dioxane, EtOAc, Acetone, MeOH) were sparged (bubbling 

nitrogen gas through the solvent) for minimum 30 minutes before use. Careful exclusion of oxygen 

from the solvents and reaction mixture ensures a more reproducible reaction. 

LiAlH4 (pellet, ~500 mg) was placed under an argon atmosphere with a balloon and dissolved in THF 

to form a 2 M solution (minimum 3 hours). (S)-117 (281 mg, 0.5 mmol) was placed under an argon 

atmosphere and dissolved in dioxane (1.5 mL) and THF (6 mL). POCl3 (0.47 mL, 5 mmol) was then 

added, and the solution stirred at 30 °C for two hours. After this time, the reaction mixture was cooled 

in ice, and LiAlH4 solution (2M made, 6.25 mL, 12.5 mmol) was added dropwise (NOTE: this addition 

is particularly violent, ensure there is enough cooling and a particularly slow addition to start with). 

The needle attached to the argon balloon was replaced with a fresh one (corrosion observed after the 

LiAlH4 addition), and the solution was stirred for 2 hours at room temperature. The reaction was 

observed to proceed to 85% conversion by LCMS. The reaction mixture was cooled in ice, and EtOAc 

(10 mL) was slowly added, followed by MeOH (5 mL) and stirred for a further 10 minutes. After this 

time, the reaction was opened to air and the solvent removed under a stream of nitrogen gas. H2O 

(200 mL) and CHCl3 (200 mL) were then added, and the organic layer taken, dried (MgSO4) and solvent 

removed under reduced pressure (NOTE: ensure that the flask does not exceed 25 °C during this step 

to reduce re-oxidation). Sodium iodide (3 g, 40 eq.) was added to the residue, and the solids were 

placed under an argon atmosphere with a balloon. EtOAc (10 mL) was added, and the reaction stirred 

for 3 days at room temperature. The reaction was analysed by LCMS and determined to have low 

conversion (<10% sSPhos), so the solvent was removed under a stream of nitrogen gas, more sodium 

iodide (1.5 g) added and placed under an argon atmosphere. Acetone (15 mL) was added, and stirred 

for a further 4 days, with aliquots taken each day and analysed by LCMS. After 4 days, LCMS analysis 

showed 28% of L100, 25% of 107 (oxidised sSPhos) and 46% of the desired L11 (sSPhos). The solvent 

was removed under a stream of nitrogen, and H2O (40 mL), HCl (3M, 5 mL) and EtOAc (50 mL) added. 

The layers were separated, and the aqueous layer was washed with EtOAc (5 x 50 mL) until only sSPhos 

was seen by LCMS in the aqueous layer. The organic layers were combined and purified to yield (S)-

L100 (see below). The aqueous layer was cooled in ice, and NaOH (2.5 M, 15 mL) was added until the 
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solution was alkaline, then CH2Cl2 (200 mL) added, and the layers separated. The aqueous layer was 

washed with CH2Cl2 (200 mL), the organic layers combined, dried (MgSO4) and solvent removed (keep 

below 25 °C) to yield crude (S)-sSPhos. The residue was dissolved in ice-cold MeOH (1 mL), sonicated, 

and filtered through a celite pad. The celite was washed with ice-cold MeOH (2 x 0.25 mL), then the 

solvent removed under reduced pressure (<25 °C). Et2O (2 x 20 mL) was added and removed under 

reduced pressure (<25 °C), then hexane (2 x 20 mL) was added and removed under reduced pressure 

(<25 °C) until a white solid formed. The solid was dried for 4 hours under high vacuum to yield (S)-

sSPhos (L11) as a white solid (34 mg, 0.066 mmol, 13%). NMR data corresponded to the racemic 

compound. [𝜶]𝑫
𝟐𝟓= +43.4° (c 0.65, MeOH).  

(S)-L100: The combined EtOAc washes above were dried (MgSO4) and solvent removed (<25 °C) to 

yield the crude mix of L100 and 107. The crude mixture was purified by column chromatography (0-

20 % EtOAc:petrol) to yield (S)-L100 as a white solid (27 mg, 0.049 mmol, 10%). 1H NMR (500 MHz, 

CDCl3) δ 7.96 (d, J = 8.9 Hz, 1H, H10), 7.62 (dt, J = 7.1, 2.1 Hz, 1H, H2), 7.45 – 7.38 (m, 2H, H3 H4), 7.31 

– 7.24 (m, 1H, H5), 6.79 (d, J = 8.9 Hz, 1H, H9), 3.92 (dd, J = 6.7, 1.6 Hz, 2H, H16), 3.77 (s, 3H, H13), 3.36 

(s, 3H, H14), 2.15 – 2.05 (m, 1H, H17), 2.05 – 1.98 (m, 1H, H15), 1.83 – 1.45 (m, 11H, H15), 1.39 – 0.83 

(m, 10H, H15), 1.02 (d, J = 6.7 Hz, 3H, H18), 0.97 (d, J = 6.8 Hz, 3H, H18). 13C NMR (126 MHz, CDCl3) δ 

162.4 (C8), 157.1 (d, J = 1.5 Hz, C12), 140.6 (d, J = 32.3 Hz, C6), 136.6 (d, J = 20.6 Hz, C1), 132.8 (d, J = 

3.7 Hz, C2), 131.7 (C10), 131.5 (d, J = 6.0 Hz, C5), 128.1 (C4), 127.1 (C7), 127.0 (d, J = 7.1 Hz, C3), 121.7 

(C11), 105.4 (C9), 76.9 (d, J = 3.2 Hz, C16), 61.2 (C14), 55.7 (C13), 35.4 (d, J = 15.2 Hz, C15), 33.0 (d, J = 

13.5 Hz, C15), 30.2 (d, J = 19.1 Hz, C15), 30.0 (d, J = 15.5 Hz, C15), 29.3 (d, J = 12.4 Hz, C15), 28.7 (d, J 

= 6.5 Hz, C15), 28.2 (C17), 27.6 (d, J = 12.1 Hz, C15), 27.5 (d, J = 6.5 Hz, C15), 27.2 (d, J = 9.4 Hz, C15), 

27.1 (C15), 26.5 (d, J = 11.6 Hz, C15), 19.1 (C18), 18.9 (C18). 31P NMR (203 MHz, CDCl3) δ -7.85 (P15). 

HRMS (FTMS +p NSI) [M+Li]+ calcd for C30H43O5PSLi+; 553.2723, found 553.2741, Δ= 3.3 ppm. [𝜶]𝑫
𝟐𝟓= -

2.6° (c 0.49, CHCl3). 
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e. Atroposelective Suzuki-Miyaura couplings using enantiopure 

sSPhos 

(R)-sSPhos AND (S)-sSPhos 

 

sSPhos was separated in three batches (3 x 5g) by preparatory SFC. This was performed at AstraZeneca 

by Dr. Jennifer Kingston and Matthew Sanders. sSPhos (5 g) was dissolved in CH2Cl2 (15 mL) and MeOH 

(20 mL), then purified by preparatory SFC (Column: Chiralpak IH, 20 x 250 mm, 5 μm, Mobile phase: 

30 % [MeOH + 0.1% NH3]: 70% CO2, Flow rate: 60 mL/min, Back pressure regulator (BPR): 120 bar, 

Column temperature: 40 °C). Two fractions were isolated: (R)-sSPhos (2.0 - 4.2 minutes) and (S)-

sSPhos (5.5 - 8.2 minutes). The solvent was removed to yield off-white solids. These solids have 

potentially undergone cation exchange during the separation, so were processed to ensure the cation 

was sodium. 

The three batches of (R)-sSPhos were dissolved in MeOH (100 mL) and passed through a column of 

Amberlite IRC120 H, hydrogen form (washed first with MeOH until run clear) five times, then solvent 

removed to yield the protonated zwitterionic (R)-sSPhos. This residue was dissolved in CH2Cl2 (500 mL) 

and cooled in ice. NaOH (2.5 M, 200 mL) and H2O (300 mL) was added, and the layers separated. The 

aqueous layer was washed with CH2Cl2 (400 mL), the organic layers combined, dried (MgSO4) and 

solvent removed (keeping the flask below 25 °C). The residue was redissoved in MeOH (50 mL), 

sonicated, then filtered through a pad of celite. The celite was washed with ice-cold MeOH (2 x 5 mL), 

and solvent removed (<25 °C). Et2O (2 x 100 mL) was added then removed (<25 °C), then hexane (2 x 

100 mL) added then removed (<25 °C) to yield (R)-sSPhos as a white solid (6.07 g, 11.9 mmol, 40%, 

>99% ee). NMR data corresponded to the racemic compound. [𝜶]𝑫
𝟐𝟓= -46.5° (c 0.43, MeOH). 

The same process was performed with the (S)-sSPhos batches to yield (S)-sSPhos as a white solid. NMR 

data corresponded to the racemic compound. [𝜶]𝑫
𝟐𝟓= +45.2° (c 0.46, MeOH).  
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i. Synthesis of aryl halide coupling partners 

(2-bromophenyl)(piperidin-1-yl)methanone 

 

Procedure adapted from literature procedure.123 2-bromobenzoic acid (1.05 g, 5.25 mmol) was 

dissolved in thionyl chloride (7 mL), and heated at reflux for 3 hours. The solvent was removed under 

reduced pressure, toluene added and removed again under reduced pressure (2 x 5mL). The resulting 

oil was diluted with CH2Cl2 (10 mL) and added to a solution of piperidine (0.6 mL, 6 mmol, 1.15 eq.), 

triethylamine (1.05 mL, 7.5 mmol, 1.4 eq.) and DMAP (30 mg, 0.25 mmol, 0.05 eq.) in CH2Cl2 (10 mL). 

The resulting solution was stirred at room temperature for two hours, after which the reaction was 

diluted with Et2O (20 mL) and water (20 mL) and the organic layer separated. The organic layer was 

washed sequentially with H2O (20 mL), NaHCO3 solution (sat., 20mL) and HCl solution (3 M, 20 mL), 

then dried (MgSO4) and solvent removed under reduced pressure to yield the title compound as a 

yellow oil (1.34 g, 4.94 mmol, 94%). 1H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 8.0 Hz, 1H, H2), 7.34 (td, J 

= 7.5, 1.1 Hz, 1H, H4), 7.25 – 7.19 (m, 2H, H3 H5), 3.86 – 3.63 (m, 2H, H8a), 3.25 – 3.09 (m, 2H, H8b), 

1.76 – 1.55 (m, 5H, H9 H10a), 1.51 – 1.39 (m, 1H, H10b). 13C NMR (126 MHz, CDCl3) δ 167.5 (C7), 138.6 

(C6), 132.8 (C2), 130.0 (C3), 127.6 (C4), 127.5 (C5), 119.2 (C1), 47.9 (C8a), 42.5 (C8b), 26.3 (C9a), 25.5 

(C9b), 24.5 (C10). 

Data in accordance with literature.262 

 

2-bromo-N-(tert-butyl)benzamide 

 

Procedure adapted from literature procedure.123 2-bromobenzoic acid (1.05 g, 5.25 mmol) was 

dissolved in thionyl chloride (7 mL), and heated at reflux for 3 hours. The solvent was removed under 

reduced pressure, toluene added and removed again under reduced pressure (2 x 5mL). The resulting 

oil was diluted with CH2Cl2 (10 mL) and added to a solution of tert-butylamine (0.63 mL, 6 mmol, 1.15 

eq.), triethylamine (1.05 mL, 7.5 mmol, 1.4 eq.) and DMAP (30 mg, 0.25 mmol, 0.05 eq.) in CH2Cl2 (10 
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mL). The resulting solution was stirred at room temperature for two hours, after which the reaction 

was diluted with Et2O (20 mL) and water (20 mL) and the organic layer separated. The organic layer 

was washed sequentially with H2O (20 mL), NaHCO3 solution (sat., 20mL) and HCl solution (3 M, 20 

mL), then dried (MgSO4) and solvent removed under reduced pressure to yield the title compound as 

a white solid (1.18 g, 4.62 mmol, 88%). 1H NMR (500 MHz, CDCl3) δ 7.57 (dd, J = 8.0, 1.2 Hz, 1H, H2), 

7.50 (dd, J = 7.6, 1.8 Hz, 1H, H5), 7.34 (td, J = 7.5, 1.2 Hz, 1H, H4), 7.25 (ddd, J = 8.0, 7.4, 1.8 Hz, 1H, 

H3), 5.76 (s, 1H, H10), 1.49 (s, 9H, H9). 13C NMR (126 MHz, CDCl3) δ 166.9 (C7), 139.0 (C6), 133.2 (C2), 

130.8 (C3), 129.3 (C5), 127.5 (C4), 119.1 (C1), 52.2 (C8), 28.8 (C9). 

Data in accordance with literature.263 

 

2-bromo-N-butylbenzamide 

 

Procedure adapted from literature procedure.123 2-bromobenzoic acid (1.05 g, 5.25 mmol) was 

dissolved in thionyl chloride (7 mL), and heated at reflux for 3 hours. The solvent was removed under 

reduced pressure, toluene added and removed again under reduced pressure (2 x 5mL). The resulting 

oil was diluted with CH2Cl2 (10 mL) and added to a solution of n-butylamine (0.6 mL, 6 mmol, 1.15 eq.), 

triethylamine (1.05 mL, 7.5 mmol, 1.4 eq.) and DMAP (30 mg, 0.25 mmol, 0.05 eq.) in CH2Cl2 (10 mL). 

The resulting solution was stirred at room temperature for two hours, after which the reaction was 

diluted with Et2O (20 mL) and water (20 mL) and the organic layer separated. The organic layer was 

washed sequentially with H2O (20 mL), NaHCO3 solution (sat., 20mL) and HCl solution (3 M, 20 mL), 

then dried (MgSO4) and solvent removed under reduced pressure to yield the title compound as a 

white solid (1.16 g, 4.54 mmol, 87%). 1H NMR (500 MHz, CDCl3) δ 7.56 (dd, J = 8.0, 1.2 Hz, 1H, H2), 

7.47 (dd, J = 7.6, 1.8 Hz, 1H, H5), 7.32 (td, J = 7.5, 1.2 Hz, 1H, H4), 7.24 (td, J = 7.6, 1.8 Hz, 1H, H3), 6.17 

(s, 1H, H12), 3.42 (td, J = 7.1, 5.8 Hz, 2H, H8), 1.60 (pent, J = 7.2 Hz, 2H, H9), 1.43 (hex, J = 7.4 Hz, 2H, 

H10), 0.95 (t, J = 7.4 Hz, 3H, H11). 13C NMR (126 MHz, CDCl3) δ 167.6 (C7), 138.1 (C6), 133.2 (C2), 131.0 

(C3), 129.5 (C5), 127.5 (C4), 119.2 (C1), 39.8 (C8), 31.4 (C9), 20.2 (C10), 13.8 (C11). 

Data in accordance with literature.264 

  



271 
 

2-bromo-N-(2-phenylpropan-2-yl)benzamide 

 

Procedure adapted from literature procedure.123 2-bromobenzoic acid (350 mg, 1.75 mmol) was 

dissolved in thionyl chloride (2 mL), and heated at reflux for 3 hours. The solvent was removed under 

reduced pressure, toluene added and removed again under reduced pressure (2 x 3 mL). The resulting 

oil was diluted with CH2Cl2 (5 mL) and added to a solution of cumylamine (410 mg, 3 mmol, 1.7 eq.), 

triethylamine (0.52 mL, 3.75 mmol, 2.1 eq.) and DMAP (15 mg, 0.13 mmol, 0.07 eq.) in CH2Cl2 (5 mL). 

The resulting solution was stirred at room temperature for two hours, after which the reaction was 

diluted with Et2O (10 mL) and water (10 mL) and the organic layer separated. The organic layer was 

washed sequentially with H2O (10 mL), NaHCO3 solution (sat., 10 mL) and HCl solution (3 M, 10 mL), 

then dried (MgSO4) and solvent removed under reduced pressure to yield the title compound as an 

off-white solid (440 mg, 1.38 mmol, 79%). 1H NMR (500 MHz, CDCl3) δ 7.59 (d, J = 8.1 Hz, 1H, H2), 7.54 

(d, J = 7.5 Hz, 3H, H5 H12), 7.42 – 7.33 (m, 3H, H4 H13), 7.31 – 7.24 (m, 2H, H3 H14), 6.33 (s, 1H, H8), 

1.86 (s, 6H, H10). 13C NMR (126 MHz, CDCl3) δ 166.4 (C7), 146.5 (C11), 138.5 (C6), 133.3 (C2), 131.1 

(C3), 129.7 (C5), 128.5 (C13), 127.6 (C4), 126.9 (C14), 124.9 (C12), 119.2 (C1), 56.9 (C9), 28.9 (C10). 

Data in accordance with literature.123 

 

2-bromo-N-(tert-butyl)-3-methylbenzamide 

 

Procedure adapted from literature procedure.123 2-bromo-3-methylbenzoic acid (645 mg, 3 mmol) 

was dissolved in thionyl chloride (4 mL), and heated at reflux for 3 hours. The solvent was removed 

under reduced pressure, toluene added and removed again under reduced pressure (2 x 5 mL). The 

resulting oil was diluted with CH2Cl2 (6 mL) and added to a solution of tert-butylamine (0.38 mL, 3.6 

mmol, 1.2 eq.), triethylamine (0.63 mL, 4.5 mmol, 1.5 eq.) and DMAP (18 mg, 0.15 mmol, 0.05 eq.) in 

CH2Cl2 (5 mL). The resulting solution was stirred at room temperature overnight, after which the 

reaction was diluted with water (10 mL) and the organic layer separated. The organic layer was washed 

sequentially with H2O (10 mL), NaHCO3 solution (sat., 10 mL) and HCl solution (3 M, 10 mL), then dried 
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(MgSO4) and solvent removed under reduced pressure to yield the title compound as a white powder 

(635 mg, 2.35 mmol, 78%). 1H NMR (500 MHz, CDCl3) δ 7.30 – 7.19 (m, 3H, H3 H4 H5), 5.61 (s, 1H, H8), 

2.44 (s, 3H, H11), 1.49 (s, 9H, H10). 13C NMR (126 MHz, CDCl3) δ 167.8 (C7), 140.2 (C6), 139.0 (C2), 

131.4 (C3), 127.2 (C4), 126.0 (C5), 121.5 (C1), 52.2 (C9), 28.8 (C10), 23.5 (C11). HRMS (FTMS +p NSI) 

[M+H]+ calcd for C12H17BrNO+; 270.0488, found 270.0488, Δ= 0 ppm. 

 

2-bromo-N-butyl-3-methylbenzamide 

 

Procedure adapted from literature procedure.123 2-bromo-3-methylbenzoic acid (645 mg, 3 mmol) 

was dissolved in thionyl chloride (4 mL), and heated at reflux for 3 hours. The solvent was removed 

under reduced pressure, toluene added and removed again under reduced pressure (2 x 5 mL). The 

resulting oil was diluted with CH2Cl2 (6 mL) and added to a solution of n-butylamine (0.36 mL, 3.6 

mmol, 1.2 eq.), triethylamine (0.63 mL, 4.5 mmol, 1.5 eq.) and DMAP (18 mg, 0.15 mmol, 0.05 eq.) in 

CH2Cl2 (5 mL). The resulting solution was stirred at room temperature overnight, after which the 

reaction was diluted with water (10 mL) and the organic layer separated. The organic layer was washed 

sequentially with H2O (10 mL), NaHCO3 solution (sat., 10 mL) and HCl solution (3 M, 10 mL), then dried 

(MgSO4) and solvent removed under reduced pressure to yield the title compound as a beige powder 

(670 mg, 2.48 mmol, 83%). 1H NMR (500 MHz, CDCl3) δ 7.28 – 7.24 (m, 1H, H3), 7.23 – 7.19 (m, 2H, H4 

H5), 5.95 (s, 1H, H8), 3.44 (td, J = 7.2, 5.8 Hz, 2H, H9), 2.43 (s, 3H, H13), 1.61 (pent, J = 7.6 Hz, 2H, H10), 

1.44 (hex, J = 7.6 Hz, 2H, H11), 0.97 (t, J = 7.3 Hz, 3H, H12). 13C NMR (126 MHz, CDCl3) δ 168.5 (C7), 

139.4 (C6), 139.1 (C2), 131.6 (C3), 127.2 (C4), 126.2 (C5), 121.6 (C1), 39.8 (C9), 31.5 (C10), 23.5 (C13), 

20.2 (C11), 13.8 (C12). HRMS (FTMS +p NSI) [M+H]+ calcd for C12H17BrNO+; 270.0488, found 270.0494, 

Δ= 2.2 ppm. 

 

2-bromo-3-methyl-N-(2-phenylpropan-2-yl)benzamide 
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Procedure adapted from literature procedure.123 2-bromo-3-methylbenzoic acid (645 mg, 3 mmol) 

was dissolved in thionyl chloride (4 mL), and heated at reflux for 3 hours. The solvent was removed 

under reduced pressure, toluene added and removed again under reduced pressure (2 x 5 mL). The 

resulting oil was diluted with CH2Cl2 (6 mL) and added to a solution of cumylamine (0.52 mL, 3.6 mmol, 

1.2 eq.), triethylamine (0.63 mL, 4.5 mmol, 1.5 eq.) and DMAP (18 mg, 0.15 mmol, 0.05 eq.) in CH2Cl2 

(5 mL). The resulting solution was stirred at room temperature overnight, after which the reaction was 

diluted with water (10 mL) and the organic layer separated. The organic layer was washed sequentially 

with H2O (10 mL), NaHCO3 solution (sat., 10 mL) and HCl solution (3 M, 10 mL), then dried (MgSO4) 

and solvent removed under reduced pressure to yield the title compound as a pale yellow powder 

(791 mg, 2.38 mmol, 79%). 1H NMR (500 MHz, CDCl3) δ 7.55 (dd, J = 8.3, 1.3 Hz, 2H, H12), 7.39 (t, J = 

7.9, 7.5 Hz, 2H, H13), 7.31 – 7.26 (m, 3H, H3 H5 H14), 7.26 – 7.22 (m, 1H, H4), 6.14 (s, 1H, H8), 2.47 (s, 

3H, H15), 1.87 (s, 6H, H10). 13C NMR (126 MHz, CDCl3) δ 167.3 (C7), 146.6 (C11), 139.8 (C6), 139.1 (C2), 

131.6 (C3), 128.5 (C13), 127.3 (C4), 126.9 (C14), 126.3 (C5), 124.9 (C12), 121.6 (C1), 56.9 (C9), 28.8 

(C10), 23.6 (C15). 

Data in accordance with literature.123 

 

N-(2-bromophenyl)-2,2,2-trifluoroacetamide 

 

2-bromoaniline (2.26 mL, 20 mmol) and trifluoroacetic anhydride (4.17 mL, 30 mmol, 1.5 eq.) were 

added to CH2Cl2 (50 mL), and the resulting solution cooled to 0 °C. Triethylamine (4.2 mL, 30 mmol, 

1.5 eq.) was added dropwise to the solution, then the reaction was allowed to warm to room 

temperature over 4 hours. Water (50 mL) was added, the organic layer separated, dried (MgSO4) and 

solvent removed to yield crude product. The crude product was purified by flash silica chromatography 

(10-50% EtOAc:Heptane) to yield the title compound as a white crystalline solid (5.05 g, 18.8 mmol, 

94%). 1H NMR (500 MHz, CDCl3) δ 8.44 (s, 1H, H7), 8.30 (dd, J = 8.3, 1.5 Hz, 1H, H4), 7.60 (dd, J = 8.1, 

1.4 Hz, 1H, H1), 7.39 (td, J = 8.2, 1.3 Hz, 1H, H3), 7.12 (ddd, J = 8.0, 7.6, 1.5 Hz, 1H, H2). 13C NMR (126 

MHz, CDCl3) δ 154.7 (q, J = 37.7 Hz, C8), 133.2 (C5), 132.6 (C1), 128.8 (C3), 127.3 (C2), 122.1 (C4), 115.6 

(q, J = 288.8 Hz, C9), 114.2 (C6). 19F NMR (471 MHz, CDCl3) δ -75.88 (F9). 

Data in accordance with literature.265 
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N-(2-bromophenyl)acetamide 

 

2-bromoaniline (2.26 mL, 20 mmol) and acetic anhydride (2.84 mL, 30 mmol, 1.5 eq.) were added to 

CH2Cl2 (50 mL), and the resulting solution cooled to 0 °C. Triethylamine (4.2 mL, 30 mmol, 1.5 eq.) was 

added dropwise to the solution, then the reaction was allowed to warm to room temperature over 4 

hours. Water (50 mL) was added, the organic layer separated, dried (MgSO4) and solvent removed to 

yield crude product. The crude product was purified by flash silica chromatography (30-100% 

EtOAc:Heptane) to yield the title compound as a white powder (1.86 g, 8.7 mmol, 43%). 1H NMR (500 

MHz, CDCl3) δ 8.33 (d, J = 8.0 Hz, 1H, H4), 7.60 (s, 1H, H7), 7.53 (dd, J = 8.0, 1.2 Hz, 1H, H1), 7.31 (td, J 

= 7.7, 1.2 Hz, 1H, H3), 6.97 (t, J = 7.3 Hz, 1H, H2), 2.24 (s, 3H, H9). 13C NMR (126 MHz, CDCl3) δ 168.2 

(C8), 135.7 (C5), 132.2 (C1), 128.4 (C3), 125.2 (C2), 121.9 (C4), 113.2 (C6), 24.9 (C9). 

Data in accordance with literature.265 

 

N-(2-bromophenyl)-1,1,1-trifluoromethanesulfonamide 

 

2-bromoaniline (2.26 mL, 20 mmol) and acetic anhydride (2.84 mL, 30 mmol, 1.5 eq.) were added to 

CH2Cl2 (150 mL), and the resulting solution cooled to -78 °C. Triethylamine (4.2 mL, 30 mmol, 1.5 eq.) 

was added dropwise to the solution, then the reaction was stirred at -78 °C for 4 hours. Water (50 mL) 

was added, the organic layer separated, dried (MgSO4) and solvent removed to yield crude product. 

The crude product was purified by flash silica chromatography (0-30% EtOAc:petrol) to yield the title 

compound as an off-white solid (902 mg, 2.97 mmol, 15%). 1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 

4.1, 1.5 Hz, 1H, H4), 7.64 (dd, J = 4.0, 1.5 Hz, 1H, H1), 7.39 (td, J = 7.8, 1.5 Hz, 1H, H3), 7.19 (td, J = 7.7, 

1.6 Hz, 1H, H2), 7.18 (s, 1H, H7). 13C NMR (101 MHz, CDCl3) δ 133.1 (C1), 132.6 (C5), 128.9 (C3), 128.3 

(C2), 123.8 (C4), 119.6 (q, J = 322.6 Hz, C8), 116.8 (C6). 19F NMR (471 MHz, CDCl3) δ -76.77 (F8). HRMS 

(FTMS -p NSI) [M-H]- calcd for C7H4BrF3NO2S-; 301.9104, found 301.9102, Δ= 0.7 ppm. 
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N-(2-bromo-3-methylphenyl)acetamide 

 

2-bromo-3-methylaniline (0.626 mL, 5 mmol) and acetic anhydride (0.71 mL, 7.5 mmol, 1.5 eq.) were 

added to CH2Cl2 (20 mL), and the resulting solution cooled to 0 °C. Triethylamine (1.04 mL, 7.5 mmol, 

1.5 eq.) was added dropwise to the solution, then the reaction was allowed to warm to room 

temperature over 4 hours. The reaction was deemed incomplete by LCMS analysis, so Ac2O (0.71 mL, 

7.5 mmol, 1.5 eq.) was added, and the reaction stirred at room temperature for a further 2 hours. 

Water (20 mL) was added, the organic layer separated, dried (MgSO4) and solvent removed to yield 

crude product. The crude product was purified by flash silica chromatography (30-100% EtOAc:petrol) 

to yield the title compound as a white solid (1.05 g, 4.58 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 8.16 

(d, J = 8.1 Hz, 1H, H4), 7.71 (s, 1H, H7), 7.21 (t, J = 7.9 Hz, 1H, H3), 7.00 (d, J = 7.4 Hz, 1H, H2), 2.42 (s, 

3H, H10), 2.24 (s, 3H, H9). 13C NMR (101 MHz, CDCl3) δ 168.2 (C8), 138.3 (C1), 135.7 (C5), 127.5 (C3), 

126.1 (C2), 119.3 (C4), 116.0 (C6), 24.9 (C9), 23.8 (C10). 

Data in accordance with literature.266 

 

N-(2-bromo-3-methylphenyl)-2,2,2-trifluoroacetamide 

 

2-bromo-3-methylaniline (0.626 mL, 5 mmol) and trifluoroacetic anhydride (1.04 mL, 7.5 mmol, 1.5 

eq.) were added to CH2Cl2 (20 mL), and the resulting solution cooled to 0 °C. Triethylamine (1.04 mL, 

7.5 mmol, 1.5 eq.) was added dropwise to the solution, then the reaction was allowed to warm to 

room temperature over 4 hours. Water (20 mL) was added, the organic layer separated, dried (MgSO4) 

and solvent removed to yield crude product. The crude product was purified by flash silica 

chromatography (20% EtOAc:petrol) to yield the title compound as an off-white solid (1.18 g, 4.18 

mmol, 84%). 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H, H7), 8.14 (d, J = 8.2 Hz, 1H, H4), 7.28 (t, J = 7.7 

Hz, 1H, H3), 7.13 (d, J = 7.5 Hz, 1H, H2), 2.45 (s, 3H, H10). 13C NMR (101 MHz, CDCl3) δ 154.6 (q, J = 
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37.7 Hz, C8), 139.1 (C1, 133.2 (C5), 128.1 (C2), 127.9 (C3), 119.4 (C4), 116.8 (C6), 115.6 (q, J = 288.8 

Hz, C9), 23.7 (C10). 19F NMR (376 MHz, CDCl3) δ -75.87 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for 

C9H6BrF3NO-; 279.9590, found 279.9586, Δ= 1.5 ppm. 

 

(2-methoxynaphthalen-1-yl)boronic acid 

 

Magnesium turnings (255 mg, 10.5 mmol) was suspended in THF (15 mL), and 1-bromo-2-

methoxynaphthalene (2.37 g, 10 mmol) dissolved in THF (5 mL) was added slowly. 1,2-dibromoethane 

(0.05 mL) was added to initial grignard formation, and the mixture heated at reflux for 1 hour, after 

which grignard formation was confirmed by NMR with a D2O quench of an aliquot. Trimethyl borate 

(2.23 mL, 20 mmol) was dissolved in THF (10 mL) and cooled to -78 °C. The grignard solution was then 

added dropwise to the trimethyl borate solution, then allowed to warm to room temperature over 16 

hours. Water (20 mL) was added, and the solution partially concentrated. HCl (3M, 20 mL) and CH2Cl2 

(20 mL) was added, and the layers separated. The aqueous layer was extracted further with CH2Cl2 (20 

mL), the organic layers combined, dried (MgSO4) and solvent removed to yield crude product. The 

product was purified by column chromatography (50-100 EtOAc:heptane) to yield the product as a 

white powder (199 mg, 35%). 1H NMR (500 MHz, DMSO) δ 8.28 (s, 2H, H12), 7.89 (d, J = 8.7 Hz, 1H, 

H3), 7.84 (d, J = 8.0 Hz, 1H, H11), 7.70 (d, J = 8.4 Hz, 1H, H8), 7.43 (ddd, J = 8.3, 6.7, 1.4 Hz, 1H, H9), 

7.37 (d, J = 9.0 Hz, 1H, H4), 7.32 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H, H10), 3.87 (s, 3H, H7). 13C NMR (126 MHz, 

DMSO) δ 159.0 (C5), 136.2 (C1), 129.8 (C3), 128.9 (C2), 128.4 (C11), 127.8 (C8), 126.3 (C9), 123.5 (10), 

114.1 (C4), 56.6 (C7). 

Data in accordance with literature.140 

 

(2-methylnaphthalen-1-yl)boronic acid 
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1-bromo-2-methylnaphthalene (3.12 mL, 20 mmol) was added slowly to magnesium (0.486 g, 20 

mmol) in THF (30 mL) under nitrogen, whilst maintaining a steady reflux. 1,2-dibromoethane (0.1 mL) 

was added if reaction was not self-heating when addition was complete. Once the mixture started 

self-heating, it was stirred at reflux for 1 hour. Once the grignard formation was deemed complete by 

NMR, the solution was cooled to room temperature then added dropwise to trimethyl borate (4.46 

mL, 40 mmol) in THF (20 mL) at -78°C under nitrogen. The resulting solution was stirred and allowed 

to come to room temperature for 16 hours. HCl solution (2M, 50 mL) was added, and extracted with 

Et2O (2 x 50 mL), then the combined organic layers were dried with MgSO4, filtered, and evaporated 

to afford crude product. The crude product was dissolved in heptane (20 mL), and concentrated HCl 

(1 mL) added. The mixture was stirred for 30 mins whilst a white precipitate formed. The mixture was 

filtered, to give the solid as the crude product. The crude product was purified by column 

chromatography (50-100% EtOAc:heptane). Pure fractions were evaporated to dryness to afford (2-

methylnaphthalen-1-yl)boronic acid (1.15 g, 31 %) as a pale orange solid. 1H NMR (500 MHz, CDCl3) δ 

7.84 (d, J = 8.3 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.46 (ddd, J = 8.3, 6.9, 1.4 Hz, 

1H), 7.41 (td, J = 7.5, 6.9, 1.2 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 4.85 (s, 2H), 2.58 (s, 3H). 

Data in accordance with literature.140 

 

2-bromo-3-methoxyphenol 

 

2,6-dimethoxybromobenzene (10.9 g, 50 mmol) was dissolved in CH2Cl2 (40 mL), and cooled to 0 °C. 

To this stirred solution under nitrogen was added BBr3 (1M solution in CH2Cl2, 35 mL, 35 mmol, 0.7 

eq.) dropwise. The reaction mixture was allowed to warm to room temperature and stirred for 5 

hours, after which water (75 mL) was added, and the organic layer separated. The organic layer was 

washed with brine (100 mL), dried (MgSO4) then solvent removed under reduced pressure to yield 

crude product. The crude product was purified by flash column chromatography (0-20% EtOAc:petrol) 

to yield the title compound as a yellow oil which solidifies upon standing to a white solid (4.76 g, 23.4 

mmol, 47%). 1H NMR (500 MHz, CDCl3) δ 7.19 (t, J = 8.3 Hz, 1H, H4), 6.71 (dd, J = 8.3, 1.3 Hz, 1H, H5), 

6.51 (dd, J = 8.3, 1.3 Hz, 1H, H3), 5.67 (s, 1H, H8), 3.91 (s, 3H, H7). 13C NMR (126 MHz, CDCl3) δ 156.5 

(C6), 153.5 (C2), 128.7 (C4), 108.6 (C5), 103.7 (C3), 100.0 (C1), 56.4 (C7). 

Data in accordance with literature.267 
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2-bromo-1-butyl-3-methoxybenzene 

 

3-Fluoroanisole (1.14 mL, mmol) was dissolved in THF (50 mL), and cooled to  -78 °C under a nitrogen 

atmosphere. n-BuLi (1.6 M in THF, 6.3 mL, 10 mmol) was added slowly to the solution over 10 minutes, 

then the solution stirred at -78 °C for a further hour. More n-BuLi (1.6 M in THF, 7.5 mL, 12 mmol) was 

then added, and the solution allowed to slowly warm to -30 °C, then stirred at this temperature for 

one hour, after which a yellow solution was observed. Bromine (0,77 mL, 15 mmol) was added, and 

the solution stirred for 30 minutes at -30 °C, after which Na2SO3 solution (saturated, 20 mL) was added 

and allowed to warm to room temperature. Water (20 mL) and EtOAc (50 mL) were added, and the 

layers separated. The aqeuous layer was washed with EtOAc (50 mL), the organic layers combined, 

dried (MgSO4), and solvent removed to yield crude product. The product was purified by column 

chromatography (0-6% EtOAc:petrol), then purified further by column chromatography (0-20% 

CH2Cl2:petrol) to yield the product as a colourless oil (236 mg, 0.97 mmol, 10%). 1H NMR (400 MHz, 

CDCl3) δ 7.21 (t, J = 7.9 Hz, 1H, H3), 6.87 (dd, J = 7.6, 1.4 Hz, 1H, H4), 6.77 (dd, J = 8.2, 1.4 Hz, 1H, H2), 

3.91 (s, 3H, H7), 2.79 (t, J = 8.0 Hz, 2H, H8), 1.63 (p, J = 7.7 Hz, 2H, H9), 1.43 (h, J = 7.3 Hz, 2H, H10), 

0.98 (t, J = 7.3 Hz, 3H, H11). 13C NMR (101 MHz, CDCl3) δ 156.0 (C1), 144.0 (C5), 127.5 (C3), 122.4 (C4), 

113.8 (C6), 109.2 (C2), 56.3 (C7), 36.2 (C8), 32.0 (C9), 22.5 (C10), 14.0 (C11). HRMS (FTMS +p NSI) 

[M+Na]+ calcd for C11H15BrONa+; 265.0198, found 265.0200, Δ= 0.8 ppm. 

 

2-bromo-3-butylphenol 

 

3-butyl-2-bromoanisole (230 mg, 0.95 mmol) was dissolved in CH2Cl2 (10 mL) and cooled to 0 °C. BBr3 

(1M in CH2Cl2, 1.9 mL, 1.9 mmol) was added dropwise, and the reaction allowed to warm to room 

temperature over 3 hours. Water (20 mL) was added, and the layers separated. The aqueous layer 

was washed with CH2Cl2 (10 mL), organic layers combined, dried (MgSO4) and solvent removed to yield 

pure product as a pale yellow oil (156 mg, 0.68 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 7.13 (t, J = 
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7.8 Hz, 1H, H3), 6.87 (dd, J = 8.1, 1.5 Hz, 1H, H2), 6.79 (dd, J = 7.5, 1.6 Hz, 1H, H4), 5.64 (s, 1H, H11), 

2.72 (t, J = 7.8 Hz, 2H, H7), 1.60 (p, J = 7.5 Hz, 2H, H8), 1.40 (h, J = 7.4 Hz, 2H, H9), 0.95 (t, J = 7.3 Hz, 

3H, H10). 13C NMR (101 MHz, CDCl3) δ 152.3 (C1), 142.9 (C5), 128.1 (C3), 121.9 (C4), 113.2 (C2), 112.8 

(C6), 36.2 (C7), 31.9 (C8), 22.5 (C9), 13.9 (C10). HRMS (FTMS -p NSI) [M+CH3COO]- calcd for C12H16BrO3
-

; 287.0288, found 287.0284, Δ= 1.4 ppm. 

 

1-chloro-3-(methoxymethoxy)benzene 

 

A stirred solution of 3-chlorophenol (4.2 mL, 40 mmol) in THF (100 mL) was cooled to 0 °C and sodium 

hydride (60% in mineral oil, 2.4 g, 60 mmol, 1.5 eq.) was added potionwise. The mixture was stirred 

at room temperature for 30 minutes, then cooled back down to 0 °C and MOMCl (2.1 M in PhMe, 

prepared according to literature procedure268, 24 mL, 50 mmol, 1.25 eq.) was added dropwise. The 

reaction was allowed to warm to room temperature whilst stirring over 16 hours, after which the 

reaction was stopped by the addition of NH4Cl solution (sat., 30 mL). The reaction mixture was partially 

concentrated under reduced pressure, then EtOAc (100 mL) and water (100 mL) were added and the 

organic layer separated. The organic layer was washed with NaOH solution (2.5 M, 50 mL) then brine 

(sat., 50 mL), dried (MgSO4) and solvent removed under reduced pressure. After drying under high 

vacuum, the product was deemed sufficiently pure for the next step as an orange oil (6.76 g, 38.4 

mmol, 96%). 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.16 (m, 1H, H4), 7.09 (s, 1H, H1), 7.02 (d, J = 7.9 Hz, 

1H, H3), 6.96 (d, J = 8.4 Hz, 1H, H5), 5.19 (s, 2H, H7), 3.51 (s, 3H, H8). 13C NMR (101 MHz, CDCl3) δ 

158.0 (C6), 134.8 (C2), 130.2 (C4), 122.0 (C3), 116.8 (C1), 114.6 (C5), 94.5 (C7), 56.1 (C8). 

Data in accordance with literature.269 

 

2-bromo-1-chloro-3-(methoxymethoxy)benzene 

 

1-chloro-3-(methoxymethoxy)benzene (1.7 g, 10 mmol) was diluted in THF (20 mL), and cooled to -78 

°C. n-BuLi (1.6 M in hexane, 6.9 mL, 11 mmol, 1.1 eq.) was added dropwise to the stirred solution, 
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which turned pink initially. The solution was stirred for one hour at -78 °C, after which the solution 

had turned a brown colour. NMR analysis of an aliquot quenched with D2O showed a messy spectrum, 

but no starting material remaining. Bromine (0.77 mL, 15 mmol, 1.5 eq.) was added dropwise to the 

solution, forming an orange solution, and was stirred at -78 °C for one hour, then warmed to room 

temperature for 2 hours. The reaction was stopped by addition of NH4Cl solution (sat., 10 mL), then 

Et2O (40 mL) and Na2SO3 solution (sat., 10 mL) added and the organic layer separated. The organic 

layer was washed with brine (sat., 20 mL), dried (MgSO4), and solvent removed under reduced 

pressure to yield the crude product. The crude was purified by flash column chromatography (0-10% 

EtOAc:Petrol) to yield the title compound as a pale yellow oil (1.36 g, 5.4 mmol, 54%). 1H NMR (500 

MHz, CDCl3) δ 7.21 (t, J = 8.1 Hz, 1H, H4), 7.16 (dd, J = 8.1, 1.6 Hz, 1H, H3), 7.07 (dd, J = 8.1, 1.6 Hz, 1H, 

H5), 5.28 (s, 2H, H7), 3.54 (s, 3H, H8). 13C NMR (126 MHz, CDCl3) δ 155.3 (C6), 135.8 (C2), 128.3 (C4), 

123.5 (C3), 113.9 (C1), 113.8 (C5), 95.2 (C7), 56.5 (C8). HRMS (FTMS +p NSI) [M]+ calcd for C8H8BrClO2
+; 

249.9391, found 249.9385, Δ= 2.4 ppm 

 

2-bromo-3-chlorophenol 

 

2-bromo-1-chloro-3-(methoxymethoxy)benzene (1.26 g, 5 mmol) was dissolved in THF (10 mL), and 

cooled to 0 °C. To the stirred solution conc. HCl (10 mL) was added, and the reaction was warmed to 

room temperature over 16 hours. EtOAc (20 mL) and ice-cold water (20 mL) was added, and the 

organic layer separated. The organic layer was washed with NaHCO3 solution (sat., 20 mL), then brine 

(sat., 20 mL), dried (MgSO4), then solvent removed under reduced pressure to yield crude product. 

The product was purified by flash column chromatography (0-15% EtOAc:Petrol) to yield the title 

compound as a white solid (758 mg, 3.65 mmol, 73%). 1H NMR (500 MHz, CDCl3) δ 7.18 (t, J = 8.1 Hz, 

1H, H4), 7.07 (dd, J = 8.0, 1.5 Hz, 1H, H3), 6.96 (dd, J = 8.2, 1.5 Hz, 1H, H5), 5.69 (s, 1H, H7). 13C NMR 

(126 MHz, CDCl3) δ 153.8 (C6), 134.5 (C2), 128.9 (C4), 122.2 (C3), 114.1 (C5), 111.2 (C1). 

Data in accordance with literature.270 
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1-(methoxymethoxy)-3-(trifluoromethoxy)benzene 

 

3-(trifluoromethoxy)phenol (2.5 mL, 20 mmol) was dissolved in THF (50 mL), and cooled to 0 °C. 

Sodium hydride (60% in mineral oil, 1.2 g, 30 mmol, 1.5 eq.) was added portionwise, and the mixture 

was stirred at room temperature for 30 minutes. The mixture was cooled to 0 °C, and MOMCl (2.1 M 

in PhMe, prepared according to literature procedure268, 12 mL, 25 mmol, 1.25 eq.) was added 

dropwise. The reaction was allowed to warm to room temperature over 16 hours, then NH4Cl solution 

(sat., 15 mL) was added. EtOAc (50 mL) and water (50 mL) was added and the organic layer separated. 

The aqueous layer was extracted with EtOAc (50 mL), the organic layers combined, dried (MgSO4) and 

solvent removed under reduced pressure to yield the crude product. The product was purified by flash 

column chromatography (0-15% EtOAc:Petrol) to yield the title compound as a colourless oil (3.63 g, 

16.4 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 8.3 Hz, 1H, H3), 7.00 (ddd, J = 8.3, 2.4, 0.9 Hz, 

1H, H4), 6.94 (s, 1H, H6), 6.89 (dd, J = 8.2, 2.2 Hz, 1H, H2), 5.20 (s, 2H, H7), 3.51 (s, 3H, H8). 13C NMR 

(101 MHz, CDCl3) δ 158.3 (C5), 150.0 (C1), 130.2 (C3), 120.4 (q, J = 258.0 Hz, C9), 114.4 (C4), 114.0 (q, 

J = 1.1 Hz, C2), 109.5 (q, J = 1.0 Hz, C6), 94.5 (C7), 56.1 (C8). 19F NMR (376 MHz, CDCl3) δ -58.78 (F9). 

Data in accordance with literature.271  

 

2-bromo-1-(methoxymethoxy)-3-(trifluoromethoxy)benzene 

 

1-(methoxymethoxy)-3-(trifluoromethoxy)benzene (1.11 g, 5 mmol) was diluted in THF (20 mL), and 

cooled to -78 °C. n-BuLi (1.6 M in hexane, 3.8 mL, 6 mmol, 1.2 eq.) was added dropwise to the stirred 

solution, which turned red upon full addition. The solution was stirred for one hour at -78 °C, after 

which the solution had turned yellow colour. NMR analysis of an aliquot quenched with D2O showed 

a messy spectrum, but no starting material remained. Bromine (0.38 mL, 7.5 mmol, 1.5 eq.) was added 

dropwise to the solution, the solution was stirred at -78 °C for one hour, then warmed to room 

temperature for 2 hours. The reaction was stopped by addition of NH4Cl solution (sat., 10 mL), then 

Et2O (40 mL) and Na2SO3 solution (sat., 10 mL) added and the organic layer separated. The organic 
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layer was washed with brine (sat., 20 mL), dried (MgSO4), and solvent removed under reduced 

pressure to yield the crude product. The crude was purified by flash column chromatography (0-15% 

EtOAc:Petrol) to yield the title compound as a pale yellow oil (1.05 g, 3.5 mmol, 70%). 1H NMR (400 

MHz, CDCl3) δ 7.29 (t, J = 8.4 Hz, 1H, H3), 7.13 (dd, J = 8.5, 1.2 Hz, 1H, H4), 7.02 (dt, J = 8.3, 1.6 Hz, 1H, 

H2), 5.30 (s, 2H, H7), 3.55 (s, 3H, H8). 13C NMR (101 MHz, CDCl3) δ 155.5 (C5), 147.6 (q, J = 1.9 Hz, C1), 

128.3 (C3), 120.5 (q, J = 259.1 Hz, C9), 115.1 (q, J = 1.3 Hz, C2), 113.8 (C4), 107.5 (C6), 95.2 (C7), 56.5 

(C8). 19F NMR (376 MHz, CDCl3) δ -58.41 (F9). 

 

2-bromo-3-(trifluoromethoxy)phenol 

 

2-bromo-1-(methoxymethoxy)-3-(trifluoromethoxy)benzene (903 mg, 3 mmol) was dissolved in THF 

(10 mL), conc. HCl (10 mL) was added, and the reaction was stirred at room temperature for 16 hours. 

EtOAc (20 mL) and ice-cold water (20 mL) was added, and the organic layer separated. The organic 

layer was washed with NaHCO3 solution (sat., 20 mL), dried (MgSO4), then solvent removed under 

reduced pressure to yield crude product. The product was purified by flash column chromatography 

(0-15% EtOAc:Petrol) to yield the title compound as an orange oil (489 mg, 1.9 mmol, 63%). 1H NMR 

(400 MHz, CDCl3) δ 7.27 (t, J = 8.3 Hz, 1H, H3), 7.00 (d, J = 8.4 Hz, 1H, H4), 6.94 (dt, J = 8.2, 1.6 Hz, 1H, 

H2), 5.75 (s, 1H, H7). 13C NMR (101 MHz, CDCl3) δ 154.0 (C5), 146.8 (C1), 128.9 (C3), 120.4 (q, J = 259.5 

Hz C8), 114.2 (C4), 113.6 (C2), 104.6 (C6). 19F NMR (376 MHz, CDCl3) δ -58.60 (F8). HRMS (FTMS -p NSI) 

[M-H]- calcd for C7H3BrF3O2
-; 254.9274, found 254.9264, Δ= 3.9 ppm 

 

1-(methoxymethoxy)-3-(trifluoromethyl)benzene 

 

3-(trifluoromethyl)phenol (2.4 mL, 20 mmol) was dissolved in THF (50 mL), and cooled to 0 °C. Sodium 

hydride (60% in mineral oil, 1.2 g, 30 mmol) was added portionwise, and the mixture was stirred at 

room temperature for 30 minutes. The mixture was cooled to 0 °C, and MOMCl (2.1 M in PhMe, 

prepared according to literature procedure268, 12 mL, 25 mmol)  was added dropwise. The reaction 
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was allowed to warm to room temperature over 16 hours, then NH4Cl solution (sat., 15 mL) was added. 

EtOAc (50 mL) and water (50 mL) was added, and the organic layer separated. The aqueous layer was 

extracted with EtOAc (50 mL), the organic layers combined, dried (MgSO4) and solvent removed under 

reduced pressure to yield the crude product. The product was purified by flash column 

chromatography (0-15% EtOAc:Petrol) to yield the title compound as a colourless oil (3.36 g, 16.2 

mmol, 81%). 1H NMR (500 MHz, Chloroform-d) δ 7.42 (t, J = 8.0 Hz, 1H, H3), 7.31 (m, H6), 7.29 (d, J = 

7.7, 1H), 7.24 (dd, J = 8.3, 2.5 Hz, 1H, H4), 5.23 (s, 2H, H7), 3.51 (s, 3H, H8). 13C NMR (126 MHz, CDCl3) 

δ 157.4 (C5), 131.9 (q, J = 32.3 Hz, C1), 130.0 (C3), 123.9 (q, J = 272.4 Hz, C9), 119.5 (q, J = 1.3 Hz, C4), 

118.5 (q, J = 3.9 Hz, C2), 113.3 (q, J = 3.9 Hz, C6), 94.5 (C7), 56.2 (C8). 19F NMR (376 MHz, CDCl3) δ -

62.71 (F9). 

Data in accordance with literature.252 

 

3,5-diisopropylphenol 

 

1,3-diisopropylbenzene (324 mg, 2 mmol), [Ir(COD)OMe]2 (13 mg, 0.02 mmol, 1 mol%), dtbpy (11 mg, 

0.04 mmol, 2 mol%) and B2Pin2 (1 g, 4 mmol, 2 eq.) were combined in a microwave vial and placed 

under a nitrogen atmosphere. THF (sparged with N2 for 30 mins, 10 mL) was added, and the solution 

heated at 80 °C for 4 hours. After this time, the reaction was cooled to room temperature and solvent 

removed. NaHCO3 (840 mg, 5 eq.), MeOH:THF (1:1, 10 mL) and H2O2 solution (100 vol., 30 wt%, 2.4 

mL) were added and stirred at room temperature for one hour. The reaction mixture was partially 

concentrated, then CH2Cl2 (20 mL) and water (20 mL) added and the organic layer separated. The 

organic layer was washed with HCl solution (3 M, 20 mL), brine (20 mL), then dried (MgSO4), and 

solvent removed under reduced pressure to yield crude product. The product was purified by flash 

coloumn chromatography (0-10% EtOAc:Petrol) to yield the title compound as a yellow solid (198 mg, 

1.11 mmol, 56%). 1H NMR (400 MHz, CDCl3) δ 6.69 (s, 1H, H3), 6.55 (s, 2H, H1), 4.61 (s, 1H, H7), 2.86 

(hept, J = 7.0 Hz, 2H, H5), 1.26 (d, J = 6.8 Hz, 12H, H6). 13C NMR (101 MHz, CDCl3) δ 155.4 (C4), 150.7 

(C2), 117.5 (C3), 110.6 (C1), 34.1 (C5), 23.9 (C6). HRMS (FTMS +p NSI) [M]+ calcd for C12H18O+; 

178.1352, found 178.1350, Δ= 1.1 ppm. 
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2-bromo-3,5-diisopropylphenol 

 

Tert-butylamine (0.21 mL, 2 mmol, 2 eq.) was dissolved in PhMe (4 mL) and cooled to -30 °C, at which 

temperature Br2 (1 M solution in PhMe, 1 mL, 1 mmol, 1 eq.) was added. The solution was stirred for 

10 minutes at -30 °C, then cooled to -78 °C. 3,5-diisopropylphenol (178 mg, 1 mmol) dissolved in CH2Cl2 

(1 mL) was added to the reaction mixture, and the combined solution allowed to warm to room 

temperature over 16 hours. Na2SO3 solution (sat., 5 mL) was added to quench the reaction, EtOAc (10 

mL) and water (10 mL) were added and the organic layer separated. The organic layer was washed 

with HCl solution (3M, 10 mL), dried (MgSO4) then solvent removed under reduced pressure to yield 

the crude product. The product was purified by flash column chromatography to yield the title 

compound as a colourless oil (with 10 mol% impurity of the dibrominated compound) (87 mg, 0.34 

mmol, 34%). 1H NMR (400 MHz, CDCl3) δ 6.77 (d, J = 2.0 Hz, 1H, H4), 6.70 (d, J = 2.1 Hz, 1H, H2), 5.60 

(s, 1H, H11), 3.27 (hept, J = 6.9 Hz, 1H, H7), 2.83 (hept, J = 6.9 Hz, 1H, H9), 1.23 (d, J = 6.4 Hz, 6H, H8), 

1.22 (d, J = 6.5 Hz, 6H, H10). 13C NMR (101 MHz, CDCl3) δ 151.9 (C5), 149.8 (C3), 147.6 (C1), 116.8 (C2), 

111.1 (C4), 109.6 (C6), 34.0 (C9), 33.3 (C7), 23.9 (C10), 22.8 (C8). HRMS (FTMS +p NSI) [M+H]+ calcd 

for C12H18BrO+; 257.0536, found 257.0548, Δ= 4.7 ppm 

 

2,6-dibromo-3,5-diisopropylphenol 

 

3,5-diisopropylphenol (534 mg, 3 mmol) was added to diisopropylamine (DIPA, 1.1 mL), then CH2Cl2 

(10 mL) was added and cooled in ice. N-bromosuccinimide (430 mg, 2.4 mmol) was added portionwise, 

and left to warm to room temperature over 16 hours. After this time, a further 430 mg of N-

bromosuccinimide was added, and the solution heated to 40 °C for 90 minutes. After this time, Na2SO3 

solution (sat., 20 mL) was added, and the layers separated. The aqueous layer was extracted further 

with CH2Cl2 (2 x 20 mL), the organic layers combined and washed with HCl (3 M, 50 mL), then dried 
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(MgSO4), and solvent removed. The crude was purified by column chromatography (0-10 

EtOAc:petrol) to yield the product as a white solid (100 mg, 0.3 mmol, 10%). More product was 

isolated as a 5:1 mixture of the desired compound with the mono-brominated product 289 (640 mg). 

1H NMR (400 MHz, CDCl3) δ 6.81 (s, 1H, H1), 6.06 (s, 1H, H5), 3.32 (hept, J = 6.9 Hz, 2H, H6), 1.24 (d, J 

= 6.9 Hz, 12H, H7). 13C NMR (101 MHz, CDCl3) δ 148.6 (C4), 147.3 (C2), 115.5 (C1), 109.1 (C3), 33.1 

(C6), 22.7 (C7). HRMS (FTMS -p NSI) [M-H]- calcd for C12H15Br2O-; 332.9495, found 332.9488, Δ= 2.1 

ppm 

 

3,5-bis(trifluoromethyl)phenol 

 

1,3-bis(trifluoromethyl)benzene (1.5 mL, 10 mmol), [Ir(COD)OMe]2 (26 mg, 0.04 mmol, 0.4 mol%), 

dtbpy (22 mg, 0.08 mmol, 0.8 mol%) and B2Pin2 (5 g, 20 mmol, 2 eq.) were combined in a microwave 

vial and placed under a nitrogen atmosphere. THF (sparged with N2 for 30 mins, 20 mL) was added, 

and the solution heated at 80 °C for 4 hours. After this time, the reaction was cooled to room 

temperature, then NaHCO3 (840 mg, 5 eq.), MeOH (20 mL) and H2O2 solution (100 vol., 30 wt%, 12 

mL) were added and stirred at room temperature for one hour. The reaction mixture was partially 

concentrated, then CH2Cl2 (20 mL) and water (20 mL) added and the organic layer separated. The 

organic layer was washed with HCl solution (3 M, 20 mL), brine (20 mL), then dried (MgSO4), and 

solvent removed under reduced pressure to yield crude product. The product was purified by flash 

column chromatography (0-5% EtOAc:Petrol) to yield the title compound as a colourless oil (2.89 g, 64 

wt% with residual solvents, 8.1 mmol, 81%). 1H NMR (400 MHz, CDCl3) δ 7.47 (s, 1H, H3), 7.30 (s, 2H, 

H1), 5.76 (s, 1H, H6). 13C NMR (101 MHz, CDCl3) δ 156.3 (C4), 133.0 (q, J = 33.4, 33.0 Hz, C2), 123.0 (q, 

J = 272.9 Hz, C5), 115.9 (q, J = 3.0 Hz, C1), 114.5 (q, J = 3.8 Hz, C3). 19F NMR (376 MHz, CDCl3) δ -64.12 

(F5). 

Data in accordance with literature.272 
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1-(methoxymethoxy)-3,5-bis(trifluoromethyl)benzene 

 

A stirred solution of 3,5-bis(trifluoromethyl)phenol (1 g, 3.1 mmol) in THF (10 mL) was cooled to 0 °C 

and sodium hydride (60% in mineral oil, 150 g, 3.7 mmol) was added portion wise. The mixture was 

stirred at room temperature for 30 minutes, then cooled back down to 0 °C and MOMCl (2.1 M in 

PhMe, prepared according to literature procedure268, 2.2 mL, 4.7 mmol) was added dropwise. The 

reaction was allowed to warm to room temperature whilst stirring over 16 hours, after which the 

reaction was stopped by the addition of NH4Cl solution (saturated, 10 mL). The reaction mixture was 

partially concentrated under reduced pressure, then EtOAc (30 mL) and water (30 mL) were added 

and the organic layer separated. The organic layer was washed with NaOH solution (2.5 M, 20 mL) 

then brine (sat., 20 mL), dried (MgSO4) and solvent removed under reduced pressure. After drying 

under high vacuum, the product was deemed sufficiently pure for the next step as a colourless oil. 1H 

NMR (500 MHz, CDCl3) δ 7.54 (s, 1H, H1), 7.50 (s, 2H, H3), 5.28 (s, 2H, H5), 3.53 (s, 3H, H6). 13C NMR 

(126 MHz, CDCl3) δ 157.9 (C4), 132.8 (q, J = 33.4 Hz, C2), 123.1 (q, J = 272.7 Hz, C7), 116.5 (q, J = 3.9 

Hz, C3), 115.3 (hept, J = 3.9 Hz, C1), 94.6 (C5), 56.4 (C6). 19F NMR (471 MHz, CDCl3) δ -64.04 (F7). 

Data in accordance with literature.273 

 

2-bromo-1-(methoxymethoxy)-3,5-bis(trifluoromethyl)benzene 

 

1-(methoxymethoxy)- 3,5-bis(trifluoromethyl)benzene (~3 mmol, crude from above) was diluted in 

THF (10 mL), and cooled to -78 °C. n-BuLi (1.6 M in hexane, 2.3 mL, 3.6 mmol) was added dropwise to 

the stirred solution, which turned dark yellow upon full addition. The solution was stirred for one hour 

at -78 °C, after which the solution had turned a deep purple colour. NMR analysis of an aliquot 

quenched with D2O showed 80% monolithiation, and 20% di-lithiation. Bromine (0.23 mL, 4.5 mmol) 

was added dropwise to the solution, the solution was stirred at -78 °C for one hour, then warmed to 

room temperature for 2 hours. The reaction was stopped by addition of NH4Cl solution (sat., 10 mL), 
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then Et2O (40 mL) and Na2SO3 solution (sat., 10 mL) added and the organic layer separated. The organic 

layer was washed with brine (sat., 20 mL), dried (MgSO4), and solvent removed under reduced 

pressure to yield the crude product. The crude was purified by flash column chromatography (0-15% 

EtOAc:Petrol) to yield the title compound as a pale yellow oil (550 mg, 1.56 mmol, 50% over two steps). 

1H NMR (500 MHz, CDCl3) δ 7.62 (s, 1H, H2), 7.59 (s, 1H, H4), 5.37 (s, 2H, H7), 3.57 (s, 3H, H8). 13C NMR 

(126 MHz, CDCl3) δ 155.6 (C5), 132.6 (q, J = 31.9 Hz, C1), 130.8 (q, J = 33.7 Hz, C3), 123.0 (q, J = 272.8 

Hz, C9), 122.2 (q, J = 274.1 Hz, C10), 117.4 (hept, J = 3.8 Hz, C2), 115.6 (C6), 115.3 (q, J = 3.0 Hz, C4), 

95.5 (C7), 56.8 (C8). 19F NMR (471 MHz, CDCl3) δ -63.82, -63.98. HRMS (FTMS +p NSI) 

[M+2(NH4)]2+calcd for C10H15BrF6N2O2
2+; 194.0105, found 194.0100, Δ= 2.6 ppm. 

 

2-bromo-3,5-bis(trifluoromethyl)phenol 

 

2-bromo-1-(methoxymethoxy)-3,5-bis(trifluoromethyl)benzene (530 mg, 1.5 mmol) was dissolved in 

THF (5 mL), and HCl (conc., 0.5 mL) added. The solution was stirred at room temperature for 16 hours, 

then EtOAc (20 mL) and water (20 mL) added. The layers were separated, and the organic layer washed 

with NaHCO3 (saturated, 20 mL), then brine (saturated, 20 mL), dried (MgSO4), and solvent removed 

to yield crude product. The product was purified by column chromatography (0-15% EtOAc:petrol) to 

yield the product as a yellow oil (275 mg, 0.89 mmol, 59%). 1H NMR (500 MHz, CDCl3) δ 7.55 (s, 1H, 

H2), 7.50 (s, 1H, H4), 6.28 (s, 1H, H9). 13C NMR (126 MHz, CDCl3) δ 154.2 (C5), 131.8 (q, J = 23.5 Hz, 

C1), 131.5 (q, J = 25.3 Hz, C3), 122.8 (q, J = 272.7 Hz, C8), 122.0 (q, J = 273.9 Hz, C7), 116.4 (m, C2 C4), 

111.7 (C6). 19F NMR (471 MHz, CDCl3) δ -64.11, -64.28. HRMS (FTMS -p NSI) [M-H]- calcd for C8H2BrF6O-

; 306.9199, found 306.9203, Δ= 1.3 ppm. 

 

2-bromo-3-isopropoxyphenol 
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2-bromoresorcinol (380mg, 2 mmol) was dissolved in EtOH (5 mL), NaOH solution (2.5 M, 1 mL) and 

water (4 mL), then isopropyl iodide (0.2 mL, 1 eq.) was added. The solution was heated at reflux for 4 

hours, then cooled to room temperature. Et2O (20 mL) and HCl solution (3 M, 10 mL) was added, and 

the organic layer separated. The aqueous layer was washed with Et2O (20 mL), the organic layers 

combined, dried (MgSO4), and solvent removed to yield crude product. The product was purified via 

column chromatography (0-20% EtOAc:petrol) to yield the title compound as a yellow oil (65 mg, 0.28 

mmol, 14%). 1H NMR (500 MHz, CDCl3) δ 7.15 (t, J = 8.2 Hz, 1H, H3), 6.67 (dd, J = 8.2, 1.3 Hz, 1H, H4), 

6.51 (dd, J = 8.3, 1.3 Hz, 1H, H2), 5.64 (s, 1H, H7), 4.58 (p, J = 6.1 Hz, 1H, H8), 1.40 (d, J = 6.1 Hz, 6H, 

H9). 13C NMR (126 MHz, CDCl3) δ 155.1 (C1), 153.6 (C5), 128.4 (C3), 108.2 (C4), 106.7 (C2), 101.9 (C2), 

72.1 (C8), 22.1 (C9). 

Data in accordance with literature274 

 

2,2,2-trifluoro-N-(3-hydroxyphenyl)acetamide 

 

3-aminophenol (2.18 g, 20 mmol) was dissolved in CH2Cl2 (100 mL) and cooled in ice. Trifluoroacetic 

anhydride (3.33 mL, 24 mmol) was added, then triethylamine (4.2 mL, 30 mmol) was added dropwise, 

and the resulting solution allowed to warm to room temperature over 3 hours. After this point, water 

(50 mL) was added, and the layers separated. The aqueous layer was extracted with CH2Cl2 (100 mL), 

then the combined organic layers washed with HCl solution (3 M, 100 mL), dried (MgSO4) and solvent 

removed. The residue was purified by column chromatography (0-40% EtOAc:petrol) to yield the 

product as a white solid (2.28 g, 11.1 mmol, 56%). 1H NMR (500 MHz, DMSO) δ 11.10 (s, 1H, H8), 9.63 

(s, 1H, H7), 7.22 (t, J = 2.2 Hz, 1H, H6), 7.18 (t, J = 8.1 Hz, 1H, H3), 7.09 (ddd, J = 8.1, 2.0, 1.0 Hz, 1H, 

H2), 6.63 (ddd, J = 8.1, 2.4, 1.0 Hz, 1H, H4). 13C NMR (126 MHz, DMSO) δ 158.1 (C5), 154.8 (q, J = 36.8 

Hz, C8), 137.8 (C1), 130.1 (C3), 116.2 (q, J = 288.9 Hz, C9), 113.2 (C4), 112.0 (C2), 108.5 (C6). 19F NMR 

(471 MHz, DMSO) δ -74.87 (F9). 

Data in accordance with literature275 
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N-(3-hydroxyphenyl)pivalamide 

 

3-aminophenol (2.18 g, 20 mmol) was dissolved in CH2Cl2 (100 mL) and cooled in ice. Pivaloyl chloride 

(3 mL, 24 mmol) was added, then triethylamine (4.2 mL, 30 mmol) was added dropwise, and the 

resulting solution allowed to warm to room temperature over 3 hours. After this point, water (50 mL) 

was added, and the layers separated. The aqueous layer was extracted with CH2Cl2 (100 mL), then the 

combined organic layers washed with HCl solution (3 M, 100 mL), dried (MgSO4) and solvent removed. 

The residue was determined to be a mixture of the N-protected product and the N and O diprotected 

product. The residue was dissolved in methanol (20 mL) and NaHCO3 solution (sat., 10 mL) and heated 

at reflux for one hour. The solution was then partially concentrated, then HCl (3 M, 50 mL) added and 

extracted with EtOAc (2 x 50 mL). The organic layers were combined, dried (MgSO4) and solvent 

removed. The product was purified by column chromatography (0-60% EtOAc:petrol) to yield the pure 

product as a white solid (1.5 g, 7.8 mmol, 39%). 1H NMR (400 MHz, DMSO) δ 9.29 (s, 1H, H11), 9.02 (s, 

1H, H7), 7.22 (t, J = 2.0 Hz, 1H, H6), 7.10 – 6.95 (m, 2H, H2 H3), 6.44 (dt, J = 7.2, 2.2 Hz, 1H, H4), 1.21 

(s, 9H, H10). 13C NMR (101 MHz, DMSO) δ 176.7 (C11), 157.8 (C5), 140.8 (C1), 129.4 (C3), 111.5 (C2), 

110.7 (C4), 107.9 (C6), 39.6 (9), 27.7 (C10).  

Data in accordance with literature.276 

 

ii. Synthesis of boronic acids and esters 

3-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol 

 

2-fluoro-6-methoxyphenylboronic acid (850 mg, 5 mmol) was dissolved in CH2Cl2 (20 mL), then cooled 

to 0 °C. BBr3 (1M in CH2Cl2, 7.5 mL, 1.5 eq.) was added dropwise, and allowed to warm to room 

temperature for two hours. Ice-cold water (5 mL) was added, then EtOAc (30 mL) added and the 

organic layer extracted. The aqueous layer was extracted a further two times with EtOAc (20 mL), the 
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organic layers combined, dried (MgSO4), and solvent removed under reduced pressure to afford the 

crude demethylated boronic acid. To the crude residue, pinacol (710 mg, 6 mmol, 1.2 eq.) was added, 

then Et2O (20 mL) was added and the resulting solution stirred at room temperature for 16 hours. 

After this time, the solvent was removed under reduced pressure and the product purified by flash 

column chromatography (5-25% EtOAc:petrol) to yield the title compound as a colourless oil which 

solidifies on standing to a white solid (820 mg, 3.4 mmol, 69%). 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 

1H, H7), 7.33 (q, J = 7.1 Hz, 1H, H4)), 6.70 (d, J = 8.2 Hz, 1H, H5), 6.58 (t, J = 8.5 Hz, 1H, H3), 1.42 (s, 

12H, H9). 13C NMR (101 MHz, CDCl3) δ 167.8 (d, J = 251.5 Hz, C2), 164.9 (d, J = 10.4 Hz, C6), 134.5 (d, J 

= 11.4 Hz, C4), 111.6 (C5), 106.4 (d, J = 23.9 Hz, C3), 84.4 (C8), 24.8 (C9). 19F NMR (376 MHz, CDCl3) δ -

100.83 (F10). 

Data in accordance with literature.277 

 

(3-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)triisopropylsilane 

 

3-fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (238 mg, 1 mmol) was dissolved in 

THF (10 mL) and NaH (60 wt% in mineral oil, 60 mg, 1.5 mmol, 1.5 eq.) was added and stirred for 15 

minutes. Triisopropylsilyl chloride (0.43 mL, 2 mmol, 2 eq.) was added and the solution was stirred for 

16 hours. NH4Cl solution (sat., 5 mL) was added, then Et2O (10 mL) and water (10 mL) was added and 

the organic layer separated. The aqueous layer was washed with Et2O (10 mL), then the organic layers 

combined, dried (MgSO4) and solvent removed to yield crude product. The product was purified via 

flash column chromatography (0-10% EtOAc:petrol) to yield the title compound as a colourless oil (271 

mg, 0.69 mmol, 69%). 1H NMR (400 MHz, CDCl3) δ 7.17 (q, J = 7.9, 7.3 Hz, 1H, H3), 6.68 – 6.47 (m, 2H, 

H2 H4), 1.38 (s, 12H, H10), 1.37 – 1.28 (m, 3H, H7), 1.14 (d, J = 7.5 Hz, 18H, H8). 13C NMR (101 MHz, 

CDCl3) δ 167.1 (d, J = 244.9 Hz, C1), 160.9 (d, J = 12.9 Hz, C5), 131.6 (d, J = 11.2 Hz, C3), 113.9 (d, J = 3.0 

Hz, C4), 107.4 (d, J = 24.3 Hz, C2), 83.7 (C9), 24.9 (C10), 18.0 (C8), 13.3 (C7). 19F NMR (471 MHz, CDCl3) 

δ -104.02 (F11). HRMS (FTMS +p NSI) [M+H]+ calcd for C21H37BFO3Si+; 394.2620, found 394.2611, Δ= 

2.3 ppm. 
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3-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol 

 

Procedure first conducted by Larissa Hogenhout. 1-chloro-3-(methoxymethoxy)benzene (3.00 g, 17.4 

mmol) was dissolved in THF (50 mL) and cooled to -78 °C. To this stirred solution, n-BuLi (1.6 M in 

hexane, 10.3 mL, 16.5 mmol) was added dropwise and stirred at -78 °C for 2 hours. After this time, 

iPrOBPin (4.1 mL, 20 mmol) was added in one go, and stirred at -78 °C for one hour, then warmed to 

room temperature over 2 hours. NH4Cl solution (sat., 30 mL) was added, then EtOAc (50 mL) and water 

(50 mL) was added and the organic layer separated. The aqueous layer was extracted twice more with 

EtOAc (2*50 mL), then the organic layers combined, dried (MgSO4) and solvent removed under 

reduced pressure to yield the crude MOM-protected boronic ester. This crude was dissolved in HCl in 

dioxane (4 M, 15 mL), and stirred at 60 °C for one hour, at which point the reaction was deemed 

complete by NMR analysis. EtOAc (50 mL) and water (50 mL) was added and the organic layer 

separated. The organic layer was washed with NaHCO3 solution (sat., 30 mL), dried (MgSO4) and 

solvent removed under reduced pressure. The crude product was purified by flash column 

chromatography (Fluorochem silica, 0-15% EtOAc:petrol) to yield the title compound as a pale-yellow 

oil (945 mg , 3.71 mmol, 21%). 1H NMR (400 MHz, CDCl3) δ 8.64 (s, 1H, H7), 7.25 (t, J = 8.1 Hz, 1H, H3), 

6.92 (d, J = 7.9 Hz, 1H, H2), 6.80 (d, J = 8.3 Hz, 1H, H4), 1.42 (s, 12H, H9). 13C NMR (101 MHz, CDCl3) δ 

165.2 (C5), 141.0 (C1), 133.5 (C3), 121.5 (C2), 114.5 (C4), 84.5 (C8), 24.8 (C9). HRMS (FTMS -p NSI) [M-

H]- calcd for C12H15BClO3
-; 253.0808, found 253.0806, Δ= 0.8 ppm. 

 

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trifluoromethoxy)phenol 

 

1-(methoxymethoxy)-3-(trifluoromethoxy)benzene (1.22 g, 5.5 mmol) was dissolved in THF (20 mL) 

and cooled to -78 °C. To this stirred solution, n-BuLi (1.6 M in hexane, 4.2 mL, 6.6 mmol, 1.2 eq.) was 

added dropwise and stirred at -78 °C for 2 hours. After this time, iPrOBPin (1.65 mL, 8.25 mmol, 1.5 
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eq.) was added in one go, and stirred at -78 °C for one hour, then warmed to room temperature over 

2 hours. NH4Cl solution (sat.,10 mL) was added, then EtOAc (20 mL) and water (20 mL) was added and 

the organic layer separated. The aqueous layer was extracted twice more with EtOAc (2*20 mL), then 

the organic layers combined, dried (MgSO4) and solvent removed under reduced pressure to yield the 

crude MOM-protected boronic ester. This crude was dissolved in HCl in dioxane (4 M, 10 mL), and 

stirred at 60 °C for one hour, at which point the reaction was deemed complete by NMR analysis. 

EtOAc (50 mL) and water (50 mL) was added, and the organic layer separated. The organic layer was 

washed with NaHCO3 solution (sat., 10 mL), dried (MgSO4) and solvent removed under reduced 

pressure. The crude product was purified by flash column chromatography (Fluorochem silica, 0-15% 

EtOAc:petrol) to yield the title compound as a yellow oil, which solidified on standing to a white solid 

(503 mg , 1.65 mmol, 33%). 1H NMR (400 MHz, CDCl3) δ 8.45 (s, 1H, H7), 7.34 (t, J = 8.2 Hz, 1H, H3), 

6.84 (d, J = 8.4 Hz, 1H, H4), 6.76 (d, J = 8.1 Hz, 1H, H2), 1.37 (s, 12H, H9). 13C NMR (101 MHz, CDCl3) δ 

164.9 (C5), 154.2 (q, J = 1.7 Hz, C1), 133.8 (C3), 120.3 (q, J = 255.9 Hz, C10), 114.9 (C4), 112.9 (C2), 84.5 

(C8), 24.7 (C9). 19F NMR (376 MHz, CDCl3) δ -58.66 (F10). HRMS (FTMS -p NSI) [M-H]- calcd for 

C13H15BF3O4
-; 303.1021, found 303.1017, Δ= 1.3 ppm 

 

3-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol 

 

2-bromo-3-methylphenol (935 mg, 5 mmol) was dissolved in THF (40 mL) and cooled to -78 °C. n-BuLi 

(1.6 in THF, 8 mL, 12.5 mmol) was added dropwise, stirred at -78 °C for 30 minutes then allowed to 

warm to room temperature over two hours. The solution was then cooled back to -78 °C and iPrOBPin 

(3 mL, 15 mmol) was added in one portion. The solution was allowed to warm to room temperature 

over 16 hours, then ammonium chloride solution (sat., 30 mL) was added. EtOAc (100 mL) and water 

(100 mL) was added and the layers separated. The aqueous layer was wahed with EtOAc (2 x 50 mL), 

then the organic layers combined, washed with brine (100 mL), dried (MgSO4) and solvent removed. 

The crude was purified by column chromatography to yield the product as a golden oil (287 mg, 1.23 

mmol, 25%). 1H NMR (500 MHz, CDCl3) δ 8.56 (s, 1H, H8), 7.24 (t, J = 7.8 Hz, 1H, H3), 6.73 (t, J = 9.2, 

8.0 Hz, 2H, H2 H4), 2.52 (s, 3H, H7), 1.40 (s, 12H, H10). 13C NMR (126 MHz, CDCl3) δ 164.9 (C5), 147.2 
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(C1), 132.9 (C3), 121.7 (C2), 113.2 (C4), 83.9 (C9), 24.8 (C10), 22.9 (C7). HRMS (FTMS +p NSI) [M+2Li]2+ 

calcd for C13H19BO3Li22+; 124.0868, found 124.0869, Δ= 0.8 ppm. 

 

2-(2-fluoro-6-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

2-fluoro-6-methoxyphenylboronic acid (340 mg, 2 mmol) and pinacol (242 mg, 2.05 mmol) were 

dissolved in THF (10 mL) and MgSO4 (1 g) added. The mixture was allowed to stir at room temperature 

for 16 hours, after which the mixture was filtered and the solvent removed to yield the product as a 

colourless oil which solidified upon standing to a white solid (496 mg, 1.97 mmol, 98%). 1H NMR (400 

MHz, CDCl3) δ 7.27 (td, J = 8.2, 7.0 Hz, 1H, H3), 6.66 – 6.57 (m, 2H, H2 H4), 3.80 (s, 3H, H7), 1.38 (s, 

12H, H10). 13C NMR (101 MHz, CDCl3) δ 166.2 (d, J = 243.8 Hz, C5), 164.0 (d, J = 13.4 Hz, C1), 132.1 (d, 

J = 10.6 Hz, C3), 107.7 (d, J = 24.2 Hz, C4), 105.8 (d, J = 2.8 Hz, C2), 84.1 (C9), 56.0 (C7), 24.7 (C10). 19F 

NMR (471 MHz, CDCl3) δ -105.15 (F8). 

Data in accordance with literature.278 

 

iii. Asymmetric synthesis of biaryl compounds 

General procedure E 

 

To a 4 mL microwave crimp vial containing a stir bar was added aryl bromide (0.1 mmol), aryl boronic 

acid/ester (1.2-2 eq.), palladium source (5 mol%), ligand (6-10 mol%) and base (3 eq.). The vial was 

then sealed, then evacuated and backfilled with nitrogen 3 times. Solvent (0.5 mL) was added, and the 

vials heated to the indicated temperature for 16 hours. Once the reaction was complete, the vial was 

opened, and solvent removed under a stream of air. CDCl3 (0.5 mL, containing 3 mg of 1,2-

dimethoxyethane as an internal standard) and HCl (3 M, 1 mL) was added, and the organic layer 
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filtered through a MgSO4 pad. The aqueous layer was extracted once more with CDCl3 (1 mL) and the 

organic filtered through the MgSO4 pad. The crude was analysed at this point for NMR yield and crude 

ee. The product was purified through flash column chromatography.  

 

2',6-dimethyl-N-(2-phenylpropan-2-yl)-[1,1'-biphenyl]-2-carboxamide 

 

Reaction using SPhos: General procedure E was performed with 2-bromo-3-methyl-N-(2-

phenylpropan-2-yl)benzamide (33.2 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 60 

°C. The product was purified by column chromatography (0-30% EtOAc:heptane) to yield the product 

as a yellow residue (7 mg, 0.02 mmol, 20%). The sample contained a 20 mol% impurity of the 

debrominated side product: 3-methyl-N-(2-phenylpropan-2-yl)benzamide. 1H NMR (500 MHz, CDCl3) 

δ 7.69 (dd, J = 7.5, 1.1 Hz, 1H, H4), 7.38 – 7.27 (m, 5H, H2 H3 H9 H10 H11), 7.25 – 7.20 (m, 2H, H21), 

7.18 – 7.11 (m, 2H, H8 H22), 7.08 (dd, J = 7.2, 1.7 Hz, 2H, H20), 5.63 (s, 1H, H15), 2.04 (s, 3H, H13), 1.99 

(s, 3H, H23), 1.36 (s, 3H, H17/18), 1.34 (s, 3H, H17/18). 13C NMR (126 MHz, CDCl3) δ 167.4 (C14), 146.7 

(C19), 139.5 (C7), 138.1 (C6), 136.6 (C1), 136.6 (C12), 136.3 (C5), 132.0 (C2), 130.9 (C11), 129.3 (C8), 

128.3 (C3/9/10), 128.3 (C21), 127.7 (C3/9/10), 127.0 (C4), 126.7 (C3/9/10), 126.5 (C22), 124.8 (C20), 

55.8 (C16), 28.7 (C17/18), 28.3 (C17/18), 20.5 (C23), 19.9 (C13). Separation of the enantiomers was 

observed by chiral SFC (CHIRALPAK IC, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 3.15 min, 

3.22 min). 

Data in accordance with literature.123 

Reaction using (S)-sSPhos: General procedure E was performed with 2-bromo-3-methyl-N-(2-

phenylpropan-2-yl)benzamide (33.2 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF 

at 40 °C. Analysis of the crude showed a 8% NMR yield and 50% ee (CHIRALPAK IC, 5-50% MeOH:CO2 

gradient over 5 minutes, 2 mL/min, 3.15 min [major], 3.22 min [minor]). 
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N-(tert-butyl)-2',6-dimethyl-[1,1'-biphenyl]-2-carboxamide 

 

Reaction using SPhos: General procedure E was performed with 2-bromo-3-methyl-N-(tert-

butyl)benzamide (27 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 60 °C. The product was 

purified by column chromatography (0-30% EtOAc:heptane) to yield the product as a yellow residue 

(13 mg, 0.046 mmol, 46%). The sample contained a 30 mol% impurity of the debrominated side 

product: 3-methyl-N-(tert-butyl)benzamide. 1H NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 6.9, 1.9 Hz, 1H, 

H4), 7.36 – 7.30 (m, 4H, H2 H3 H10 H11), 7.30 – 7.26 (m, 1H, H12), 7.10 (d, J = 7.1 Hz, 1H, H13), 5.13 

(s, 1H, H16), 2.04 (s, 3H, H14), 2.00 (s, 3H, H15), 1.01 (s, 9H, H18). 13C NMR (126 MHz, CDCl3) δ 167.9 

(C8), 139.3 (C5), 137.8 (C6), 136.8 (C7), 136.4 (C1), 136.3 (C9), 131.7 (C2), 130.7 (C10), 129.1 (C13), 

128.0 (C11), 127.6 (C3), 126.6 (C4), 126.4 (C12), 50.9 (C17), 28.1 (C18), 20.4 (C15), 19.7 (C14). HRMS 

(FTMS +p NSI) [M+H]+ calcd for C19H24NO+; 282.1852, found 282.1859, Δ= 2.5 ppm. Separation of the 

enantiomers was observed by chiral SFC (PHENOMONEX C1, 5-50% MeOH:CO2 gradient over 5 

minutes, 2 mL/min, 1.28 min, 1.38 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 2-bromo-3-methyl-N-(tert-

butyl)benzamide (27 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 

crude showed a 13% NMR yield and 60% ee (PHENOMONEX C1, 5-50% MeOH:CO2 gradient over 5 

minutes, 2 mL/min, 1.28 min [major], 1.38 min [minor]). 
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1,1,1-trifluoro-N-(2-(2-methylnaphthalen-1-yl)phenyl)methanesulfonamide 

 

Reaction using SPhos: General procedure E was performed with N-(2-

bromophenyl)trifluoromethanesulfonamide (30.4 mg, 0.1 mmol), (2-methylnaphthalen-1-yl)boronic 

acid (27.9 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4 (64 

mg, 0.3 mmol) in THF at 60 °C. The product was purified by column chromatography (0-30% 

EtOAc:heptane) to yield the product as a white solid (8 mg, 0.022 mmol, 22%). 1H NMR (400 MHz, 

CDCl3) δ 7.89 (d, J = 8.8 Hz, 2H, H10 H14), 7.79 (d, J = 8.3 Hz, 1H, H4), 7.54 – 7.44 (m, 3H, H3 H9 H15), 

7.39 (dtd, J = 8.6, 7.2, 1.3 Hz, 2H, H1 H16), 7.24 (dd, J = 7.6, 1.6 Hz, 1H, H2), 7.20 (d, J = 8.5 Hz, 1H, 

H17), 6.17 (s, 1H, H18), 2.22 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) δ 135.1 (C8), 133.1 (C5), 132.2 

(C11), 132.1 (C12), 131.4 (C2), 130.8 (C7), 130.5 (C6), 129.3 (C10), 129.2 (C3), 128.8 (C9), 128.4 (C14), 

127.2 (C16), 126.3 (C1), 125.7 (C15), 124.5 (C17), 119.7 (C4), 119.4 (q, J = 322.0 Hz, C19), 20.2 (C13). 

19F NMR (376 MHz, CDCl3) δ -76.10 (F19). HRMS (FTMS -p NSI) [M-H]- calcd for C18H13F3NO2S-; 

364.0625, found 364.0622, Δ= 0.8 ppm. Separation of the enantiomers was observed by chiral SFC 

(CHIRALPAK IG, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 0.89 min, 1.12 min). 

Reaction using (S)-sSPhos: General procedure E was performed with N-(2-

bromophenyl)trifluoromethanesulfonamide (30.4 mg, 0.1 mmol), (2-methylnaphthalen-1-yl)boronic 

acid (27.9 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos (4.1 mg, 0.01 mmol) and K3PO4 

(64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude showed a 9% NMR yield and 22% ee 

(CHIRALPAK IG, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 0.89 min [major], 1.12 min 

[minor]). 
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2-methyl-1-(o-tolyl)naphthalene 

 

Reaction using SPhos: General procedure E was performed with 2-methyl-1-bromonaphthalene (22.1 

mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (2.5 

mg, 0.006 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-5% EtOAc:petrol) to yield the product as a colourless oil (12 mg, 0.05 mmol, 50%). 

1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.2 Hz, 1H, H16), 7.79 (d, J = 8.4 Hz, 1H, H3), 7.43 (d, J = 8.3 Hz, 

1H, H4), 7.41 – 7.38 (m, 1H, H15), 7.38 – 7.34 (m, 2H, H11 H12), 7.35 – 7.29 (m, 2H, H10 H14), 7.24 

(dd, J = 8.4, 1.1 Hz, 1H, H13), 7.13 (d, J = 6.9 Hz, 1H, H9), 2.17 (s, 3H, H18), 1.93 (s, 3H, H17). 13C NMR 

(101 MHz, CDCl3) δ 139.2 (C8), 137.5 (C6), 136.8 (C7), 133.1 (C5), 132.5 (C2), 132.0 (C1), 130.0 (C9), 

130.0 (C12), 128.6 (C4), 127.8 (C16), 127.4 (C11), 127.1 (C3), 125.9 (C10), 125.9 (C14), 125.7 (C13), 

124.7 (C15), 20.3 (C18), 19.5 (C17). Separation of the enantiomers was observed by chiral SFC 

(PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 1.06 min, 1.66 min). 

Data in accordance with literature.279 

Reaction using (S)-sSPhos: General procedure E was performed with 2-methyl-1-bromonaphthalene 

(22.1 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude showed 

a 96% NMR yield and 0% ee (PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 

1.06 min, 1.66 min). 

 

2-(2-methylnaphthalen-1-yl)benzaldehyde 
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Reaction using SPhos: General procedure E was performed with 2-methyl-1-bromonaphthalene (22.1 

mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

SPhos (2.5 mg, 0.006 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. The product was purified by 

column chromatography (0-10% EtOAc:heptane) to yield the product as a cream residue (16 mg, 0.065 

mmol, 65%). 1H NMR (400 MHz, CDCl3) δ 9.50 (d, J = 0.8 Hz, 1H, H13), 8.14 (dd, J = 7.9, 1.4 Hz, 1H, H9), 

7.92 – 7.81 (m, 2H, H3 H17), 7.74 (td, J = 7.5, 1.5 Hz, 1H, H11), 7.60 (tt, J = 7.6, 1.1 Hz, 1H, H10), 7.46 

– 7.39 (m, 2H, H4 H16), 7.38 – 7.30 (m, 2H, H12 H15), 7.20 (d, J = 8.4 Hz, 1H, H14), 2.19 (s, 3H, H18). 

13C NMR (101 MHz, CDCl3) δ 192.1 (C13), 143.8 (C7), 134.7 (C8), 134.2 (C5 C11), 133.3 (C2), 133.3 (C6), 

131.8 (C1), 131.5 (C12), 128.3 (C4), 128.2 (C10), 128.2 (C17), 127.9 (C3), 127.2 (C9), 126.5 (C15), 125.7 

(C14), 125.2 (C16), 20.8 (C18). Separation of enantiomers was observed by chiral SFC (PHENOMONEX 

C3, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 1.09 min, 1.49 min). 

Data in accordance with literature.137 

Reaction using (S)-sSPhos: General procedure E was performed with 2-methyl-1-bromonaphthalene 

(22.1 mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 

crude showed a 84% NMR yield and 14% ee (PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 

minutes, 2 mL/min, 1.09 min [minor], 1.49 min [major]). 

 

2-methoxy-1-(o-tolyl)naphthalene 

 

Reaction with SPhos: General procedure E was performed with 2-methoxy-1-bromonaphthalene 

(23.7 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos 

(2.5 mg, 0.006 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-5% EtOAc:heptane) to yield the product as a colourless oil (13 mg, 0.052 mmol, 

52%). 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 9.1 Hz, 1H, H3), 7.87 – 7.81 (m, 1H, H16), 7.39 (d, J = 9.0 

Hz, 1H, H4), 7.37 – 7.29 (m, 5H, H9 H10 H11 H14 H15), 7.29 – 7.26 (m, 1H, H13), 7.20 (d, J = 7.3 Hz, 1H, 

H12), 3.85 (s, 3H, H18), 2.01 (s, 3H, H17). 13C NMR (101 MHz, CDCl3) δ 153.7 (C5), 137.6 (C8), 136.1 

(C7), 133.4 (C2), 130.8 (12), 129.8 (C9), 129.0 (C1), 129.0 (C3), 127.8 (C16), 127.5 (C10), 126.3 (C14), 
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125.6 (C11), 125.0 (C13), 124.5 (C6), 123.5 (C15), 113.6 (C4), 56.6 (C18), 19.7 (C17). Separation of 

enantiomers was observed by chiral SFC (PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 

minutes, 2 mL/min, 1.56 min, 2.05 min).  

Data in accordance with literature.280 

Reaction with (S)-sSPhos: General procedure E was performed with 2-methoxy-1-bromonaphthalene 

(23.7 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude showed 

a 99% NMR yield and 20% ee (PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 

1.56 min [minor], 2.05 min [major]). 

 

2-(2-methoxynaphthalen-1-yl)benzaldehyde 

 

Reaction using SPhos: General procedure E was performed with 2-methoxy-1-bromonaphthalene 

(23.7 mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), SPhos (2.5 mg, 0.006 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. The product was 

purified by column chromatography (0-10% EtOAc:heptane) to yield the product as a cream residue 

(20 mg, 0.076 mmol, 76%). 1H NMR (400 MHz, CDCl3) δ 9.63 (d, J = 0.8 Hz, 1H, H17), 8.13 (dd, J = 7.8, 

1.5 Hz, 1H, H9), 7.97 (d, J = 9.1 Hz, 1H, H3), 7.90 – 7.83 (m, 1H, H16), 7.73 (td, J = 7.5, 1.5 Hz, 1H, H11), 

7.58 (tt, J = 7.5, 1.1 Hz, 1H, H10), 7.41 – 7.30 (m, 5H, H4 H12 H13 H14 H15), 3.83 (s, 3H, H18). 13C NMR 

(101 MHz, CDCl3) δ 192.7 (C17), 154.1 (C5), 140.4 (C7), 135.0 (C8), 133.8 (C2), 133.8 (C11), 132.4 (C12), 

130.3 (C3), 128.9 (C1), 128.1 (C16), 128.0 (C10), 127.0 (C14), 127.0 (C9), 124.8 (C13), 123.8 (C15), 119.9 

(C6), 112.7 (C4), 56.3 (C18). Separation of enantiomers was observed by chiral SFC (PHENOMONEX C3, 

5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 1.72 min, 2.09 min). 

Data in accordance with literature.280 

Reaction using (S)-sSPhos: General procedure E was performed with 2-methoxy-1-bromonaphthalene 

(23.7 mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 
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crude showed an 87% NMR yield and 10% ee (PHENOMONEX C3, 5-50% MeOH:CO2 gradient over 5 

minutes, 2 mL/min, 1.72 min [minor], 2.09 min [major]). 

 

1-(o-tolyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (2.5 mg, 0.006 

mmol) and K3PO4 (64 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-15% EtOAc:petrol) to yield the product as a yellow residue, with a 20 mol% 

impurity of 1-bromo-2-naphthol (6.2 mg, 0.022 mmol, 22% adjusted). 1H NMR corresponds with the 

isolated chiral material. Separation of enantiomers was observed by chiral SFC (CHIRALART SB, 98:2 

CO2:MeOH, 2.5 mL/min, 8.51 min, 9.02 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos (5.1 

mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-15% EtOAc:petrol) to yield the product as a 0.75:1 mixture with 1-bromo-2-

naphthol (7.3 mg, 0.014 mmol, 14% adjusted, 59% ee) as a yellow residue. Sample ee was determined 

by chiral SFC (CHIRALART SB, 98:2 CO2:MeOH, 2.5 mL/min, 8.51 min [minor], 9.02 min [major]).1H 

NMR (400 MHz, CDCl3) δ 7.86 – 7.78 (m, 2H), 7.47 – 7.36 (m, 4H), 7.32 (dt, J = 6.8, 3.4 Hz, 2H), 7.30 – 

7.26 (m, 1H), 7.23 – 7.14 (m, 1H), 4.90 (s, 1H), 2.03 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.0, 138.9, 

133.0, 131.5, 131.0, 129.4, 129.0, 128.9, 128.1, 126.9, 126.5, 124.4, 123.3, 120.2, 117.2, 19.5.  

Data in accordance with literature.281 
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1-(2-chlorophenyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2-chlorophenylboronic acid (23.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 

mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 60 °C. The product was purified by column 

chromatography (0-20% EtOAc:heptane) to yield the product as a white residue (17 mg, 0.067 mmol, 

67%). 1H NMR (500 MHz, CDCl3) δ 7.87 – 7.80 (m, 2H, H5 H10), 7.66 – 7.62 (m, 1H, H15), 7.48 – 7.44 

(m, 2H, H13 H14), 7.41 – 7.38 (m, 1H, H12), 7.37 – 7.32 (m, 2H, H1 H6), 7.26 (d, J = 8.9 Hz, 1H, H9), 

7.21 – 7.16 (m, 1H, H2), 4.88 (s, 1H, H17). 13C NMR (126 MHz, CDCl3) δ 150.3 (C8), 135.8 (C16), 133.3 

(C12), 133.1 (C11), 132.9 (C3), 130.5 (C15), 130.2 (C14), 130.2 (C10), 128.9 (C4), 128.1 (C5), 127.7 

(C13), 126.7 (C1), 124.3 (C2), 123.5 (C6), 118.5 (C7), 117.5 (C9). HRMS (FTMS -p NSI) [M-H]- calcd for 

C16H10ClO-; 253.0426, found 253.0423, Δ= 1.2 ppm. Separation of enantiomers was observed by chiral 

SFC (CHIRALPAK IC, 5-50% MeOH:CO2 gradient over 5 minutes, 2 mL/min, 2.10 min, 2.40 min). 

Reaction using (S)-sSPhos: General procedure Ewas performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-chlorophenylboronic acid (23.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 60 °C. Analysis of the crude 

showed a 68% NMR yield and 74% ee (CHIRALPAK IC, 5-50% MeOH:CO2 gradient over 5 minutes, 2 

mL/min, 2.10 min [major], 2.40 min [minor]). 

 

2',6-dimethyl-[1,1'-biphenyl]-2-ol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 
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0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in CPME at 60 °C. The product was purified by column 

chromatography (0-5% EtOAc:petrol) to yield the product as a colourless residue (16.5 mg, 0.083 

mmol, 83%). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.26 (m, 3H, H10 H12 H13), 7.23 – 7.13 (m, 2H, H4 

H11), 6.86 (t, J = 7.4 Hz, 2H, H1 H5), 4.52 (s, 1H, H14), 2.07 (s, 3H, H15), 1.98 (s, 3H, H3). 13C NMR (101 

MHz, CDCl3) δ 152.6 (C6), 137.8 (C9), 137.2 (C2), 134.3 (C8), 130.8 (C10), 130.5 (C11), 128.6 (C12), 

128.4 (C4), 127.3 (C7), 126.8 (C13), 121.8 (C1), 112.4 (C5), 19.9 (C3), 19.4 (C15). HRMS (FTMS +p NSI) 

[M]+ calcd for C14H14O+; 198.1039, found 198.1045, Δ= 3.0 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 2.27 min, 2.47 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos 

(5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude showed a 

100% NMR yield and 16% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 2.27 min [major], 2.47 min 

[minor]). 

 

2'-chloro-6-methyl-[1,1'-biphenyl]-2-ol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos 

(4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in CPME at 60 °C. The product was purified by 

column chromatography (0-5% EtOAc:petrol) to yield the product as a colourless residue (20.0 mg, 

0.092 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 7.61 – 7.53 (m, 1H, H5), 7.43 – 7.36 (m, 2H, 1, H6), 7.33 

– 7.25 (m, 1H, H2), 7.22 (t, J = 7.9 Hz, 1H, H10), 6.88 (dt, J = 7.5, 1.0 Hz, 1H, H9), 6.85 (ddd, J = 8.1, 1.2, 

0.6 Hz, 1H, H11), 4.49 (s, 1H, H14), 2.03 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) δ 152.7 (C12), 137.9 

(C8), 135.1 (C4), 134.5 (C3), 132.2 (C2), 130.4 (C5), 130.0 (C6), 129.3 (C10), 127.7 (C1), 125.8 (C7), 

122.1 (C9), 113.0 (C11), 20.1 (C13). HRMS (FTMS +p NSI) [M+H]+ calcd for C13H12ClO+; 219.0571, found 

219.0568, Δ= 1.4 ppm. Separation of the enantiomers was observed by chiral SFC (CHIRALART SC, 97:3 

CO2:MeOH, 2.5 mL/min, 4.66 min, 5.27 min).  
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Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in CPME at 40 °C. Analysis of the crude 

showed 87% NMR yield and 68% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 4.66 min [minor], 

5.27 min [major]).  

 

N-butyl-2,6-dimethoxy-2'-methyl-[1,1'-biphenyl]-3-sulfonamide 

 

Reaction with SPhos: General procedure E was performed with sodium 2,4-methoxy-3-

bromobenzene sulfonate (31.9 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in MeOH at 40 °C. After the 

solvent was removed (before addition of CDCl3 and HCl), the residue was dissolved in thionyl chloride 

(1 mL) and DMF (0.05 mL), the vial resealed and heated at 80 °C for 2 hours. The solvent was then 

removed under a stream of air then cooled in ice. Water (2 mL) and EtOAc (2 mL) were added, and the 

layers separated. The aqueous layer was extracted further with EtOAc (2 mL), the organic layers 

combined, filtered through MgSO4 and solvent removed. The residue was then dissolved in CH2Cl2 (1 

mL), and transferred into a microwave vial and sealed. Butylamine (0.015 mL, 0.15 mmol) and 

triethylamine (0.02 mL, 0.15 mmol) were added to the vial and then stirred at room temperature for 

16 hours. Once the reaction was complete, the solvent was removed under a stream air, and then 

worked up as per general procedure C (addition of CDCl3 and HCl and extraction). The product was 

purified by column chromatography (0-15 EtOAc:hexane) to yield the product as a colourless residue 

(14.7 mg, 0.04 mmol, 40%). 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.8 Hz, 1H, H3), 7.37 – 7.24 (m, 3H, 

H9 H10 H11), 7.15 (d, J = 7.4 Hz, 1H, H8), 6.81 (d, J = 8.8 Hz, 1H, H2), 4.84 (t, J = 6.3 Hz, 1H, H16), 3.80 

(s, 3H, H15), 3.38 (s, 3H, H14), 2.90 (q, J = 6.9 Hz, 2H, H17), 2.11 (s, 3H, H13), 1.46 (dtd, J = 8.6, 7.1, 5.5 

Hz, 2H, H18), 1.32 (dq, J = 8.3, 7.2 Hz, 2H, H19), 0.87 (t, J = 7.3 Hz, 3H, H20). 13C NMR (101 MHz, CDCl3) 

δ 161.6 (C1), 155.8 (C5), 137.2 (C7), 132.2 (C12), 130.6 (C8), 130.3 (C3), 130.0 (C11), 128.2 (C10), 125.6 

(C9), 125.2 (C4), 125.0 (C6), 105.8 (C2), 61.4 (C14), 56.1 (C15), 43.4 (C17), 31.5 (C18), 19.8 (C19), 19.7 

(C13), 13.6 (C20). HRMS (FTMS +p NSI) [M]+ calcd for C19H25NO4S+; 363.1499, found 363.1507, Δ= 2.2 
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ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 90:10 CO2:MeOH, 2.5 

mL/min, 8.97 min, 9.99 min). 

Reaction with (S)-sSPhos: General procedure E was performed with sodium 2,4-methoxy-3-

bromobenzene sulfonate (31.9 mg, 0.1 mmol), o-tolylboronic acid (20.4 mg, 0.15 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in MeOH at 40 °C. After 

the solvent was removed (before addition of CDCl3 and HCl), the residue was dissolved in thionyl 

chloride (1 mL) and DMF (0.05 mL), the vial resealed and heated at 80 °C for 2 hours. The solvent was 

then removed under a stream of air then cooled in ice. Water (2 mL) and EtOAc (2 mL) were added, 

and the layers separated. The aqueous layer was extracted further with EtOAc (2 mL), the organic 

layers combined, filtered through MgSO4 and solvent removed. The residue was then dissolved in 

CH2Cl2 (1 mL), and transferred into a microwave vial and sealed. Butylamine (0.015 mL, 0.15 mmol) 

and triethylamine (0.02 mL, 0.15 mmol) were added to the vial and then stirred at room temperature 

for 16 hours. Once the reaction was complete, the solvent was removed under a stream air, and then 

worked up as per general procedure C (addition of CDCl3 and HCl and extraction). Analysis of the crude 

showed a 78% NMR yield and 20% ee (CHIRALART SC, 90:10 CO2:MeOH, 2.5 mL/min, 8.97 min [major], 

9.99 min [minor]). 

 

N-butyl-2'-chloro-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonamide 

 

Reaction using SPhos: General procedure E was performed with sodium 2,4-methoxy-3-

bromobenzene sulfonate (31.9 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in MeOH at 

40 °C. After the solvent was removed (before addition of CDCl3 and HCl), the residue was dissolved in 

thionyl chloride (1 mL) and DMF (0.05 mL), the vial resealed and heated at 80 °C for 2 hours. The 

solvent was then removed under a stream of air then cooled in ice. Water (2 mL) and EtOAc (2 mL) 

were added, and the layers separated. The aqueous layer was extracted further with EtOAc (2 mL), 

the organic layers combined, filtered through MgSO4 and solvent removed. The residue was then 

dissolved in CH2Cl2 (1 mL), and transferred into a microwave vial and sealed. Butylamine (0.015 mL, 
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0.15 mmol) and triethylamine (0.02 mL, 0.15 mmol) were added to the vial and then stirred at room 

temperature for 16 hours. Once the reaction was complete, the solvent was removed under a stream 

air, and then worked up as per general procedure C (addition of CDCl3 and HCl and extraction). The 

product was purified by column chromatography (0-15 EtOAc:hexane) to yield the product as a 

colourless residue (13.2 mg, 0.034 mmol, 34%). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.8 Hz, 1H, 

H3), 7.54 – 7.49 (m, 1H, H11), 7.40 – 7.32 (m, 2H, H9 H10), 7.30 – 7.25 (m, 1H, H8), 6.82 (d, J = 8.8 Hz, 

1H, H2), 4.84 (t, J = 6.3 Hz, 1H, H15), 3.81 (s, 3H, H14), 3.46 (s, 3H, H13), 2.89 (q, J = 6.7 Hz, 2H, H16), 

1.46 (dtd, J = 8.6, 7.7, 7.1, 6.2 Hz, 2H, H17), 1.39 – 1.21 (m, 2H, H18), 0.87 (t, J = 7.3 Hz, 3H, H19). 13C 

NMR (101 MHz, CDCl3) δ 161.9 (C1), 156.2 (C5), 134.7 (C12), 132.3 (C8), 132.2 (C7), 131.2 (C3), 129.7 

(C11), 129.6 (C10), 126.8 (C9), 125.4 (C4), 123.3 (C6), 106.2 (C2), 62.1 (C13), 56.4 (C14), 43.6 (C16), 

31.6 (C17), 19.9 (C18), 13.7 (C19). HRMS (FTMS +p NSI) [M+H]+ calcd for C18H23ClNO4S+; 384.1031, 

found 384.1039, Δ= 2.1 ppm. Separation of the enantiomers was observed by chiral SFC (CHIRALART 

SB, 90:10 CO2:MeOH, 2.5 mL/min, 4.62 min, 4.90 min). 

Reaction using (S)-sSPhos: General procedure E was performed with sodium 2,4-methoxy-3-

bromobenzene sulfonate (31.9 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4 (64 mg, 0.3 mmol) in MeOH  

at 40 °C. After the solvent was removed (before addition of CDCl3 and HCl), the residue was dissolved 

in thionyl chloride (1 mL) and DMF (0.05 mL), the vial resealed and heated at 80 °C for 2 hours. The 

solvent was then removed under a stream of air then cooled in ice. Water (2 mL) and EtOAc (2 mL) 

were added, and the layers separated. The aqueous layer was extracted further with EtOAc (2 mL), 

the organic layers combined, filtered through MgSO4 and solvent removed. The residue was then 

dissolved in CH2Cl2 (1 mL), and transferred into a microwave vial and sealed. Butylamine (0.015 mL, 

0.15 mmol) and triethylamine (0.02 mL, 0.15 mmol) were added to the vial and then stirred at room 

temperature for 16 hours. Once the reaction was complete, the solvent was removed under a stream 

air, and then worked up as per general procedure C (addition of CDCl3 and HCl and extraction). Analysis 

of the crude showed a 48% NMR yield and 68% ee (CHIRALART SB, 90:10 CO2:MeOH, 2.5 mL/min, 4.62 

min [minor], 4.90 min [major]). 
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6-butyl-2'-chloro-[1,1'-biphenyl]-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-butyl-2-bromophenol (22.9 

mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 60 °C. The product was purified 

by column chromatography (0-5% EtOAc:petrol) to yield the product as a colourless residue (13 mg, 

0.05 mmol, 50%). 1H NMR (500 MHz, CDCl3) δ 7.59 – 7.52 (m, 1H, H11), 7.42 – 7.36 (m, 2H, H9 H10), 

7.32 – 7.28 (m, 1H, H8), 7.24 (t, J = 7.9 Hz, 1H, H3), 6.90 (dd, J = 7.6, 0.9 Hz, 1H, H4), 6.84 (dd, J = 8.4, 

1.0 Hz, 1H, H2), 4.44 (s, 1H, H13), 2.43 – 2.31 (m, 1H, H14a), 2.29 – 2.19 (m, 1H, H14b), 1.44 – 1.35 (m, 

2H, H15), 1.18 (h, J = 7.4 Hz, 2H, H16), 0.76 (t, J = 7.4 Hz, 3H, H17). 13C NMR (126 MHz, CDCl3) δ 152.6 

(C1), 142.3 (C5), 135.2 (C12), 134.1 (C7), 132.5 (C8), 130.2 (C11), 129.8 (C10), 129.2 (C3), 127.4 (C9), 

125.3 (C6), 121.1 (C4), 112.7 (C2), 32.9 (C14), 32.6 (C15), 22.4 (C16), 13.7 (C17). HRMS (FTMS +p NSI) 

[M+H]+ calcd for C16H18ClO+; 261.1041, found 261.1028, Δ= 4.7 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 4.57 min, 5.10 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-butyl-2-bromophenol (22.9 

mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (R)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 73% NMR yield and 72% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 4.57 min [major], 

5.10 min [minor]). 

 

1-(2-formylphenyl)-2-naphthaldehyde 
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Reaction using (±)-sSPhos: General procedure E was performed with 1-bromo-2-naphthaldehyde 

(23.5 mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-10% EtOAc:petrol) to yield the product as a white residue 

(21 mg, 0.081 mmol, 81%). 1H NMR (400 MHz, CDCl3) δ 9.84 (s, 1H, H18), 9.57 (s, 1H, H17), 8.18 (dd, J 

= 7.7, 1.5 Hz, 1H, H13), 8.11 (d, J = 8.6 Hz, 1H, H8), 8.03 (d, J = 8.7 Hz, 1H, H7), 7.97 (dd, J = 8.3, 1.1 Hz, 

1H, H3), 7.77 (ddd, J = 8.6, 7.0, 1.4 Hz, 1H, H15), 7.71 (td, J = 7.6, 1.2 Hz, 1H, H14), 7.64 (t, J = 7.5 Hz, 

1H, H2), 7.50 – 7.42 (m, 2H, H1 H16), 7.38 (dt, J = 8.7, 1.0 Hz, 1H, H6). 13C NMR (101 MHz, CDCl3) δ 

191.3 (C18), 190.6 (C17), 142.0 (C10), 138.7 (C11), 135.8 (C4), 135.7 (C12), 133.8 (C15), 132.9 (C5), 

132.3 (C16), 132.1 (C9), 129.3 (C14), 129.3 (C7), 129.2 (C2), 128.5 (C3), 128.3 (C13), 127.6 (C1), 127.2 

(C6), 122.3 (C8). Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 90:10 

CO2:MeOH, 2.5 mL/min, 6.34 min, 10.57 min). 

Data in accordance with literature.282 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthaldehyde 

(23.5 mg, 0.1 mmol), 2-formylphenylboronic acid (22.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 

crude showed a 84% NMR yield and 77% ee (CHIRALART SC, 90:10 CO2:MeOH, 2.5 mL/min, 6.34 min 

[minor], 10.57 min [major]). 

 

N-(2'-chloro-6-methyl-[1,1'-biphenyl]-2-yl)acetamide 

 

Reaction using (±)-sSPhos: General procedure E was performed with N-(2-bromo-3-

methylphenyl)acetamide (22.8 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF 

at 40 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as a colourless residue, with 20 mol% of the aryl bromide starting material (13 mg, 0.043 

mmol, 43% adjusted). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.2 Hz, 1H, H4), 7.56 (dd, J = 5.8, 3.5 Hz, 

1H, H10), 7.47 – 7.36 (m, 2H, H11 H12), 7.31 (t, J = 7.9 Hz, 1H, H3), 7.24 – 7.16 (m, 1H, H13), 7.07 (d, J 
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= 7.6 Hz, 1H, H2), 6.53 (s, 1H, H15), 1.99 (s, 3H, H8), 1.91 (s, 3H, H16). 13C NMR (101 MHz, CDCl3) δ 

168.1 (C15), 136.8 (C1), 135.6 (C7), 135.2 (C5), 134.2 (C9), 131.6 (C13), 130.2 (C10), 129.8 (C11), 129.5 

(C6), 128.6 (C3), 127.7 (C12), 125.9 (C2), 119.2 (C4), 24.5 (C16), 20.2 (C8). HRMS (FTMS +p NSI) [M+H]+ 

calcd for C15H15ClNO +; 260.0837, found 260.0840, Δ= 1.4 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALPAK IG, 95:5 CO2:MeOH, 2.5 mL/min, 10.06 min, 11.82 min). 

Reaction using (S)-sSPhos: General procedure E was performed with N-(2-bromo-3-

methylphenyl)acetamide (22.8 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF 

at 40 °C. Analysis of the crude showed 14% NMR yield and 32% ee (CHIRALPAK IG, 95:5 CO2:MeOH, 

2.5 mL/min, 10.06 min [major], 11.82 min [minor]). 

 

1-(2-chlorophenyl)-2-naphthaldehyde 

 

Reaction using (±)-sSPhos: General procedure E was performed with 1-bromo-2-naphthaldehyde 

(23.5 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-10% EtOAc:petrol) to yield the product as a colourless 

residue (10.8 mg, 0.041 mmol, 41%). 1H NMR (400 MHz, CDCl3) δ 9.83 (s, 1H, H17), 8.09 (d, J = 8.6 Hz, 

1H, H8), 7.99 (d, J = 8.7 Hz, 1H, H7), 7.95 (d, J = 8.2 Hz, 1H, H3), 7.67 – 7.59 (m, 2H, H2 H13), 7.54 – 

7.42 (m, 4H, H1 H6 H12 H14), 7.38 (dd, J = 7.5, 1.8 Hz, 1H, H15). 13C NMR (101 MHz, CDCl3) δ 191.9 

(C17), 143.3 (C10), 136.2 (C4), 134.7 (C11), 134.4 (C16), 132.6 (C12), 131.9 (C5), 131.1 (C9), 130.1 

(C14), 129.7 (C13), 129.0 (C7), 128.9 (C2), 128.4 (C3), 127.2 (C1), 126.9 (C6), 126.7 (C15), 122.1 (C8). 

HRMS (FTMS +p NSI) [M+H]+ calcd for C17H12ClO+; 267.0571, found 267.0559, Δ= 4.5 ppm. Separation 

of enantiomers was observed by chiral SFC (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 6.86 min, 

7.78 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthaldehyde 

(23.5 mg, 0.1 mmol), 2-chlorophenylboronic acid (23.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 
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crude showed 82% NMR yield and 71% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 6.86 min 

[minor], 7.78 min [major]). 

 

2',4'-dichloro-6-methyl-[1,1'-biphenyl]-2-ol 

 

Reaction with SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2,4-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified 

by column chromatography (0-10% EtOAc:petrol) to yield the product as a colourless residue (6 mg, 

0.023 mmol, 23%). 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 2.1 Hz, 1H, H12), 7.38 (dd, J = 8.2, 2.1 Hz, 

1H, H10), 7.25 (d, J = 11.8 Hz, 2H, H9), 7.21 (t, J = 8.0, 7.5 Hz, 1H, H4), 6.88 (d, J = 7.6 Hz, 1H, H1), 6.82 

(d, J = 8.1 Hz, 1H, H5), 4.45 (s, 1H, H14), 2.02 (s, 3H , H3). 13C NMR (101 MHz, CDCl3) δ 152.5 (C6), 137.8 

(C2), 135.7 (C13), 134.9 (C11), 133.2 (C8), 132.8 (C9), 130.1 (C12), 129.4 (C4), 127.9 (C10), 124.6 (C7), 

122.2 (C1), 112.9 (C5), 19.9 (C3). HRMS (FTMS +p NSI) [M+H]+ calcd for C13H11Cl2O+; 253.0181, found 

253.0192, Δ= 4.3 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 96:4 

CO2:MeOH, 2.5 mL/min, 4.46 min, 5.30 min). 

Reaction with (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2,4-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

(S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 77% NMR yield and 64% ee (CHIRALART SC, 96:4 CO2:MeOH, 2.5 mL/min, 4.46 min [minor], 

5.30 min [major]). 

 

  



310 
 

1-(2,4-dichlorophenyl)naphthalen-2-ol 

 

Reaction with SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2,4-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos 

(4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-10% EtOAc:petrol) to yield the product as a white residue (7.4 mg, 0.026 mmol, 

26%). 1H NMR (400 MHz, CDCl3) δ 7.89 – 7.81 (m, 2H, H3 H7), 7.67 (d, J = 2.1 Hz, 1H, H15), 7.46 (dd, J 

= 8.2, 2.1 Hz, 1H, H13), 7.41 – 7.32 (m, 3H, H1 H2 H12), 7.25 (d, J = 8.7 Hz, 1H, H8), 7.21 – 7.15 (m, 1H, 

H6), 4.83 (s, 1H, H17). 13C NMR (101 MHz, CDCl3) δ 150.3 (C9), 136.6 (C16), 135.4 (C14), 134.0 (C12), 

132.8 (C5), 131.8 (C11), 130.5 (C7), 130.3 (C15), 128.9 (C4), 128.2 (C3), 128.1 (C13), 126.9 (C1), 124.0 

(C6), 123.6 (C2), 117.5 (C8), 117.4 (C10). HRMS (FTMS +p NSI) [M]+ calcd for C16H10Cl2O+; 288.0103, 

found 288.0100, Δ= 1.0 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 

97:3 CO2:MeOH, 2.5 mL/min, 10.03 min, 13.91 min). 

Reaction with (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2,4-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 78% NMR yield and 78% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 10.03 min [minor], 

13.91 min [major]). 

 

2',5'-dichloro-6-methyl-[1,1'-biphenyl]-2-ol 
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Reaction with SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2,5-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified 

by column chromatography (0-10% EtOAc:petrol) to yield the product as a yellow residue (10.6 mg, 

0.042 mmol, 42%). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.5 Hz, 1H, H9), 7.36 (dd, J = 8.6, 2.5 Hz, 1H, 

H10), 7.29 (d, J = 2.5 Hz, 1H, H12), 7.21 (t, J = 7.9 Hz, 1H, H3), 6.88 (d, J = 7.6 Hz, 1H, H1), 6.82 (d, J = 

8.1 Hz, 1H, H4), 4.49 (s, 1H, H13), 2.04 (s, 3H, H14). 13C NMR (101 MHz, CDCl3) δ 152.4 (C5), 137.7 (C2), 

136.4 (C7), 133.2 (C8), 133.1 (C11), 131.8 (C12), 131.2 (C9), 129.7 (C10), 129.5 (C3), 124.7 (C6), 122.2 

(C1), 113.0 (C4), 19.9 (C14). HRMS (FTMS +p NSI) [M+H]+ calcd for C13H11Cl2O+; 253.0181, found 

253.0185, Δ= 1.6 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 97:3 

CO2:MeOH, 2.5 mL/min, 5.00 min, 5.82 min). 

Reaction with (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2,5-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

(S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 100% NMR yield and 10 % ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 5.00 min [minor], 

5.82 min [major]). 

 

1-(2,5-dichlorophenyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2,5-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos 

(4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-10% EtOAc:petrol) to yield the product as a yellow residue (8.9 mg, 0.030 mmol, 

30%). 1H NMR (400 MHz, CDCl3) δ 7.90 – 7.79 (m, 2H, H3 H17), 7.58 (d, J = 8.5 Hz, 1H, H9), 7.45 (dd, J 

= 8.6, 2.5 Hz, 1H, H10), 7.43 – 7.32 (m, 3H, H12 H15 H16), 7.25 (d, J = 9.8 Hz, 1H, H4), 7.19 (d, J = 7.3 

Hz, 1H, H14), 4.84 (s, 1H, H13). 13C NMR (101 MHz, CDCl3) δ 150.2 (C5), 135.1 (C7), 134.1 (C8), 133.4 

(C11), 133.0 (C12), 132.6 (C2), 131.5 (C9), 130.6 (C3), 130.2 (C10), 128.8 (C1), 128.2 (C17), 127.0 (C15), 

124.0 (C14), 123.7 (C16), 117.5 (C4), 117.5 (C6). HRMS (FTMS +p NSI) [M+Li]+ calcd for C16H10Cl2OLi+; 



312 
 

295.0263, found 295.0253, Δ= 3.4 ppm. Separation of enantiomers was observed by chiral SFC 

(CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 10.90 min, 13.33 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2,5-dichlorophenylboronic acid (28.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 100% NMR yield and 76% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 10.90 min 

[major], 13.33 min [minor]). 

 

2'-chloro-6-methyl-5'-(trifluoromethoxy)-[1,1'-biphenyl]-2-ol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2-chloro-5-(trifluoromethoxy)phenylboronic acid (36 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 

0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-5% EtOAc:petrol) to yield the product as a yellow residue 

(10.9 mg, 0.036 mmol, 36%). 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 8.8 Hz, 1H, H9), 7.31 – 7.22 (m, 

2H, H3 H10), 7.17 (d, J = 2.8 Hz, 1H, H12), 6.89 (d, J = 7.6 Hz, 1H, H1), 6.82 (d, J = 8.1 Hz, 1H, H4), 4.49 

(s, 1H, H13), 2.03 (s, 3H, H14). 13C NMR (101 MHz, CDCl3) δ 152.4 (C5), 148.0 (C11), 137.7 (C2), 136.7 

(C7), 133.0 (C8), 131.2 (C9), 129.6 (C3), 124.6 (C6), 124.4 (C12), 122.3 (C1), 122.0 (C10), 120.3 (q, J = 

258.0 Hz, C15), 113.1 (C4), 19.8 (C14). 19F NMR (376 MHz, CDCl3) δ -58.08 (F15). HRMS (FTMS -p NSI) 

[M-H]- calcd for C14H9ClF3O2
-; 301.0249, found 301.0247, Δ= 0.7 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SC, 99:1 CO2:MeOH, 2.5 mL/min, 4.06 min, 4.90 min).  

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-chloro-5-(trifluoromethoxy)phenylboronic acid (36 mg, 0.15 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. 

Analysis of the crude showed a 100% NMR yield and 24% ee (CHIRALART SC, 99:1 CO2:MeOH, 2.5 

mL/min, 4.06 min [major], 4.90 min [minor]). 
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1-(2-chloro-5-(trifluoromethoxy)phenyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2-chloro-5-(trifluoromethoxy)phenylboronic acid (36 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was 

purified by column chromatography (0-5% EtOAc:petrol) to yield the product as a yellow residue (11 

mg, 0.033 mmol, 33%). 1H NMR (400 MHz, CDCl3) δ 7.92 – 7.81 (m, 2H, H3 H7), 7.67 (d, J = 8.7 Hz, 1H, 

H14), 7.45 – 7.31 (m, 3H, H1 H2 H15), 7.29 (d, J = 2.9 Hz, 1H, H17), 7.24 (m, 1H, H8), 7.21 – 7.15 (m, 

1H, H6), 4.83 (s, 1H, H11). 13C NMR (101 MHz, CDCl3) δ 150.2 (C9), 148.1 (C16), 135.3 (C12), 133.9 

(C13), 132.5 (C5), 131.6 (C14), 130.7 (C7), 128.9 (C4), 128.2 (C3), 127.1 (C1), 125.6 (C17), 123.8 (C6), 

123.7 (C2), 122.5 (C15), 120.3 (q, J = 258.4 Hz, C18), 117.6 (C8), 117.4 (C10). 19F NMR (376 MHz, CDCl3) 

δ -58.00 (F18). HRMS (FTMS -p NSI) [M-H]- calcd for C17H9ClF3O2
-; 337.0249, found 337.0251, Δ= 0.6 

ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 97:3 CO2:MeOH, 2.5 

mL/min, 3.20 min, 3.88 min).  

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-chloro-5-(trifluoromethoxy)phenylboronic acid (36 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 

0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis 

of the crude showed a 100% NMR yield and 81% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 3.20 

min [major], 3.88 min [minor]). 

 

2'-chloro-6-methyl-5'-(trifluoromethyl)-[1,1'-biphenyl]-2-ol 
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Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2-chloro-5-(trifluoromethyl)phenylboronic acid (33.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 

0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-5% EtOAc:petrol) to yield the product as a yellow residue 

(5.7 mg, 0.020 mmol, 20%). 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 1H, H10), 7.62 (dd, J = 8.5, 

2.2 Hz, 1H, H11), 7.56 (d, J = 2.1 Hz, 1H, H13), 7.23 (t, J = 7.9 Hz, 1H, H3), 6.90 (d, J = 7.5 Hz, 1H, H1), 

6.82 (d, J = 8.1 Hz, 1H, H4), 4.61 (s, 1H, H7), 2.02 (s, 3H, H14). 13C NMR (101 MHz, CDCl3) δ 152.5 (C5), 

138.7 (C9), 137.7 (C2), 136.1 (C8), 130.5 (C10), 129.8 (q, J = 33.1 Hz, C12), 129.6 (C3), 128.9 (q, J = 3.7 

Hz, C13), 126.3 (q, J = 3.6 Hz, C11), 124.6 (C6), 123.6 (q, J = 272.4 Hz, C15), 122.3 (C1), 113.1 (C4), 19.9 

(C14). 19F NMR (376 MHz, CDCl3) δ -62.46 (F15). HRMS (FTMS +p NSI) [M+H]+ calcd for C14H11ClF3O+; 

287.0445, found 287.0439, Δ= 2.1 ppm. Separation of enantiomers was observed by chiral SFC 

(CHIRALART SC, 98:2 CO2:MeOH, 2.5 mL/min, 2.70 min, 3.03 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-chloro-5-(trifluoromethyl)phenylboronic acid (33.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. 

Analysis of the crude showed a 54% NMR yield and 20% ee (CHIRALART SC, 98:2 CO2:MeOH, 2.5 

mL/min, 2.70 min [major], 3.03 min [minor]). 

 

1-(2-chloro-5-(trifluoromethyl)phenyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2-chloro-5-(trifluoromethyl)phenylboronic acid (33.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The crude was 

purified by column chromatography (0-5% EtOAc:petrol) to yield the product as a yellow residue (6.9 

mg, 0.021 mmol, 21%). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.82 (m, 2H, H3 H17), 7.80 – 7.71 (m, 1H, 

H11), 7.70 – 7.66 (m, 1H, H13), 7.46 – 7.29 (m, 2H, H15 H16), 7.25 (d, J = 9.3 Hz, 1H, H4), 7.17 – 7.08 

(m, 2H, H10 H14), 4.80 (s, 1H, H7). 13C NMR (101 MHz, CDCl3) δ 150.3 (C5), 134.6 (C9), 132.6 (C2), 

130.9 (C11), 130.7 (C3), 130.2 (q, J = 3.6 Hz, C13), 130.1 (q, J = 33.1 Hz, C12), 128.9 (C1), 128.3 (C17), 
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127.2 (C15), 123.8 (C14 C16), 123.6 (C8), 123.5 (q, J = 272.4 Hz, C18), 117.7 (C10), 117.6 (C4), 117.3 

(C6). 19F NMR (376 MHz, CDCl3) δ -62.43 (F18). HRMS (FTMS -p NSI) [M-H]- calcd for C17H9ClF3O-; 

321.0300, found 321.0294, Δ= 1.9 ppm. Separation of enantiomers was observed by chiral SFC 

(CHIRALART SC, 96:4 CO2:MeOH, 2.5 mL/min, 3.00 min, 3.34 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-chloro-5-(trifluoromethyl)phenylboronic acid (33.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 

0.005 mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis 

of the crude showed a 93% NMR yield and 74% ee (CHIRALART SC, 96:4 CO2:MeOH, 2.5 mL/min, 3.00 

min [major], 3.34 min [minor]). 

 

2'-fluoro-6'-methoxy-6-methyl-[1,1'-biphenyl]-2-ol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2-methoxy-6-fluorophenylboronic acid (25.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The crude was 

purified by column chromatography (0-15% EtOAc:petrol) to yield the product as a yellow residue (4.7 

mg, 0.020 mmol, 20%). 1H NMR (400 MHz, CDCl3) δ 7.39 (td, J = 8.4, 6.6 Hz, 1H, H12), 7.21 (t, J = 7.8 

Hz, 1H, H3), 6.88 (d, J = 8.3 Hz, 1H, H4), 6.87 – 6.80 (m, 3H, H2 H11 H13), 4.68 (s, 1H, H7), 3.79 (s, 3H, 

H15), 2.06 (s, 3H, H9). 13C NMR (101 MHz, CDCl3) δ 160.91 (d, J = 245.6 Hz, C10), 158.4 (d, J = 7.1 Hz, 

C14), 153.3 (C1), 138.8 (C5), 130.4 (d, J = 10.5 Hz, C12), 129.2 (C3), 122.0 (C4), 118.0 (C6), 112.8 (C2), 

111.7 (d, J = 20.2 Hz, C8), 108.7 (d, J = 23.0 Hz, C11), 106.9 (d, J = 3.0 Hz, C13), 56.2 (C15), 19.9 (C9). 

19F NMR (376 MHz, CDCl3) δ -111.22 (F16). HRMS (FTMS +p NSI) [M]+ calcd for C14H13FO2
+; 232.0898, 

found 232.0894, Δ= 1.7 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SJ, 

94:6 CO2:MeOH, 2.5 mL/min, 6.09 min, 6.84 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-methoxy-6-fluorophenylboronic acid (25.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 
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crude showed a 30% NMR yield and 49% ee (CHIRALART SJ, 94:6 CO2:MeOH, 2.5 mL/min, 6.09 min 

[major], 6.84 min [minor]). 

 

1-(2-fluoro-6-methoxyphenyl)naphthalen-2-ol 

 

Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), 2-methoxy-6-fluorophenylboronic acid (25.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified 

by column chromatography (0-15% EtOAc:petrol) to yield the product as a brown residue (5.9 mg, 

0.022 mmol, 22%). 1H NMR (400 MHz, CDCl3) δ 7.87 – 7.77 (m, 2H, H3 H7), 7.47 (td, J = 8.4, 6.6 Hz, 1H, 

H14), 7.38 – 7.30 (m, 2H, H1 H2), 7.27 (d, J = 9.0 Hz, 2H, H6 H8), 6.98 – 6.87 (m, 2H, H13 H15), 5.05 (s, 

1H, H18), 3.74 (s, 3H, H19). 13C NMR (101 MHz, CDCl3) δ 161.6 (d, J = 247.2 Hz, C12), 159.1 (d, J = 6.9 

Hz, C16), 151.2 (C9), 133.2 (C5), 130.9 (d, J = 10.5 Hz, C14), 130.2 (C7), 129.0 (C4), 128.2 (C3), 126.5 

(C1), 124.3 (C6), 123.3 (C2), 117.6 (C8), 111.1 (C10), 110.4 (d, J = 19.7 Hz, C11), 108.9 (d, J = 22.8 Hz, 

C13), 107.2 (d, J = 3.0 Hz, C15), 56.3 (C19). 19F NMR (376 MHz, CDCl3) δ -109.59 (F17). HRMS (FTMS +p 

NSI) [M]+ calcd for C17H13FO2
+; 286.0894, found 286.0896, Δ= 0.7 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SC, 93:7 CO2:MeOH, 2.5 mL/min, 7.45 min, 9.46 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-methoxy-6-fluorophenylboronic acid (25.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 

crude showed a 60% NMR yield and 63% ee (CHIRALART SC, 93:7 CO2:MeOH, 2.5 mL/min, 7.45 min 

[minor], 9.46 min [major]). 
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3-methyl-2-(naphthalen-1-yl)phenol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), naphthalen-1-ylboronic acid (25.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos 

(4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-5% EtOAc:petrol) to yield the product as a white solid (9.1 mg, 0.039 mmol, 39%). 

1H NMR (400 MHz, CDCl3) δ 8.00 – 7.90 (m, 2H, H13 H16), 7.60 (dd, J = 8.3, 7.0 Hz, 1H, H15), 7.53 (ddd, 

J = 8.2, 6.5, 1.5 Hz, 1H, H14), 7.49 (d, J = 8.8 Hz, 1H, H10), 7.46 – 7.40 (m, 2H, H8 H9), 7.31 – 7.23 (m, 

1H, H3), 6.98 – 6.89 (m, 2H, H2 H4), 4.54 (s, 1H, H18), 1.94 (s, 3H, H17). 13C NMR (101 MHz, CDCl3) δ 

153.4 (C5), 138.3 (C1), 134.1 (C7), 132.6 (C12), 132.2 (C11), 128.9 (C16), 128.9 (C3), 128.5 (C13), 128.3 

(C9), 126.8 (C8), 126.4 (C14), 125.9 (C15), 125.8 (C6), 125.3 (C10), 121.9 (C2), 112.7 (C4), 20.1 (C17). 

HRMS (FTMS +p NSI) [M+H]+ calcd for C17H15O+; 235.1117, found 235.1123, Δ= 2.6 ppm. Separation 

of enantiomers was observed by chiral SFC (CHIRALART SC, 96:4 CO2:MeOH, 2.5 mL/min, 8.68 min, 

9.16 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), naphthalen-1-ylboronic acid (25.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

(S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 100% NMR yield and 42% ee (CHIRALART SC, 96:4 CO2:MeOH, 2.5 mL/min, 8.68 min [major], 

9.16 min [minor]). 

 

[1,1'-binaphthalen]-2-ol 
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Reaction using SPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 0.1 

mmol), naphthalen-1-ylboronic acid (25.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 

mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified by column 

chromatography (0-5% EtOAc:petrol) to yield the product as a brown residue (26.5 mg, 0.098 mmol, 

98%). 1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.2 Hz, 1H, H10), 7.99 (d, J = 8.3 Hz, 1H, H6), 7.92 (d, J = 

8.9 Hz, 1H, H14), 7.88 (d, J = 8.2 Hz, 1H, H20), 7.67 (dd, J = 8.3, 7.0 Hz, 1H, H9), 7.62 – 7.49 (m, 2H, H2 

H8), 7.44 – 7.30 (m, 4H, H1 H3 H15 H19), 7.29 – 7.21 (m, 1H, H18), 7.11 (d, J = 8.6 Hz, 1H, H17), 4.92 

(s, 1H, H21). 13C NMR (101 MHz, CDCl3) δ 150.9 (C16), 134.2 (C5), 133.9 (C12), 132.8 (C4), 131.4 (C7), 

129.9 (C14), 129.6 (C8), 129.3 (C10), 128.9 (C13), 128.5 (C6), 128.0 (C20), 126.9 (C1), 126.5 (C2), 126.5 

(C18), 126.0 (C9), 125.8 (C3), 125.0 (C17), 123.4 (C19), 118.7 (C11), 117.4 (C15). Separation of 

enantiomers was observed by chiral SFC (CHIRALART SJ, 85:15 CO2:MeOH, 2.5 mL/min, 8.51 min, 9.34 

min). 

Data corresponds with literature.283 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), naphthalen-1-ylboronic acid (25.6 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 100% NMR yield and 82% ee (CHIRALART SJ, 85:15 CO2:MeOH, 2.5 mL/min, 8.51 min [minor], 

9.34 min [major]). 

 

2'-hydroxy-6'-methyl-[1,1'-biphenyl]-2-carbonitrile 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-cyanophenylboronic acid (22 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product was purified 

by column chromatography (0-10% EtOAc:petrol) to yield the product as a yellow residue (13.2 mg, 

0.063 mmol, 63%). 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.8 Hz, 1H, H2), 7.70 (td, J = 7.7, 1.4 Hz, 1H, 

H5), 7.51 (td, J = 7.7, 1.3 Hz, 1H, H6), 7.41 (d, J = 7.8 Hz, 1H, H4), 7.21 (t, J = 7.9 Hz, 1H, H10), 6.91 (d, J 

= 7.6 Hz, 1H, H9), 6.78 (d, J = 8.1 Hz, 1H, H11), 4.74 (s, 1H, H14), 2.07 (s, 3H, H13). 13C NMR (101 MHz, 
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CDCl3) δ 152.6 (C12), 140.7 (C3), 137.6 (C8), 133.4 (C2), 133.0 (C5), 131.2 (C4), 129.7 (C10), 128.2 (C6), 

124.8 (C7), 122.6 (C9), 117.7 (C15), 114.2 (C1), 113.3 (C11), 20.0 (C13). HRMS (FTMS +p NSI) [M+H]+ 

calcd for C14H12NO+; 210.0913, found 210.0913, Δ= 0 ppm. Separation of enantiomers was observed 

by chiral SFC (CHIRALART SC, 93:7 CO2:MeOH, 2.5 mL/min, 4.92 min, 5.95 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-cyanophenylboronic acid (22 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the crude 

showed a 85% NMR yield and 6% ee (CHIRALART SC, 93:7 CO2:MeOH, 2.5 mL/min, 4.92 min [major], 

5.95 min [minor]). 

 

6-methyl-2’-(trifluoromethyl)-[1,1’-biphenyl]-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-(trifluoromethyl)phenylboronic acid (28.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-10% EtOAc:petrol) to yield the product as a yellow residue 

(4.8 mg, 0.019 mmol, 19%). 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.0 Hz, 1H, H9), 7.67 (t, J = 7.5 Hz, 

1H, H11), 7.57 (t, J = 7.7 Hz, 1H, H10), 7.31 (d, J = 7.6 Hz, 1H, H12), 7.20 (t, J = 7.9 Hz, 1H, H3), 6.86 (d, 

J = 7.6 Hz, 1H, H2), 6.80 (d, J = 8.2 Hz, 1H, H4), 4.30 (s, 1H, H14), 1.95 (s, 3H, H13). 13C NMR (101 MHz, 

CDCl3) δ 152.8 (C5), 137.9 (C1), 134.6 (q, J = 2.1 Hz, C7), 132.6 (C11), 132.6 (q, J = 1.1 Hz, C12), 130.2 

(q, J = 30.0 Hz, C8), 129.1 (C3), 128.5 (C10), 126.8 (q, J = 5.2 Hz, C9), 125.4 (C6), 123.6 (q, J = 274.0 Hz, 

C15), 121.9 (C2), 112.6 (C4), 20.0 (C13). 19F NMR (376 MHz, CDCl3) δ -61.55 (F15). HRMS (FTMS +p NSI) 

[M+H]+ calcd for C14H12F3O; 253.0835, found 253.0835, Δ= 0 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SC, 99:1 CO2:MeOH, 2.5 mL/min, 4.33 min, 5.90 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-(trifluoromethyl)phenylboronic acid (28.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 
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crude showed a 43% NMR yield and 20% ee (CHIRALART SC, 99:1 CO2:MeOH, 2.5 mL/min, 4.33 min 

[minor], 5.90 min [major]). 

 

1-(2-(trifluoromethyl)phenyl)naphthalen-2-ol 

 

Reaction with (±)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-(trifluoromethyl)phenylboronic acid (28.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. The product 

was purified by column chromatography (0-10% EtOAc:petrol) to yield the product as a white residue 

(7.3 mg, 0.025 mmol, 25%). 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 7.9 Hz, 1H, H13), 7.85 (d, J = 9.0 

Hz, 1H, H7), 7.83 – 7.79 (m, 1H, H3), 7.79 – 7.71 (m, 2H, H1 H15), 7.71 – 7.62 (m, 1H, H14), 7.48 – 7.37 

(m, 1H, H16), 7.37 – 7.29 (m, 2H, H2 H6), 7.24 (d, J = 8.9 Hz, 1H, H8), 4.65 (s, 1H, H17). 13C NMR (101 

MHz, CDCl3) δ 150.3 (C9), 133.8 (C16), 133.7 (C5), 133.2 (q, J = 2.0 Hz, C11), 132.7 (q, J = 1.2 Hz, C15), 

131.4 (q, J = 30.2 Hz, C12), 130.2 (C7), 129.0 (C14), 128.6 (C4), 127.8 (C3), 127.7 (C1), 127.0 (q, J = 5.1 

Hz, C13), 126.5 (C2), 123.6 (q, J = 274.1 Hz, C18), 123.4 (C6), 118.3 (C10), 117.3 (C8). 19F NMR (376 

MHz, CDCl3) δ -61.10 (F18). HRMS (FTMS -p NSI) [M-H]- calcd for C17H10F3O-; 287.0689, found 287.0692, 

Δ= 1.0 ppm. Separation of enantiomer was observed by chiral SFC (CHIRALART SC, 95:5 CO2:MeOH, 

2.5 mL/min, 3.05 min, 3.68 min). 

Reaction with (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-(trifluoromethyl)phenylboronic acid (28.5 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF at 40 °C. Analysis of the 

crude showed a 43% NMR yield and 92% ee (CHIRALART SC, 99:1 CO2:MeOH, 2.5 mL/min, 4.33 min 

[major], 5.90 min [minor]). 
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6-methyl-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxyphenylboronic acid (20.7 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

(±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. The product 

was purified by column chromatography (0-20% EtOAc:petrol) to yield the product as a colourless 

residue (13.3 mg, 0.066 mmol, 66%). 1H NMR (400 MHz, CDCl3) δ 7.36 (ddd, J = 8.2, 7.3, 1.8 Hz, 1H, 

H10), 7.23 (t, J = 7.9 Hz, 1H, H3), 7.14 (dd, J = 7.5, 1.8 Hz, 1H, H12), 7.10 – 7.02 (m, 2H, H9 H11), 6.94 

– 6.85 (m, 2H, H2 H4), 4.86 (br s, 2H, H14 H15), 2.07 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) δ 153.9 

(C5), 153.7 (C8), 139.0 (C1), 130.9 (C12), 130.6 (C10), 129.9 (C3), 122.5 (C2), 121.5 (C11), 121.0 (C6), 

120.3 (C7), 116.2 (C9), 113.2 (C4), 19.9 (C13). Full separation of enantiomers was not observed on any 

chiral columns tested, with significant bridging between the peaks. Partial separation was observed 

with CHIRALART SC, 94:6 CO2:MeOH, 2.5 mL/min, 4.62 min, 5.04 min; though significant bridging 

between the peaks was seen. 

Data in accordance with literature.284 

Reaction using (S)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxyphenylboronic acid (20.7 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), 

(S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. Analysis of 

the crude showed a 100% NMR yield and 0% ee (CHIRALART SC, 94:6 CO2:MeOH, 2.5 mL/min, 4.62 

min, 5.04 min; partial separation). 
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1-(2-hydroxyphenyl)naphthalen-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-hydroxyphenylboronic acid (20.7 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. The product 

was purified by column chromatography (0-30% EtOAc:petrol) to yield the product as a brown solid 

(19.1 mg, 0.081 mmol, 81%). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.82 (m, 2H, H3 H18), 7.46 (ddd, J = 

8.3, 7.3, 1.8 Hz, 1H, H10), 7.43 – 7.35 (m, 3H, H13 H16 H17), 7.32 (d, J = 8.9 Hz, 1H, H4), 7.30 – 7.27 

(m, 1H, H12), 7.20 – 7.11 (m, 2H, H9 H11), 5.23 (br s, 2H, H14 H15). 13C NMR (101 MHz, CDCl3) δ 154.4 

(C8), 151.8 (C5), 133.1 (C1), 132.1 (C12), 130.9 (C10), 130.9 (C3), 129.2 (C2), 128.3 (C18), 127.3 (C16), 

124.1 (C17), 123.9 (C13), 121.6 (C11), 119.2 (C7), 117.7 (C4), 116.5 (C9), 113.9 (C6). Full separation of 

enantiomers was not observed on any chiral columns tested, with significant bridging between the 

peaks. Partial separation was observed with CHIRALART SC, 92:8 CO2:MeOH, 2.5 mL/min, 6.09 min, 

7.15 min, with significant bridging between the peaks. 

Data in accordance with literature.285 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-hydroxyphenylboronic acid (20.7 mg, 0.15 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (S)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. Analysis of the 

crude showed a 100% NMR yield and 0% ee (CHIRALART SC, 92:8 CO2:MeOH, 2.5 mL/min, 6.09 min, 

7.15 min; partial separation). 
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1-(2-fluoro-6-hydroxyphenyl)naphthalen-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid (18.7 mg, 0.12 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. The 

product was purified by column chromatography (5-30% EtOAc:petrol) to yield the product as a white 

residue (15 mg, 0.059 mmol, 59%). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 9.0 Hz, 1H, H7), 7.88 (d, J = 

7.8 Hz, 1H, H3), 7.51 – 7.38 (m, 3H, H1 H2 H14), 7.35 (d, J = 11.2 Hz, 1H, H6), 7.30 (dd, J = 10.9, 1.8 Hz, 

1H, H8), 6.98 (d, J = 8.3 Hz, 1H, H13), 6.90 (t, J = 8.5 Hz, 1H, H15), 5.22 (s, 1H, H19), 5.03 (s, 1H, H18). 

13C NMR (101 MHz, CDCl3) δ 161.2 (d, J = 247.4 Hz, C16), 155.6 (d, J = 5.4 Hz, C12), 152.4 (C9), 133.0 

(C5), 131.7 (C7), 131.3 (d, J = 10.3 Hz, C14), 129.3 (C4), 128.4 (C3), 127.6 (C1), 124.1 (C2), 123.8 (C6), 

117.7 (C8), 111.9 (d, J = 3.3 Hz, C13), 108.2 (d, J = 22.1 Hz, C15), 107.9 (d, J = 20.6 Hz, C11), 107.6 (C10). 

19F NMR (376 MHz, CDCl3) δ -111.78 (F17). HRMS (FTMS -p NSI) [M-H]- calcd for C16H10FO2
-; 253.0670, 

found 253.0659, Δ= 4.3 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALPAK IG, 

80:20 CO2:MeOH, 2.5 mL/min, 4.05 min, 4.59 min). 

Reaction using (S)-sSPhos: General procedure E was performed with 1-bromo-2-naphthol (22.3 mg, 

0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid (18.7 mg, 0.12 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. 

Analysis of the crude showed a 65% NMR yield and 40% ee (CHIRALPAK IG, 80:20 CO2:MeOH, 2.5 

mL/min, 4.05 min [major], 4.59 min [minor]). 

 

6-fluoro-6'-methyl-[1,1'-biphenyl]-2,2'-diol 

 



324 
 

Reaction with (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid (18.7 mg, 0.12 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol), (±)-sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. The 

crude was purified by column chromatography (0-30 EtOAc:petrol) to yield the product as a colourless 

oil (5 mg, 0.023 mmol, 23%). 1H NMR (500 MHz, CDCl3) δ 7.33 (td, J = 8.3, 6.5 Hz, 1H, H10), 7.29 (d, J = 

7.9 Hz, 1H, H3), 6.95 (d, J = 7.6 Hz, 1H, H1), 6.89 (m, 2H, H4 H9), 6.81 (td, J = 8.5, 1.0 Hz, 1H, H11), 4.98 

(s, 1H, H15), 4.75 (s, 1H, H14), 2.10 (s, 3H, H16). 13C NMR (126 MHz, CDCl3) δ 160.6 (d, J = 246.8 Hz, 

C12), 154.8 (d, J = 5.9 Hz, C8), 154.0 (C5), 139.9 (C2), 130.9 (d, J = 10.2 Hz, C10), 130.6 (C3), 122.8 (C1), 

114.9 (C6), 113.4 (C4), 111.6 (C9), 109.3 (d, J = 20.5 Hz, C7), 108.0 (d, J = 22.3 Hz, C11), 19.8 (C16). 19F 

NMR (376 MHz, CDCl3) δ -112.87 (F13). HRMS (FTMS -p NSI) [M-H]- calcd for C13H10FO2
-; 217.0670, 

found 217.0667, Δ= 1.4 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SJ, 

90:10 CO2:MeOH, 2.5 mL/min, 7.23 min, 8.05 min). 

Reaction with (R)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (47 mg, 0.2 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O (19:1) 

at 40 °C. The product was purified by column chromatography (0-20% EtOAc:petrol) to yield the 

product as a brown oil (16 mg, 0.073 mmol, 73%, 91% ee). Product ee was determined by chiral-SFC 

(ChiralART SJ, 90:10 CO2:MeOH, 2.5 mL/min, 7.23 min [minor], 8.05 min [major]). [𝜶]𝑫
𝟐𝟓= +15.6° (91% 

ee, c 1.29, CHCl3). 

 

6-chloro-6'-methyl-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxy-6-chlorophenylboronic acid pinacol ester (38 mg, 0.15 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. The 

product was purified by column chromatography (0-20% EtOAc:petrol) to yield the product as a brown 

oil (7 mg, 0.030 mmol, 30%). 1H NMR (400 MHz, CDCl3) δ 7.29 (t, J = 8.1 Hz, 1H, H10), 7.28 (t, J = 7.9 

Hz, 1H, H3), 7.13 (d, J = 8.0 Hz, 1H, H11), 6.98 (d, J = 8.3 Hz, 1H, H9), 6.94 (d, J = 7.6 Hz, 1H, H2), 6.89 
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(d, J = 8.2 Hz, 1H, H4), 4.88 (s, 1H, H14), 4.65 (s, 1H, H15), 2.04 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) 

δ 154.8 (C8), 153.8 (C5), 139.4 (C1), 135.1 (C12), 130.9 (C3), 130.7 (C10), 122.8 (C2), 122.0 (C11), 120.0 

(C7), 118.2 (C6), 114.3 (C9), 113.5 (C4), 19.5 (C13). HRMS (FTMS -p NSI) [M-H]- calcd for C13H10ClO2; 

233.0375, found 233.0369, Δ= 2.6 ppm. Separation of enantiomers was observed by chiral SFC 

(CHIRALPAK IG, 90:10 CO2:MeOH, 2.5 mL/min, 7.40 min, 8.09 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 

mg, 0.1 mmol), 2-hydroxy-6-chlorophenylboronic acid pinacol ester (47.6 mg, 0.2 mmol), Pd2dba (2.3 

mg, 0.0025 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. 

Analysis of the crude showed a 70% NMR yield and 95% ee (CHIRALPAK IG, 90:10 CO2:MeOH, 2.5 

mL/min, 7.40 min [major], 8.09 min [minor]). 

 

6-chloro-6'-fluoro-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 mmol), Pd(OAc)2 

(1.1 mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1) at 40 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as a brown residue, containing a 25 mol% impurity of 6,6’-difluoro-[1,1’-biphenyl]-2,2’-diol 

(15.6 mg, 0.049 mmol, 49% adjusted). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.26 (m, 2H, H6 H10), 7.14 

(dd, J = 8.0, 1.1 Hz, 1H, H9), 6.96 (dd, J = 8.3, 1.1 Hz, 1H, H11), 6.89 – 6.77 (m, 2H, H1 H5), 5.09 (s, 2H, 

H13 H14). 13C NMR (101 MHz, CDCl3) δ 160.7 (d, J = 247.9 Hz, C2), 155.1 (C4 C12), 135.7 (C8), 131.4 (d, 

J = 10.4 Hz, C6), 131.3 (C10), 122.1 (C9), 115.7 (C7), 114.6 (C11), 111.9 (d, J = 3.2 Hz, C5), 108.2 (d, J = 

20.0 Hz, C3), 108.2 (d, J = 21.9 Hz, C1). 19F NMR (376 MHz, CDCl3) δ -112.10 (F15). HRMS (FTMS -p NSI) 

[M-H]- calcd for C12H7ClFO2; 237.0124, found 237.0123, Δ= 0.4 ppm. Separation of enantiomers was 

observed by chiral SFC (CHIRALART SJ, 90:10 CO2:MeOH, 2.5 mL/min, 11.98 min, 13.01 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 mmol), Pd(OAc)2 
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(1.1 mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1) at 40 °C. Analysis of the crude showed a 53% NMR yield and 93% ee (CHIRALART SJ, 90:10 

CO2:MeOH, 2.5 mL/min, 11.98 min [minor], 13.01 min [major]). 

 

2',6-dichloro-[1,1'-biphenyl]-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 

mg, 0.1 mmol), 2-chlorophenylboronic acid (18.7 mg, 0.12 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-

sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. The product 

was purified by column chromatography (0-15% EtOAc:petrol) to yield the product as a clear residue 

(14.5 mg, 0.060 mmol, 60%). 1H NMR (500 MHz, CDCl3) δ 7.63 – 7.58 (m, 1H, H1), 7.47 – 7.43 (m, 2H, 

H5 H6), 7.37 – 7.32 (m, 1H, H4), 7.27 (t, J = 8.1 Hz, 1H, H10), 7.12 (dd, J = 8.0, 1.1 Hz, 1H, H9), 6.95 (dd, 

J = 8.2, 1.1 Hz, 1H, H11), 4.70 (s, 1H, H13). 13C NMR (126 MHz, CDCl3) δ 153.9 (C12), 135.0 (C2), 134.2 

(C8), 132.4 (C3), 132.2 (C4), 130.5 (C6), 130.3 (C1), 130.1 (C10), 127.5 (C5), 125.0 (C7), 121.6 (C9), 

114.1 (C11). HRMS (FTMS -p NSI) [M-H]- calcd for C12H7Cl2O-; 236.9879, found 236.9884, Δ= 2.1 ppm. 

Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 

10.90 min, 12.79 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 

mg, 0.1 mmol), 2-chlorophenylboronic acid (18.7 mg, 0.12 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (R)-

sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O (19:1) at 40 °C. Analysis of the 

crude showed a 54% NMR yield and 14% ee (CHIRALART SC, 97:3 CO2:MeOH, 2.5 mL/min, 10.90 min 

[major], 12.79 min [minor]). 
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6,6'-difluoro-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-fluoro-2-bromophenol (19.1 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 mmol), Pd(OAc)2 

(1.1 mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1) at 40 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as a clear residue (14.9 mg, 0.067 mmol, 67%). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.31 (m, 

2H, H6), 6.91 – 6.80 (m, 4H, H1 H5), 5.48 (s, 2H, H7). 13C NMR (101 MHz, CDCl3) δ 161.0 (d, J = 248.8 

Hz, C2), 154.8 (C4), 131.1 (d, J = 10.5 Hz, C6), 112.0 (C5), 108.2 (d, J = 22.2 Hz, C1), 105.6 (d, J = 20.6 

Hz, C3). 19F NMR (376 MHz, CDCl3) δ -111.80 (F8). HRMS (FTMS -p NSI) [M-H]- calcd for C12H7F2O2
-; 

221.0420, found 221.0410, Δ= 4.5 ppm. Full separation of enantiomers was not seen by chiral SFC, 

presumed to be due to interconversion of the atropisomers. Partial separation observed with 

CHIRALART SJ, 91:9 CO2:MeOH, 9.98 min, 10.52 min. 

Reaction using (R)-sSPhos: General procedure E was performed with 3-fluoro-2-bromophenol (19.1 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 mmol), Pd(OAc)2 

(1.1 mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1) at 40 °C. Analysis of the crude showed a 65% NMR yield and 0% ee (Partial separation observed 

with CHIRALART SJ, 91:9 CO2:MeOH, 9.98 min, 10.52 min; partial separation). 

 

6-fluoro-6'-(trifluoromethoxy)-[1,1'-biphenyl]-2,2'-diol 
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Reaction using SPhos: General procedure E was performed with 3-trifluoromethoxy-2-bromophenol 

(25.7 mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (2.5 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1) at 40 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as a clear residue, with a 20 mol% impurity of 6,6’-difluoro-[1,1’-biphenyl]-2,2’-diol (8.5 mg, 

0.024 mmol, 24% adjusted). 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.27 (m, 2H, H6 H10), 7.00 (d, J = 8.3 

Hz, 2H, H9 H11), 6.87 – 6.74 (m, 2H, H1 H5), 5.46 (s, 2H, H15 H16). 13C NMR (101 MHz, CDCl3) δ 160.9 

(d, J = 248.3 Hz, C2), 155.1 (C12), 154.8 (d, J = 5.5 Hz, C4), 148.3 (C8), 131.3 (d, J = 10.4 Hz, C6), 130.9 

(C10), 120.3 (q, J = 258.3 Hz, C13), 114.6 (C11), 112.9 (C9), 111.9 (d, J = 3.2 Hz, C5), 110.8 (C7), 108.1 

(d, J = 22.3 Hz, C1), 106.1 (d, J = 20.0 Hz, C3). 19F NMR (471 MHz, CDCl3) δ -58.64 (d, J = 2.4 Hz, 3F, F13), 

-111.97 (q, J = 2.3 Hz, 1F, F14). HRMS (FTMS -p NSI) [M-H]- calcd for C13H7F4O3
 -; 287.0337, found 

287.0337, Δ= 0 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SA, 93:7 

CO2:MeOH, 2.5 mL/min, 7.58 min, 8.83 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-trifluoromethoxy-2-

bromophenol (25.7 mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (28.6 mg, 0.12 

mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 

mmol) in THF:H2O (19:1) at 40 °C. Analysis of the crude showed a 57% NMR yield and 0% ee 

(CHIRALART SA, 93:7 CO2:MeOH, 2.5 mL/min, 7.58 min, 8.83 min). 

 

6-methyl-6'-(trifluoromethoxy)-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using SPhos: General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 

0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic acid pinacol ester (36.5 mg, 0.12 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (2.5 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in THF:H2O 

(19:1, 0.5 mL) at 40 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to 

yield the product as a yellow residue (1.5 mg, 0.005 mmol, 5%). 1H NMR (400 MHz, CDCl3) δ 7.38 (t, J 

= 8.3 Hz, 1H, H10), 7.27 (t, J = 7.7, 7.0 Hz, 1H, H3), 7.04 – 6.97 (m, 2H, H9 H11), 6.93 (d, J = 7.6 Hz, 1H, 
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H2), 6.87 (d, J = 8.1 Hz, 1H, H4), 4.97 (s, 1H, H14/15), 4.64 (s, 1H, H14/15), 2.04 (s, 3H, H16). 13C NMR 

(101 MHz, CDCl3) δ 154.8 (C8), 153.9 (C5), 147.8 (C12), 139.7 (C1), 130.7 (C3 C10), 122.9 (C2), 120.3 

(d, J = 258.3 Hz, C13), 115.5 (C6), 114.7 (C7), 114.2 (C9), 113.5 (C4), 112.8 (C11), 29.7 (C16). 19F NMR 

(471 MHz, CDCl3) δ -58.34 (F13). HRMS (FTMS -p NSI) [M-H]- calcd for C14H10F3O3
-; 283.0588, found 

283.0581, Δ= 2.5 ppm. Separation of enantiomers was observed by chiral SFC (CHIRALART SJ, 96:4 

CO2:MeOH, 2.5 mL/min, 6.67 min, 7.31 min). 

Reaction using (R)-sSPhos: Performed by Larissa Hogenhout. General procedure E was performed 

with 3-methyl-2-bromophenol (18.7 mg, 0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic 

acid pinacol ester (91.3 mg, 0.3 mmol), Pd2dba3 (4.6 mg, 0.005 mmol), (R)-sSPhos (6.2 mg, 0.012 

mmol), MgSO4 (24 mg, 0.2 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe at 80 °C under argon for 60 

hours. After purification, the product was isolated with 100% yield, 94% ee.  

 

6-methoxy-6'-(trifluoromethoxy)-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic acid pinacol ester (61 mg, 0.2 mmol), 

Pd2dba3 (2.3 mg, 0.0025 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe 

at 80 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as an orange residue, with a 20 mol% impurity of 6,6’-di(trifluoromethoxy)-[1,1’-biphenyl]-

2,2’diol (7.7 mg, 0.022 mmol, 22% adjusted). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.29 (m, 2H, H3 H10), 

7.06 – 6.92 (m, 2H, H9 H11), 6.67 (d, J = 8.3 Hz, 1H, H4), 6.61 (d, J = 8.3 Hz, 1H, H2), 5.15 (s, 1H, H15), 

4.78 (s, 1H, H14), 3.74 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) δ 158.4 (C1), 155.3 (C8), 154.7 (C5), 

148.2 (C12), 131.4 (C3), 130.4 (C10), 120.3 (q, J = 257.9 Hz, C16), 114.4 (C9), 112.7 (q, J = 1.7 Hz, C7), 

112.5 (C11), 108.9 (C4), 105.2 (C6), 103.6 (C2), 56.0 (C13). 19F NMR (471 MHz, CDCl3) δ -58.42 (F16). 

HRMS (FTMS -p NSI) [M-H]- calcd for C14H10F3O4
 -; 299.0537, found 299.0537, Δ= 0 ppm. Separation of 

enantiomers was observed by chiral SFC (CHIRALART IG, 95:5 CO2:MeOH, 2.5 mL/min, 6.42 min, 8.71 

min). 



330 
 

Reaction using (R)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic acid pinacol ester (61 mg, 0.2 mmol), 

Pd2dba3 (2.3 mg, 0.0025 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe 

at 80 °C. Analysis of the crude showed a 48% NMR yield and 65% ee (CHIRALART IG, 95:5 CO2:MeOH, 

2.5 mL/min, 6.42 min [major], 8.71 min [minor]). 

 

6-chloro-6'-methoxy-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-chlorophenylboronic acid pinacol ester (51 mg, 0.2 mmol), Pd2dba3 (2.3 

mg, 0.0025 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. The 

product was purified by column chromatography (0-30% EtOAc:petrol) to yield the product as a yellow 

residue, with a 25 mol% impurity of 6,6’-dichloro-[1,1’-biphenyl]-2,2’diol (12.5 mg, 0.037 mmol, 37% 

adjusted). 1H NMR (500 MHz, CDCl3) δ 7.37 (t, J = 8.3 Hz, 1H, H3), 7.30 (t, J = 8.2 Hz, 1H, H10), 7.14 (dd, 

J = 8.0, 1.1 Hz, 1H, H11), 6.99 (dd, J = 8.2, 1.1 Hz, 1H, H9), 6.73 (dd, J = 8.3, 0.9 Hz, 1H, H4), 6.65 (dd, J 

= 8.4, 0.9 Hz, 1H, H2), 5.08 (s, 1H, H15), 4.87 (s, 1H, H14), 3.79 (s, 3H, H13). 13C NMR (126 MHz, CDCl3) 

δ 158.3 (C1), 155.3 (C8), 154.8 (C5), 135.6 (C12), 131.4 (C3), 130.7 (C10), 121.9 (C11), 117.8 (C7), 114.4 

(C9), 109.0 (C4), 107.7 (C6), 103.6 (C2), 56.1 (C13). HRMS (FTMS -p NSI) [M-H]- calcd for C13H10ClO3
-; 

249.0324, found 249.0316, Δ= 3.2 ppm. Separation of enantiomers was observed by chiral SFC 

(CHIRALPAK IG, 90:10 CO2:MeOH, 2.5 mL/min, 9.59 min, 11.06 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-chlorophenylboronic acid pinacol ester (51 mg, 0.2 mmol), Pd2dba3 (2.3 

mg, 0.0025 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. 

Analysis of the crude showed a 49% NMR yield and 82% ee (CHIRALPAK IG, 90:10 CO2:MeOH, 2.5 

mL/min, 9.59 min [major], 11.06 min [minor]). 
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6-methoxy-6'-methyl-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-methylphenylboronic acid pinacol ester (47 mg, 0.2 mmol), Pd2dba3 (2.3 

mg, 0.0025 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. The 

product was purified by column chromatography (0-30% EtOAc:petrol) to yield the product as a brown 

residue (1 mg, 0.004 mmol, 4%). 1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 8.3 Hz, 1H, H14), 7.24 (t, J = 

7.9 Hz, 1H, H7), 6.90 (t, J = 8.9 Hz, 2H, H6 H8), 6.71 (d, J = 8.2 Hz, 1H, H13), 6.60 (d, J = 8.3 Hz, 1H, H15), 

4.81 (s, 2H, H1 H2), 3.74 (s, 3H, H3), 2.04 (s, 3H, H4). 13C NMR (101 MHz, CDCl3) δ 158.1 (C16), 154.7 

(C12), 154.2 (C9), 139.7 (C5), 130.8 (C14), 130.1 (C7), 122.6 (C6), 117.1 (C10), 113.2 (C8), 108.7 (C11), 

108.6 (C13), 103.3 (C15), 55.9 (C3), 19.7 (C4). HRMS (FTMS -p NSI) [M-H]- calcd for C14H13O3
-; 229.0870, 

found 229.0870, Δ= 0 ppm.  

Reaction using (R)-sSPhos: General procedure E was performed with 3-methoxy-2-bromophenol (20.3 

mg, 0.1 mmol), 2-hydroxy-6-methylphenylboronic acid pinacol ester (47 mg, 0.2 mmol), Pd2dba3 (2.3 

mg, 0.0025 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe at 80 °C. 

Analysis of the crude showed <5% NMR yield, and ee was not determined (insufficient conversion).  

 

6-chloro-6'-(trifluoromethoxy)-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using SPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 mg, 

0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic acid pinacol ester (36.5 mg, 0.12 mmol), 

Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (2.5 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe (0.5 
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mL) at 80 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield the 

product as a yellow residue, with an unknown 20 mol% impurity (4.6 mg, 0.011 mmol, 11% adjusted). 

1H NMR matches the isolated sample below (apart from the impurity). Separation of enantiomers was 

observed by chiral SFC (CHIRALART SJ, 94:6 CO2:MeOH, 2.5 mL/min, 10.33 min, 11.22 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-chloro-2-bromophenol (20.7 

mg, 0.1 mmol), 2-hydroxy-6-(trifluoromethoxy)phenylboronic acid pinacol ester (66.3 mg, 0.2 mmol), 

Pd2dba3 (2.3 mg, 0.0025 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and KF (17.4 mg, 0.3 mmol) in PhMe 

(0.5 mL) at 80 °C. The product was purified by column chromatography (0-30% EtOAc:petrol) to yield 

the product as a yellow residue (8.3 mg, 0.027 mmol, 27%, 99% ee).  Sample ee was determined by 

chiral-SFC (ChiralART SJ, 94:6 CO2:MeOH, 2.5 mL/min, 10.33 min [major], 11.22 min [minor]). 1H NMR 

(500 MHz, CDCl3) δ 7.42 (t, J = 8.4 Hz, 1H, H3), 7.32 (t, J = 8.2 Hz, 1H, H10), 7.15 (dd, J = 8.1, 1.0 Hz, 1H, 

H11), 7.02 (dd, J = 8.4, 0.9 Hz, 2H, H2 H4), 6.97 (dd, J = 8.3, 1.1 Hz, 1H, H9), 5.06 (s, 1H, H14), 4.96 (s, 

1H, H13). 13C NMR (126 MHz, CDCl3) δ 155.0 (C8), 154.9 (C5), 148.0 (C1), 135.6 (C12), 131.4 (C10), 

131.3 (C3), 122.3 (q, J = 264.6 Hz, C15), 122.2 (C11), 116.2 (C7), 114.6 (C9), 114.5 (C4), 113.3 (C6), 

112.7 (C2). 19F NMR (471 MHz, CDCl3) δ -58.38 (F15). HRMS (FTMS -p NSI) [M-H]- calcd for C13H17ClF3O3
-

; 303.0041, found 303.0036, Δ= 1.7 ppm. [𝜶]𝑫
𝟐𝟓= +2.8° (99% ee, c 0.18, CHCl3). 

 

6'-fluoro-4,6-bis(trifluoromethyl)-[1,1'-biphenyl]-2,2'-diol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3,5-di(trifluoromethyl)-2-

bromophenol (30.9 mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (48 mg, 0.2 

mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) 

in PhMe:H2O (19:1) at 40 °C. The product was purified by column chromatography (0-20% 

EtOAc:petrol) to yield the product as a brown residue (4.5 mg, 0.013 mmol, 13%). 1H NMR (400 MHz, 

CDCl3) δ 7.63 (s, 1H, H2), 7.50 (s, 1H, H4), 7.38 (td, J = 8.3, 6.5 Hz, 1H, H10), 6.83 (t, J = 8.3 Hz, 2H, H9 

H11), 5.42 (s, 1H, H14), 5.22 (s, 1H, H13). 13C NMR (101 MHz, CDCl3) δ 160.9 (d, J = 248.9 Hz, C12), 

155.4 (C5), 155.0 (d, J = 5.3 Hz, C8), 133.0 (d, J = 33.8 Hz, C1), 132.6 (d, J = 31.2 Hz, C3), 132.3 (d, J = 
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10.5 Hz, C10), 123.0 (q, J = 272.8 Hz, C16), 122.6 (q, J = 274.1 Hz, C15), 118.9 (C6), 116.6 (q, J = 3.9 Hz, 

C4), 115.5 (hept, J = 5.1 Hz, C2), 111.9 (d, J = 3.3 Hz, C9), 108.3 (d, J = 21.8 Hz, C11), 105.9 (d, J = 20.3 

Hz, C7). 19F NMR (471 MHz, CDCl3) δ -62.98 (d, J = 4.5 Hz, 3F, F15), -64.28 (3F, F16), -110.76 (q, J = 4.5 

Hz, 1F, F17). HRMS (FTMS -p NSI) [M-H]- calcd for C14H6F7O2
-; 339.0262, found 339.0263, Δ= 0.3 ppm. 

(CHIRALPAK IG, 94:6 CO2:MeOH, 2.5 mL/min, 3.33 min, 5.06 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3,5-di(trifluoromethyl)-2-

bromophenol (30.9 mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (48 mg, 0.2 

mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 

mmol) in PhMe:H2O (19:1) at 40 °C. Analysis of the crude showed a 25% NMR yield and 98% ee 

(CHIRALPAK IG, 94:6 CO2:MeOH, 2.5 mL/min, 3.33 min [major], 5.06 min [minor]). 

 

6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol 

 

General procedure E was performed with 3-methyl-2-bromophenol (39 mg, 0.21 mmol), B2Pin2 (25.3 

mg, 0.1 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), SPhos (4.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 

mmol) in THF:H2O (19:1) at 80 °C. The product was purified by column chromatography (0-15% 

EtOAc:petrol) to yield the product as a yellow residue (4 mg, 0.019 mmol, 19%). 1H NMR (400 MHz, 

CDCl3) δ 7.26 (t, J = 7.8 Hz, 2H, H3), 6.92 (dd, J = 11.2, 7.8 Hz, 4H, H2 H4), 4.69 (s, 2H, H7), 2.01 (s, 6H, 

H8). 13C NMR (101 MHz, CDCl3) δ 153.8 (C5), 138.9 (C1), 130.1 (C3), 122.6 (C2), 119.5 (C6), 113.1 (C4), 

19.5 (C8). HRMS (FTMS -p NSI) [M-H]- calcd for C14H13O2
-; 213.0916, found 213.0907, Δ= 4.2 ppm. 

Separation of enantiomers was observed by chiral SFC (CHIRALART SC, 95:5 CO2:MeOH, 2.5 mL/min, 

4.78 min, 5.47 min). 
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iv. Mechanistic experiments  

Substrate methylation studies 

6-fluoro-2'-methoxy-6'-methyl-[1,1'-biphenyl]-2-ol 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromoanisole (20.1 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (48 mg, 0.2 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O (19:1) 

at 40 °C. The product was purified by column chromatography to yield the product as a colourless oil 

(20 mg, 0.086 mmol, 86%). 1H NMR (500 MHz, CDCl3) δ 7.36 (t, J = 8.0 Hz, 1H, H3), 7.27 (td, J = 8.3, 6.5 

Hz, 1H, H10), 7.00 (d, J = 7.6 Hz, 1H, H2), 6.90 (d, J = 8.3 Hz, 1H, H4), 6.85 (dt, J = 8.3, 1.0 Hz, 1H, H9), 

6.77 (ddd, J = 9.0, 8.3, 1.1 Hz, 1H, H11), 4.94 (s, 1H, H16), 3.78 (s, 3H, H15), 2.14 (s, 3H, H13). 13C NMR 

(126 MHz, CDCl3) δ 160.3 (d, J = 244.4 Hz, C12), 157.7 (C5), 154.3 (d, J = 6.3 Hz, C8), 140.4 (C1), 130.1 

(C3), 129.4 (d, J = 10.4 Hz, C10), 123.0 (C2), 117.6 (C6), 112.2 (d, J = 20.7 Hz, C7), 111.1 (d, J = 3.0 Hz, 

C9), 108.7 (C4), 107.4 (d, J = 22.7 Hz, C11), 55.9 (C15), 19.7 (C13). 19F NMR (471 MHz, CDCl3) δ -114.40 

(F14). HRMS (FTMS +p NSI) [M+H]+ calcd for C15H16FO2
+; 247.1129, found 247.1130, Δ= 0.4 ppm. 

Separation of enantiomers was observed by chiral SFC (CHIRALPAK IG, 98:2 CO2:MeOH, 2.5 mL/min, 

5.91 min, 6.61 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-methyl-2-bromoanisole (20.1 

mg, 0.1 mmol), 2-hydroxy-6-fluorophenylboronic acid pinacol ester (48 mg, 0.2 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O (19:1) 

at 40 °C. The product was purified by column chromatography (0-10% EtOAc:petrol) to yield the 

product as a colourless oil (15.6 mg, 0.067 mmol, 67%, 84% ee). Sample ee determined by chiral-SFC 

(CHIRALPAK IG, 98:2 CO2:MeOH, 2.5 mL/min, 5.91 min [major], 6.61 min [minor]). NMR data matches 

the isolated racemic sample (1H, 13C, 19F). [𝜶]𝑫
𝟐𝟓= +32.8° (84% ee, c 0.94, CHCl3). 
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2'-fluoro-6'-methoxy-6-methyl-[1,1'-biphenyl]-2-ol 

 

General procedure E was performed with 3-methyl-2-bromophenol (18.7 mg, 0.1 mmol), 2-methoxy-

6-fluorophenylboronic acid pinacol ester (50.4 mg, 0.2 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), (R)-

sSPhos (5.1 mg, 0.01 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O (19:1) at 40 °C. The product 

was purified by column chromatography (0-15% EtOAc:petrol) to yield the product as a colourless oil 

(16.4 mg, 0.071 mmol, 71%, 65% ee). Product ee determined by chiral SFC (ChiralART SJ, 94:06 

CO2:MeOH, 2.5 mL/min, 6.09 min [minor], 6.84 min [major]). NMR data matched previously isolated 

racemate (1H, 13C and 19F). [𝜶]𝑫
𝟐𝟓= +19.9° (65% ee, c 1.05, CHCl3). 

 

2-fluoro-2',6-dimethoxy-6'-methyl-1,1'-biphenyl 

 

Reaction using (±)-sSPhos: General procedure E was performed with 3-methyl-2-bromoanisole (20.1 

mg, 0.1 mmol), 2-methoxy-6-fluorophenylboronic acid pinacol ester (50.4 mg, 0.2 mmol), Pd(OAc)2 

(1.1 mg, 0.005 mmol), (±)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O 

(19:1) at 40 °C. The product was purified by column chromatography (0-5% EtOAc:petrol) to yield the 

product as a colourless oil, with some unknown impurities (4 mg, yield not determined). Separation 

of enantiomers was observed by chiral SFC (CHIRALART SJ, 99:1 CO2:MeOH, 2.5 mL/min, 3.77 min, 

4.03 min). 

Reaction using (R)-sSPhos: General procedure E was performed with 3-methyl-2-bromoanisole (20.1 

mg, 0.1 mmol), 2-methoxy-6-fluorophenylboronic acid pinacol ester (50.4 mg, 0.2 mmol), Pd(OAc)2 

(1.1 mg, 0.005 mmol), (R)-sSPhos (3.1 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O 

(19:1) at 40 °C. The product was purified by column chromatography (0-5% EtOAc:petrol) to yield the 

product as a clear residue (7.2 mg, 0.029 mmol, 29%, <5% ee). Sample ee determined by chiral-SFC 
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(CHIRALART SJ, 99:1 CO2:MeOH, 2.5 mL/min, 3.77 min, 4.03 min). 1H NMR (400 MHz, CDCl3) δ 7.35 – 

7.22 (m, 2H, H3 H10), 6.91 (d, J = 7.6 Hz, 1H, H2), 6.83 (d, J = 8.3 Hz, 1H, H4), 6.81 – 6.73 (m, 2H, H9 

H11), 3.75 (s, 3H, H16), 3.73 (s, 3H, H15), 2.06 (s, 3H, H13). 13C NMR (101 MHz, CDCl3) δ 160.5 (d, J = 

243.3 Hz, C12), 158.3 (d, J = 7.8 Hz, C8), 157.4 (C5), 139.0 (C1), 128.9 (d, J = 10.5 Hz, C10), 128.7 (C3), 

122.1 (C2), 120.6 (C6), 114.3 (d, J = 20.4 Hz, C7), 108.3 (C4), 107.9 (d, J = 23.3 Hz, C11), 106.5 (d, J = 2.8 

Hz, C9), 56.1 (C16), 55.9 (C15), 19.7 (C13). 19F NMR (471 MHz, CDCl3) δ -114.31 (F14). HRMS (FTMS +p 

NSI) [M+H]+ calcd for C15H16FO2
+; 247.1129, found 247.1130, Δ= 0.4 ppm. 

 

Ligand alkylation study 

 

Reaction using (S)-L100: General procedure E was performed with 3-methyl-2-bromoanisole (20.1 mg, 

0.1 mmol), 2-methoxy-6-fluorophenylboronic acid pinacol ester (50.4 mg, 0.2 mmol), Pd(OAc)2 (1.1 

mg, 0.005 mmol), (S)-L100 (3.3 mg, 0.006 mmol) and Na3PO4 (49 mg, 0.3 mmol) in PhMe:H2O (19:1) at 

40 °C. The crude was purified by column chromatography to yield the product as a white solid (14.4 

mg, 0.066 mmol, 66%, -8% ee). Sample ee determined by chiral-SFC (CHIRALART SJ, 90:10 CO2:MeOH, 

2.5 mL/min, 7.23 min [major], 8.05 min [minor]). NMR data corresponds to previously isolated samples 

(1H, 13C, 19F). 

 

Deprotonation studies 
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The follow procedure was followed to investigate whether the phenol was deprotonated under the 

reaction conditions. Since there was a chance that the phenolate (if formed) would be insoluble, an 

internal standard (1,3,5-trimethoxybenzene) was included to highlight any mass loss. 

Reaction A: 3-methyl-2-bromophenol (37.4 mg, 0.2 mmol) and 1,3,5-trimethoxybenzene (33.6 mg, 0.2 

mmol) were dissolved in d8-PhMe:D2O (19:1, 1 mL), and a 1H NMR run to get the baseline ratio of the 

two components. The solution was then placed in a microwave vial, and Na3PO4 (98.4 mg, 0.6 mmol) 

was added, then sealed and stirred at 40 °C for 2 hours. The vial was cooled to room temperature, and 

the mixture filtered through cotton wool, washed with d8-PhMe, then a second 1H NMR taken to 

determine the ratio of phenol to internal standard after treatment with base. 

Reaction B: 3-methyl-2-bromophenol (37.4 mg, 0.2 mmol) and 1,3,5-trimethoxybenzene (33.6 mg, 0.2 

mmol) were dissolved in d8-PhMe (1 mL), and a 1H NMR run to get the baseline ratio of the two 

components. The solution was then placed in a microwave vial, and KF (34.9 mg, 0.6 mmol) was added, 

then sealed and stirred at 80 °C for 2 hours. The vial was cooled to room temperature, and the mixture 

filtered through cotton wool, washed with d8-PhMe, then a second 1H NMR taken to determine the 

ratio of phenol to internal standard after treatment with base. 

Results: 

Reaction SM:TMB starting ratio SM:TMB ratio 2 h % remaining 

A 0.9502:1 0.9290:1 97.8% 

B 0.9543:1 0.9498:1 99.5% 

The changes in the ratio before and after treatment with base a sufficiently small in both reactions to 

conclude that there is not significant deprotonation of the phenolic starting material. However, this 

does not rule out the possibility of deprotonation occurring at a later point in the mechanism. 
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f. Desymmetrisation and kinetic resolution using enantiopure 

sSPhos 

i. Synthesis of starting materials 

Bis(3-chlorophenyl)methanaminium chloride 

 

Magnesium turnings (1.07 g, 44 mmol) were suspended in THF (12 mL), and 1-bromo-3-chlorobenzene 

(5.2 mL, 44 mmol) was added dropwise, until the reaction flask started to warm up. The remaining 1-

bromo-3-chlorobenzene was diluted in THF (6 mL) and added dropwise to the flask. The resulting 

solution was heated at reflux for 1 hour, after which time it was cooled to room temperature and 3-

chloro-benzonitrile (dissolved in THF (15 mL), 5.5 g, 40 mmol) was added dropwise. Once addition was 

complete, the solution was heated at reflux for 16 hours. The solution was then cooled in ice, and 

methanol (25 mL) slowly added. After 10 minutes of stirring, NaBH4 (3.0 g, 80 mmol) was added 

portionwise, and the solution stirred at room temperature for 1 hour, then at reflux for 2 hours. The 

reaction was then partially concentrated to a thick oil, and poured into HCl solution (3 M, 60 mL), 

instantly forming a yellow precipitate. The mixture was filtered, and the residue washed with H2O (2 

x 50 mL) and Et2O (3 x 50 mL) until the residue is a white solid. This solid was taken and dried under 

high vacuum to yield the product as a white solid (10.1 g, 39.8 mmol, 100%). 1H NMR (500 MHz, MeOD) 

δ 7.52 – 7.50 (m, 2H, H4), 7.50 – 7.48 (m, 2H, H1), 7.47 (dt, J = 8.1, 1.7 Hz, 2H, H2), 7.40 (dt, J = 7.2, 1.8 

Hz, 2H, H6), 5.76 (s, 1H, H7). 13C NMR (126 MHz, MeOD) δ 138.7 (C5), 134.8 (C3), 130.7 (C1), 129.0 

(C2), 127.2 (C4), 125.4 (C6), 56.7 (C7). HRMS (FTMS +p NSI) [M-NH3]+ calcd for C13H9Cl2+; 235.0076, 

found 235.0082, Δ= 2.6 ppm. 
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N-(bis(3-chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(3-chlorophenyl)methanaminium chloride (5.77 g, 20 mmol) was suspended in CH2Cl2 (200 mL), and 

cooled to -78 °C. Triflic anhydride (3.5 mL, 21 mmol) was added slowly, then triethylamine (5.6 mL, 40 

mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (200 mL) was added 

and allowed to warm to room temperature. The organic layer was then separated, dried (MgSO4), and 

solvent removed. The residue was purified by column chromatography to give the product as a yellow 

solid (5.69 g, 14.8 mmol, 74%). NMR data corresponded with the previously synthesised sample (in 

section 9ciii, from page 247). 

 

N-(bis(3-chlorophenyl)methyl)-4-nitrobenzenesulfonamide 

 

Bis(3-chlorophenyl)methanaminium chloride (1.39 g, 4.8 mmol) and 4-nitrobenzenesulfonyl chloride 

(886 mg, 4 mmol) were suspended in CH2Cl2 (40 mL), and cooled to 0 °C. Triethylamine (1.4 mL, 10 

mmol) was added dropwise, and the solution warmed to room temperature over 2 hours. Water (40 

mL) was added, and the organic layer separated, dried (MgSO4), and solvent removed. The residue 

was purified by column chromatography (0-40 % EtOAc:petrol) to yield the product as an off white 

solid (766 mg, 1.75 mmol, 44%). 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 9.1 Hz, 2H, H11), 7.78 (d, J = 

9.0 Hz, 2H, H10), 7.22 – 7.16 (m, 4H, H1 H2), 7.04 – 6.98 (m, 4H, H4 H6), 5.65 (d, J = 7.3 Hz, 1H, H7), 

5.39 (d, J = 7.3 Hz, 1H, H8). 13C NMR (101 MHz, CDCl3) δ 149.9 (C12), 145.8 (C9), 140.6 (C5), 134.9 (C3), 

130.3 (C1), 128.6 (C2), 128.2 (C10), 127.4 (C4), 125.5 (C6), 124.0 (C11), 60.7 (C7). HRMS (FTMS -p NSI) 

[M-H]- calcd for C19H13Cl2N2O4S-; 434.9979, found 434.9977, Δ= 0.5 ppm. 
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Bis(3-chloro-4-methylphenyl)methanaminium chloride 

 

Magnesium turnings (270 mg, 11 mmol) were suspended in THF (5 mL), and 2-chloro-4-bromotoluene 

(1.47 mL, 11 mmol) was added dropwise, until the reaction flask warmed up. The remaining 2-chloro-

4-bromotoluene was diluted in THF (3 mL) and added dropwise to the flask. The resulting solution was 

heated at reflux for 1 hour, after which time it was cooled to room temperature and 3-chloro-4-

methylbenzonitrile (dissolved in THF (5 mL), 1.52 g, 10 mmol) was added dropwise. Once addition was 

complete, the solution was heated at reflux for 16 hours. The solution was then cooled in ice, and 

methanol (10 mL) added. After 10 minutes of stirring, NaBH4 (800 mg, 20 mmol) was added 

portionwise, and the solution stirred at room temperature for 1 hour, then at reflux for 2 hours. The 

reaction was then partially concentrated to a thick oil, and poured into HCl solution (3 M, 50 mL), 

instantly forming a yellow precipitate. The mixture was filtered, and the residue washed with H2O (2 

x 40 mL) and Et2O (3 x 40 mL) until the residue is a white solid. This solid was taken and dried under 

high vacuum to yield the product as a white solid (1.48 g, 4.6 mmol, 46%). 1H NMR (400 MHz, MeOD) 

δ 7.42 (d, J = 2.0 Hz, 2H, H4), 7.39 (d, J = 7.9 Hz, 2H, H1), 7.24 (dd, J = 8.0, 2.0 Hz, 2H, H6), 5.62 (s, 1H, 

H7), 2.38 (s, 6H, H8). 13C NMR (101 MHz, MeOD) δ 137.0 (C2), 136.1 (C5), 134.7 (C3), 131.5 (C1), 127.5 

(C4), 125.4 (C6), 56.2 (C7), 18.3 (C8). HRMS (FTMS +p NSI) [M-NH3]+ calcd for C15H13Cl2
+; 263.0389, 

found 263.0396, Δ= 2.7 ppm. 

 

N-(bis(3-chloro-4-methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(3-chloro-4-methylphenyl)methanaminium chloride (1.27 g, 4 mmol) was suspended in CH2Cl2 (50 

mL), and cooled to -78 °C. Triflic anhydride (0.7 mL, 4.2 mmol) was added slowly, then triethylamine 

(1.1 mL, 8 mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (50 mL) 
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was added and allowed to warm to room temperature. The organic layer was then separated, dried 

(MgSO4), and solvent removed. The residue was purified by column chromatography to give the 

product as a white solid (305 mg, 0.7 mmol, 18%). 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 7.9 Hz, 2H, 

H1), 7.19 (d, J = 1.9 Hz, 2H, H4), 7.04 (dd, J = 7.9, 2.0 Hz, 2H, H6), 5.75 (d, J = 5.4 Hz, 1H, H7), 5.54 (s, 

1H, H8), 2.38 (s, 6H, H10). 13C NMR (101 MHz, CDCl3) δ 138.4 (C5), 136.6 (C2), 135.1 (C3), 131.5 (C1), 

127.6 (C4), 125.2 (C6), 119.4 (q, J = 321.0 Hz, C9), 61.0 (C7), 19.8 (C10). 19F NMR (376 MHz, CDCl3) δ -

77.10 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for C16H13Cl2F3NO2S; 410.0002, found 410.0002, Δ= 0 ppm. 

 

Bis(5-chloro-2-methylphenyl)methanaminium chloride 

 

Magnesium turnings (270 mg, 11 mmol) were suspended in THF (5 mL), and 4-chloro-2-bromotoluene 

(1.47 mL, 11 mmol) was added dropwise, until the reaction flask warmed up. The remaining 4-chloro-

2-bromotoluene was diluted in THF (3 mL) and added dropwise to the flask. The resulting solution was 

heated at reflux for 1 hour, after which time it was cooled to room temperature and 5-chloro-2-

methylbenzonitrile (dissolved in THF (5 mL), 1.52 g, 10 mmol) was added dropwise. Once addition was 

complete, the solution was heated at reflux for 16 hours. The solution was then cooled in ice, and 

methanol (10 mL) added. After 10 minutes of stirring, NaBH4 (800 mg, 20 mmol) was added 

portionwise, and the solution stirred at room temperature for 1 hour, then at reflux for 2 hours. The 

reaction was then partially concentrated to a thick oil, and poured into HCl solution (3 M, 50 mL), 

instantly forming a yellow precipitate. The mixture was filtered, and the residue washed with H2O (2 

x 40 mL) and Et2O (3 x 40 mL) until the residue is a white solid. This solid was taken and dried under 

high vacuum to yield the product as a white solid (3.15 g, 9.9 mmol, 99%). 1H NMR (400 MHz, MeOD) 

δ 7.36 (dd, J = 8.2, 2.1 Hz, 2H, H2), 7.31 (d, J = 8.3 Hz, 2H, H1), 7.25 (d, J = 2.1 Hz, 2H, H4), 5.95 (s, 1H, 

H7), 2.33 (s, 6H, H8). 13C NMR (101 MHz, MeOD) δ 136.1 (C5), 135.2 (C6), 132.8 (C1), 132.2 (C3), 128.9 

(C2), 126.0 (C4), 51.0 (C7), 17.3 (C8). HRMS (FTMS +p NSI) [M-NH3Cl]+ calcd for C15H13Cl2; 263.0389, 

found 263.0384, Δ= 1.8 ppm. 
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N-(bis(5-chloro-2-methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(5-chloro-2-methylphenyl)methanaminium chloride (1.27 g, 4 mmol) was suspended in CH2Cl2 (50 

mL), and cooled to -78 °C. Triflic anhydride (0.7 mL, 4.2 mmol) was added slowly, then triethylamine 

(1.1 mL, 8 mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (50 mL) 

was added and allowed to warm to room temperature. The organic layer was then separated, dried 

(MgSO4), and solvent removed. The residue was purified by column chromatography to give the 

product as a white solid (960 mg, 2.33 mmol, 58%). 1H NMR (400 MHz, CDCl3) δ 7.25 (dd, J = 8.1, 2.1 

Hz, 2H, H2), 7.16 (d, J = 8.1 Hz, 2H, H1), 7.13 (d, J = 2.2 Hz, 2H, H4), 6.09 (d, J = 4.5 Hz, 1H, H7), 5.25 (d, 

J = 4.1 Hz, 1H, H8), 2.28 (s, 6H, H10). 13C NMR (101 MHz, CDCl3) δ 138.2 (C5), 134.2 (C6), 132.7 (C1), 

132.4 (C3), 128.8 (C2), 126.8 (C4), 119.1 (q, J = 320.9 Hz, C9), 56.0 (C7), 18.5 (C10). 19F NMR (376 MHz, 

CDCl3) δ -76.84 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for C16H13Cl2F3NO2S; 410.0002, found 409.9997, 

Δ= 1.2 ppm. 

 

Bis(3,4-dichlorophenyl)methanaminium chloride 

 

Magnesium turnings (135 mg, 5.5 mmol) were suspended in THF (5 mL), and 3,4-

dichlorobromobenzene (1.24 g, 5.5 mmol) was added dropwise, until the reaction flask warmed up. 

The remaining 3,4-dichlorobromobenzene was diluted in THF (3 mL) and added dropwise to the flask. 

The resulting solution was heated at reflux for 1 hour, after which time it was cooled to room 

temperature and 3,4-dichlorobenzonitrile (dissolved in THF (5 mL), 860 mg, 5 mmol) was added 

dropwise. Once addition was complete, the solution was heated at reflux for 16 hours. The solution 

was then cooled in ice, and methanol (10 mL) added. After 10 minutes of stirring, NaBH4 (400 mg, 10 

mmol) was added portionwise, and the solution stirred at room temperature for 1 hour, then at reflux 

for 2 hours. The reaction was then partially concentrated to a thick oil, and poured into HCl solution 
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(3 M, 50 mL), instantly forming a yellow precipitate. The mixture was filtered, and the residue washed 

with H2O (2 x 40 mL) and Et2O (3 x 40 mL) until the residue is a white solid. This solid was taken and 

dried under high vacuum to yield the product as a white solid (887 mg, 2.48 mmol, 50%). 1H NMR (400 

MHz, MeOD) δ 7.65 (d, J = 8.4 Hz, 2H, H1), 7.63 (d, J = 2.2 Hz, 2H, H4), 7.33 (dd, J = 8.4, 2.3 Hz, 2H, H6), 

5.73 (s, 1H, H7). 13C NMR (101 MHz, MeOD) δ 136.9 (C5), 133.1 (C2), 133.0 (C3), 131.2 (C1), 129.2 (C4), 

126.9 (C6), 55.6 (C7). HRMS (FTMS +p NSI) [M-NH3]+ calcd for C13H7Cl4+; 302.9296, found 302.9304, Δ= 

2.6 ppm. 

 

N-(bis(3,4-dichlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(3,4-dichlorophenyl)methanaminium chloride (715 mg, 2 mmol) was suspended in CH2Cl2 (10 mL), 

and cooled to -78 °C. Triflic anhydride (0.37 mL, 2.2 mmol) was added slowly, then triethylamine (0.59 

mL, 4.2 mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (10 mL) was 

added and allowed to warm to room temperature. The organic layer was then separated, dried 

(MgSO4), and solvent removed. The residue was purified by column chromatography to give the 

product as a white solid (661 mg, 1.46 mmol, 73%). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H, 

H1), 7.31 (d, J = 2.2 Hz, 2H, H4), 7.09 (dd, J = 8.4, 2.2 Hz, 2H, H6), 5.77 (d, J = 8.9 Hz, 1H, H7), 5.71 (d, J 

= 9.0 Hz, 1H, H8). 13C NMR (101 MHz, CDCl3) δ 138.6 (C5), 133.7 (C3), 133.4 (C2), 131.3 (C1), 129.1 

(C4), 126.3 (C6), 119.3 (q, J = 320.9 Hz, C9), 60.4 (C7). 19F NMR (376 MHz, CDCl3) δ -77.13 (F9). HRMS 

(FTMS -p NSI) [M-H]- calcd for C14H7Cl4F3NO2S-; 449.8909, found 449.8923, Δ= 3.1 ppm. 

 

Bis(4-chlorophenyl)methanaminium chloride 
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Magnesium turnings (1.07 g, 44 mmol) were suspended in THF (6 mL), and 4-chlorobromobenzene 

(dissolved in THF (12 mL), 8.4 g, 44 mmol) was added dropwise, as the reaction flask warmed up. The 

resulting solution was heated at reflux for 1 hour, after which time it was cooled to room temperature 

and 4-chlorobenzonitrile (dissolved in THF (15 mL), 5.5 g, 40 mmol) was added dropwise. Once 

addition was complete, the solution was heated at reflux for 16 hours. The solution was then cooled 

in ice, and methanol (20 mL) added. After 10 minutes of stirring, NaBH4 (3 g, 80 mmol) was added 

portionwise, and the solution stirred at room temperature for 1 hour, then at reflux for 2 hours. The 

reaction was then partially concentrated to a thick oil, and poured into HCl solution (3 M, 50 mL), 

instantly forming a yellow precipitate. The mixture was filtered, and the residue washed with H2O (2 

x 100 mL) and Et2O (3 x 100 mL). This solid was taken and dried under high vacuum to yield the product 

as a yellow solid (11.4 g, 39.5 mmol, 99%). 1H NMR (400 MHz, MeOD) δ 7.47 (dt, J = 8.8, 2.0 Hz, 4H, 

H1), 7.42 (dt, J = 8.6, 2.4 Hz, 4H, H3), 5.70 (s, 1H, %). 13C NMR (101 MHz, MeOD) δ 135.5 (C4), 134.7 

(C2), 129.0 (C1), 128.7 (C3), 56.6 (C5). HRMS (FTMS +p NSI) [M-NH3]+ calcd for C13H9Cl2+; 235.0076, 

found 235.0084, Δ= 3.4 ppm. 

 

N-(bis(4-chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(4-chlorophenyl)methanaminium chloride (2.89 g, 10 mmol) was suspended in CH2Cl2 (100 mL), and 

cooled to -78 °C. Triflic anhydride (1.75 mL, 10.5 mmol) was added slowly, then triethylamine (2.8 mL, 

20 mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (100 mL) was 

added and allowed to warm to room temperature. The organic layer was then separated, dried 

(MgSO4), and solvent removed. The residue was purified by column chromatography to give the 

product as a yellow solid (1.43 mg, 3.78 mmol, 38%). 1H NMR (400 MHz, CDCl3) δ 7.36 (dt, J = 8.6, 2.6, 

2.1 Hz, 4H, H2), 7.16 (dt, J = 8.4, 2.6, 1.9 Hz, 4H, H3), 5.82 (s, 1H, H5), 5.69 (s, 1H, H6). 13C NMR (101 

MHz, CDCl3) δ 137.6 (C4), 134.7 (C1), 129.3 (C2), 128.5 (C3), 119.3 (q, J = 321.0 Hz, C7), 61.2 (C5). 19F 

NMR (376 MHz, CDCl3) δ -77.15 (F7). HRMS (FTMS -p NSI) [M-H]- calcd for C14H9Cl2F3NO2S; 381.9689, 

found 381.9690, Δ= 0.3 ppm. 

Data in accordance with literature.286 
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N-(bis(3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methyl)-1,1,1-

trifluoromethanesulfonamide 

 

N-(bis(3-chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (1.92 g, 5 mmol), [Ir(COD)OMe]2 

(110, 0.165 mmol), tmphen (140 mg, 0.6 mmol) and B2Pin2 (6.35 g, 25 mmol) were placed in a 

microwave vial and sealed under nitrogen. Dioxane (sparged with N2 for 15 mins, 25 mL) was added, 

and the vial heated to 80 °C for 16 hours. After the reaction was complete, the solvent was removed 

under a stream of air. The residue was purified by column chromatography (0-10% EtOAc:petrol) to 

yield the product as a yellow solid (3.18 g, 5.0 mmol, 100%). 1H NMR (400 MHz, CDCl3) δ 7.74 (dd, J = 

2.1, 0.9 Hz, 2H, H2), 7.57 (dd, J = 1.9, 0.9 Hz, 2H, H6), 7.27 (t, J = 2.0 Hz, 2H, H4), 5.80 (s, 1H, H7), 1.34 

(s, 24H, H11). 13C NMR (101 MHz, CDCl3) δ 140.4 (C5), 134.8 (C3), 134.8 (C2), 130.9 (C6), 129.7 (C4), 

119.3 (q, J = 321.1 Hz, C9), 84.5 (C10), 61.5 (C7), 24.8 (C11a), 24.8 (C11b). 19F NMR (376 MHz, CDCl3) δ 

-77.97 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for C26H31B2Cl2F3NO6S; 634.1393, found 634.1397, Δ= 0.6 

ppm 

 

Diethyl 5',5'''-(((trifluoromethyl)sulfonamido)methylene)bis(3'-chloro-[1,1'-biphenyl]-4-carboxylate) 

 

N-(bis(3-chloro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methyl)-1,1,1-

trifluoromethanesulfonamide (318 mg, 0.5 mmol), Pd2dba3 (22.9 mg, 0.025 mmol), ethyl 4-

iodobenzoate (690 mg, 2.5 mmol), triphenylphosphine (52.5 mg, 0.2 mmol) and K3PO4.H2O (690 mg, 

3 mmol) were places in a microwave vial and sealed under nitrogen. THF:H2O (19:1, 2.5 mL) was added, 

and the vial heated at 80 °C for 16 hours. Once the reaction was complete, the solvent was removed 

under a stream of air, and CHCl3 (2 mL) and HCl solution (3 M, 2 mL) were added. The layers were 

separated, the aqueous layer was washed with CHCl3 (2 mL), and the organic layers combined, dried 
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(MgSO4) and solvent removed. The residue was purified by column chromatograph (0-20% 

EtOAc:petrol) to yield the product as a yellow powder (232 mg, 0.34 mmol, 68%). 1H NMR (400 MHz, 

CDCl3) δ 8.04 (d, J = 8.5 Hz, 4H, H12), 7.58 (t, J = 1.7 Hz, 2H, H2), 7.53 (d, J = 8.4 Hz, 4H, H11), 7.48 (t, J 

= 1.5 Hz, 2H, H6), 7.29 (t, J = 1.9, 1.4 Hz, 2H, H4), 6.85 (s, 1H, H8), 5.96 (s, 1H, H7), 4.36 (q, J = 7.1 Hz, 

4H, H15), 1.38 (t, J = 7.1 Hz, 6H, H16). 13C NMR (101 MHz, CDCl3) δ 166.5 (C14), 143.2 (C10), 142.8 (C1), 

141.6 (C5), 135.7 (C3), 130.3 (C12), 130.1 (C13), 127.7 (C2), 127.1 (C11), 126.8 (C4), 124.1 (C6), 119.4 

(q, J = 307.5 Hz, C9), 61.4 (C15), 61.4 (C7), 14.2 (C16). 19F NMR (376 MHz, CDCl3) δ -77.04 (F9). HRMS 

(FTMS -p NSI) [M-H]- calcd for C32H25Cl2F3NO6S-; 678.0737, found 678.0721, Δ= 2.4 ppm. 

 

Bis(2-chlorophenyl)methanone 

 

Magnesium turnings (534 mg, 22 mmol) were suspended in THF (20 mL), and 1-bromo-2-

chlorobenzene (2.57 mL, 22 mmol) was added dropwise, until the reaction flask started to warm up. 

The flask was then kept at room temperature with a water bath, and the remainder of 1-bromo-2-

chlorobenzene was diluted in THF (8 mL) and added dropwise to the solution. The solution was stirred 

at room temperature for 2 hours, then 2-chlorobenaldehyde (diluted in THF (12 mL), 2.25 mL, 20 

mmol) was added dropwise. The solution was stirred at room temperature for 16 hours, after which 

ammonium chloride solution (sat., 20 mL) was added. The solution was concentrated, then CH2Cl2 (50 

mL) and water (50 mL) added and the layers separated. The organic layer was dried (MgSO4), and 

solvent removed to yield the crude bis(2-chlorophenyl)methanol. The crude mixture was diluted in 

CH2Cl2 (150 mL), and activated manganese dioxide (17.4 g, 200 mmol) was added, and the mixture 

heated at reflux for 16 hours. The reaction mixture was then filtered through a pad of celite, and the 

solvent removed under reduced pressure. The residue was purified by column chromatography (0-5% 

EtOAc:petrol) to yield the product as a colourless oil (4.03 g, 16.1 mmol, 80%).  1H NMR (400 MHz, 

CDCl3) δ 7.52 (d, J = 7.6 Hz, 2H, H4), 7.46 – 7.41 (m, 4H, H1 H2), 7.38 – 7.32 (m, 2H, H3). 13C NMR (101 

MHz, CDCl3) δ 194.3 (C7), 138.0 (C5), 132.7 (C6), 132.5 (C2), 130.9 (C4), 130.6 (C1), 126.8 (C3). 

Data in accordance with literature.287 
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N-(bis(2-chlorophenyl)methyl)formamide 

 

Bis(2-chlorophenyl)methanone (3.77g, 15 mmol) was dissolved in formamide (15 mL), and formic acid 

(0.7 mL, 18.75 mmol), and the solution heated to 170 °C with a condenser equipped for 16 hours. The 

reaction mixture was then cooled to room temperature, and EtOAc (50 mL) and brine solution (50 mL) 

added. The layers were separated, and the organic layer washed with brine solution (2 x 50 mL), then 

dried (MgSO4) and solvent removed. The crude was purified by column chromatography (0-30% 

EtOAc:petrol) to yield the product as an off-white solid (2.62 g, 9.36 mmol, 62%). 1H NMR (400 MHz, 

DMSO) δ 8.97 (d, J = 7.8 Hz, 1H, H8), 8.13 (dd, J = 1.6, 1.0 Hz, 1H, H10), 7.54 – 7.43 (m, 2H, H3), 7.39 – 

7.31 (m, 4H, H1 H2), 7.20 – 7.11 (m, 2H, H6), 6.66 (d, J = 8.0 Hz, 1H, H7). 13C NMR (101 MHz, DMSO) δ 

160.5 (C9), 138.1 (C5), 133.3 (C4), 130.1 (C3), 129.8 (C2), 129.2 (C6), 127.8 (C1), 50.0 (C7). HRMS (FTMS 

+p NSI) [M+Na]+ calcd for C14H11Cl2NONa+; 302.0110, found 302.0116, Δ= 2.0 ppm. 

 

Bis(2-chlorophenyl)methanaminium chloride 

 

N-(bis(2-chlorophenyl)methyl)formamide (2.52 g, 9 mmol) was dissolved in methanol (50 mL), and HCl 

solution (conc., 5 mL) added. The resulting solution was heated at 50 °C for two hours, after which the 

solvent was removed under reduced pressure. EtOAc (50 mL) was added, and the solution poured into 

HCl solution (1 M, 50 mL), forming a precipitate. The mixture was filtered, and the residue washed 

with H2O (2 x 20 mL) and Et2O (2 x 50 mL). The solid was dried under high vacuum to yield the product 

as a white solid (2.32 g, 8.0 mmol, 89%). 1H NMR (400 MHz, MeOD) δ 7.58 – 7.53 (m, 2H, H3), 7.51 – 

7.42 (m, 4H, H1 H2), 7.41 – 7.32 (m, 2H, H6), 6.34 (s, 1H, H7). 13C NMR (101 MHz, MeOD) δ 133.6 (C5), 

133.2 (C4), 130.6 (C2), 130.2 (C3), 127.8 (C6), 127.5 (C1), 51.7 (C7). HRMS (FTMS +p NSI) [M-NH3]+ 

calcd for C13H9Cl2
+; 235.0076, found 235.0081, Δ= 2.1 ppm. 
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N-(bis(2-chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(2-chlorophenyl)methanaminium chloride (1.44 g, 5 mmol) was suspended in CH2Cl2 (70 mL), and 

cooled to -78 °C. Triflic anhydride (0.89 mL, 5.25 mmol) was added slowly, then triethylamine (1.47 

mL, 10.5 mmol) added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (100 mL) 

was added and allowed to warm to room temperature. The organic layer was then separated, dried 

(MgSO4), and solvent removed. The residue was purified by column chromatography to give the 

product as a yellow solid (1.43 g, 3.78 mmol, 38%). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.40 (m, 2H, 

H3), 7.35 – 7.29 (m, 6H, H1 H2 H4), 6.61 (d, J = 7.7 Hz, 1H, H7), 5.30 (d, J = 7.7 Hz, 1H, H8). 13C NMR 

(101 MHz, CDCl3) δ 135.8 (C6), 133.5 (C5), 130.5 (C3), 130.0 (C2), 128.7 (C4), 127.1 (C1), 119.2 (q, J = 

321.0 Hz, C9), 57.3 (C7). 19F NMR (376 MHz, CDCl3) δ -76.80 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for 

C14H9Cl2F3NO2S -; 381.9689, found 381.9690, Δ= 0.3 ppm. 

Data in accordance with literature.288 

 

Bis(3-bromophenyl)methanone 

 

1,3-dibromobenzene (4.83 mL, 40 mmol) was diluted in THF (140 mL) and cooled to -20 °C. iPrMgCl.LiCl 

solution (1.3 M in THF, 31 mL, 40 mmol) was added dropwise over the course of 10 minutes. The 

solution was stirred at -20 °C for 30 minutes, then allowed to warm to room temperature over 16 

hours. The solution was cooled back to -20 °C and ethyl formate (1.77 mL, 22 mmol) was added 

dropwise. The solution was warmed to -10 °C and stirred for 2 hours, then allowed to warm to room 

temperature over 16 hours. Ammonium chloride solution (sat., 40 mL) was added, and the solution 

concentrated under reduced pressure. CH2Cl2 (100 mL) and water (100 mL) were added, and the 

organic layer separated, dried (MgSO4), and solvent removed to yield the crude bis(3-

bromophenyl)methanol. This crude material was dissolved in CH2Cl2 (200 mL), and activated 

manganese dioxide (34.8 g, 400 mmol) added. The mixture was stirred at reflux for 16 hours, and then 
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the mixture filtered through a celite pad. The solvent was removed, and the crude purified by column 

chromatography (0-5% EtOAc:petrol) to yield the product as a white solid (1.87 g, 5.45 mmol, 27%). 

1H NMR (400 MHz, CDCl3) δ 7.95 (t, J = 1.8 Hz, 2H, H4), 7.76 (ddd, J = 8.0, 2.1, 1.1 Hz, 2H, H2), 7.71 (dt, 

J = 7.7, 1.3 Hz, 2H, H6), 7.40 (t, J = 7.9 Hz, 2H, H1). 13C NMR (101 MHz, CDCl3) δ 193.6 (C7), 138.8 (C5), 

135.7 (C2), 132.7 (C4), 130.0 (C1), 128.5 (C6), 122.8 (C3). 

Data in accordance with literature.234 

 

Bis(3-bromophenyl)methanamine 

 

Bis(3-bromophenyl)methanone (1.7 g, 5 mmol) was dissolved in formamide (5 mL), and formic acid 

(0.24 mL, 6.25 mmol) was added. The solution was heated to 170 °C for 16 hours with a condenser 

attached. The solution was then allowed to cool to room temperature and EtOAc (50 mL) and brine 

solution (50 mL) were added. The organic layer was separated, washed with brine solution (2 x 50 mL), 

dried (MgSO4) and solvent removed to yield crude N-(bis(3-bromophenyl)methyl)formamide as a 

white solid, which was taken into the next step without purification. The crude residue was dissolved 

in methanol (25 mL), and HCl solution (conc., 2.5 mL) was added. The solution was heated at 50 °C for 

two hours, then cooled to room temperature and NaOH solution (2.5 M) added until the pH > 7. The 

solution was partially concentrated under reduced pressure, then CH2Cl2 (100 mL) added, and the 

layers separated. The aqueous layer was extracted further with CH2Cl2 (100 mL), then the organic 

layers combined, dried (MgSO4) and solvent removed to yield the crude product. The crude was 

purified by column chromatography (0-50% EtOAc:petrol) to yield the product as a yellow oil (1.29 g, 

3.8 mmol, 76%). 1H NMR (400 MHz, CDCl3) δ 7.54 (t, J = 1.9 Hz, 2H, H4), 7.37 (ddd, J = 7.8, 2.0, 1.1 Hz, 

2H, H2), 7.30 – 7.26 (m, 2H, H6), 7.18 (t, J = 7.8 Hz, 2H, H1), 5.13 (s, 1H, H7), 1.47 (s, 2H, H8). 13C NMR 

(101 MHz, CDCl3) δ 147.1 (C5), 130.4 (C2), 130.2 (C1), 129.9 (C4), 125.5 (C6), 122.7 (C3), 58.9 (C7). 

Data in accordance with literature.234 
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N-(bis(3-bromophenyl)methyl)-1,1,1-trifluoromethanesulfonamide 

 

Bis(3-bromophenyl)methanamine (1.02 g, 3 mmol) was diluted in CH2Cl2 (40 mL), and cooled to -78 °C. 

Triflic anhydride (0.54 mL, 3.15 mmol) was added slowly, then triethylamine (0.44 mL, 3.15 mmol) 

added dropwise. The mixture was stirred at -78 °C for 2 hours, then water (50 mL) was added and 

allowed to warm to room temperature. The organic layer was then separated, dried (MgSO4), and 

solvent removed. The residue was purified by column chromatography to give the product as a 

colourless oil, which solidified to a yellow solid upon standing (1.44 g, 3.0 mmol, 61%). 1H NMR (500 

MHz, CDCl3) δ 7.52 (ddd, J = 8.0, 2.0, 1.1 Hz, 2H, H2), 7.40 (t, J = 1.9 Hz, 2H, H4), 7.30 (t, J = 7.9 Hz, 2H, 

H1), 7.21 (dt, J = 7.8, 1.4 Hz, 2H, H6), 5.88 (s, 1H, H8), 5.81 (s, 1H, H7). 13C NMR (126 MHz, CDCl3) δ 

141.1 (C5), 131.9 (C2), 130.8 (C1), 130.2 (C4), 125.7 (C6), 123.3 (C3), 119.3 (q, J = 321.0 Hz, C9), 61.3 

(C7). 19F NMR (471 MHz, CDCl3) δ -78.06 (F9). HRMS (FTMS -p NSI) [M-H]- calcd for C14H9Br2F3NO2S-; 

469.8678, found 469.8676, Δ= 0.4 ppm. 

 

2,6-dichloro-2'-methoxy-1,1'-biphenyl 

 

2,6-dichlorobromobenzene (2.25 g, 10 mmol), 2-methoxyphenylboronic acid (1.6 g, 11 mmol), 

palladium acetate (44 mg, 0.2 mmol), SPhos (164 mg, 0.4 mmol) and K3PO4.H2O (6.9 g, 30 mmol) were 

combined, and placed under a nitrogen atmosphere. THF:H2O (19:1, 50 mL) was added, and the 

solution stirred at room temperature for 16 hours. Once the reaction was complete, the solvent was 

removed under reduced pressure, and CHCl3 (50 mL) and HCl solution (3 M, 50 mL) were added. The 

layers were separated, and the aqueous layer extracted with CHCl3 (50 mL). The organic layers were 

combined, dried (MgSO4) and solvent removed. The residue was purified by column chromatography 

(0-10% EtOAc:petrol) to yield the product as an off-white solid (1.24 g, 4.9 mmol, 49%). 1H NMR (400 

MHz, CDCl3) δ 7.46 (d, J = 7.8 Hz, 1H, H8), 7.42 (d, J = 8.2 Hz, 2H, H2), 7.25 (t, J = 8.1 Hz, 1H, H3), 7.16 
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(d, J = 7.5 Hz, 1H, H6), 7.09 (t, J = 7.8 Hz, 1H, H7), 7.05 (d, J = 8.3 Hz, 1H, H9), 3.81 (s, 3H, H11). 13C NMR 

(101 MHz, CDCl3) δ 156.7 (C10), 136.7 (C4), 135.6 (C1), 130.8 (C6), 129.9 (C8), 128.9 (C3), 127.7 (C2), 

126.1 (C5), 120.5 (C7), 111.2 (C9), 55.8 (C11). 

Data in accordance with literature.289 

 

2',6'-dichloro-[1,1'-biphenyl]-2-ol 

 

2,6-dichloro-2'-methoxy-1,1'-biphenyl (759 mg, 3 mmol) was dissolved in CH2Cl2 (25 mL) and the 

solution was cooled to -78 °C. BBr3 solution (1 M in CH2Cl2, 4.5 mL, 4.5 mmol) was added dropwise, 

and the solution warmed to 0 °C and stirred for 1 hour, followed by stirring at room temperature 1 

hour. Water was added (20 mL), and then stirred for 16 hours. The layers were separated, and the 

organic layer dried (MgSO4), and solvent removed. The crude was purified by column chromatography 

(0-15% EtOAc:petrol) to yield the product as a white solid (491 mg, 2.05 mmol, 68%). 1H NMR (400 

MHz, CDCl3) δ 7.46 (d, J = 8.3 Hz, 2H, H2), 7.36 (ddd, J = 8.2, 7.3, 1.8 Hz, 1H, H8), 7.30 (dd, J = 8.6, 7.5 

Hz, 1H, H3), 7.12 (dd, J = 7.6, 1.8 Hz, 1H, H6), 7.05 (td, J = 7.4, 1.1 Hz, 1H, H7), 7.00 (dd, J = 8.1, 1.1 Hz, 

1H, H9), 4.62 (s, 1H, H11). 13C NMR (101 MHz, CDCl3) δ 152.4 (C10), 136.1 (C1), 134.7 (C4), 130.6 (C6), 

130.2 (C8), 130.0 (C3), 128.3 (C2), 123.7 (C5), 120.8 (C7), 115.9 (C9). HRMS (FTMS +p NSI) [M]+ calcd 

for C12H8Cl2O+; 237.9947, found 237.9949, Δ= 0.8 ppm. 

 

ii. Asymmetric desymmetrisation reactions using enantiopure sSPhos 

General procedure F 

 

Protected benzhydrylamide (0.1 mmol), (4-ethoxycarbonyl)phenylboronic acid (29.1 mg, 0.15 mmol), 

palladium acetate (1.1 mg, 0.005 mmol), ligand (0.01 mmol) and K3PO4 (63 mg, 0.3 mmol) were placed 
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in a 4 mL microwave vial and sealed. The vial was placed under a nitrogen atmosphere (through 

sequential vacuum-nitrogen cycles), then THF:H2O (19:1, 0.5 mL) added. The vial was then heated with 

stirring at 40 °C for 16 hours, after which the vial was opened, and solvent removed under a stream 

of air. CDCl3 (0.5 mL, containing 3 mg of 1,2-dimethoxyethane as internal standard) and HCl solution 

(3 M, 2 mL) were added, and layers separated. The aqueous layer was extracted with CDCl3 (1 mL), 

and the combined organic layers filtered through MgSO4. The crude was analysed at this point by NMR 

and chiral-SFC (if applicable). The mono-coupled product was isolated by column chromatography. 

 

Ethyl 3'-((3-chlorophenyl)((trifluoromethyl)sulfonamido)methyl)-[1,1'-biphenyl]-4-carboxylate 

 

Reaction using (±)-sSPhos: General procedure F was performed as described with N-(bis(3-

chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (38.4 mg, 0.1 mmol), (±)-sSPhos (5.1 mg, 

0.01 mmol), and with THF solvent instead of THF:H2O (19:1). The crude was purified by column 

chromatography (0-20% EtOAc:petrol) to yield the product as a white residue (7.3 mg, 0.015 mmol, 

15%). 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 8.6 Hz, 2H, H16), 7.59 (dt, J = 7.7, 1.4 Hz, 1H, H2), 7.56 – 

7.51 (m, 3H, H4 H15), 7.48 (t, J = 7.7 Hz, 1H, H1), 7.38 – 7.30 (m, 3H, H9 H11 H12), 7.30 – 7.18 (m, 2H, 

H6 H13), 6.51 (d, J = 9.1 Hz, 1H, H21), 5.93 (d, J = 9.0 Hz, 1H, H7), 4.34 (q, J = 7.1 Hz, 2H, H19), 1.37 (t, 

J = 7.1 Hz, 3H, H20). 13C NMR (101 MHz, CDCl3) δ 166.7 (C18), 144.7 (C14), 141.7 (C8), 141.0 (C3), 139.9 

(C5), 135.0 (C10), 130.3 (C12), 130.1 (C16), 129.7 (C1), 129.4 (C17), 128.6 (C9), 127.5 (C11), 127.4 (C2), 

127.0 (C15), 127.0 (C6), 125.9 (C4), 125.4 (C13), 119.5 (q, J = 321.1 Hz, C22), 61.8 (C7), 61.3 (C19), 14.2 

(C20). 19F NMR (376 MHz, CDCl3) δ -78.12 (F22). HRMS (FTMS +p NSI) [M+H]+ calcd for C23H20ClF3NO4S+; 

498.0748, found 498.0740, Δ= 1.6 ppm. Separation of the enantiomers was observed by chiral SFC 

(CHIRALPAK IE, 95:5 CO2:MeOH, 2.5 mL/min, 10.93 min, 12.20 min). 

Reaction using (S)-sSPhos: General procedure F was performed as described with N-(bis(3-

chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (38.4 mg, 0.1 mmol) and (S)-sSPhos (5.1 
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mg, 0.01 mmol). Analysis of the crude gave a 47% NMR yield of the mono-coupled product, and 53% 

of the di-coupled product. The crude was purified by column chromatography (0-20% EtOAc:petrol) 

to yield the mono-coupled product as a white residue (19.6 mg, 0.039 mmol, 39%, 79% ee). NMR data 

matched the racemic sample. Sample ee was determined by chiral SFC (CHIRALPAK IE, 95:5 CO2:MeOH, 

10.93 min [major], 12.20 min [major]). [𝜶]𝑫
𝟐𝟓= -3.2° (79% ee, c 1.26, CHCl3). 

 

Diethyl 3',3'''-(((trifluoromethyl)sulfonamido)methylene)bis([1,1'-biphenyl]-4-carboxylate) 

 

Di-coupled product isolated from the above reaction (with (±)-sSPhos) as a white residue (6.1 mg, 0.01 

mmol, 10%). 1H NMR (400 MHz, CDCl3) δ 8.03 (dt, J = 8.5, 2.0 Hz, 4H, H10), 7.63 – 7.54 (m, 4H, H2 H4), 

7.54 (dt, J = 8.6, 1.7 Hz, 4H, H9), 7.48 (t, J = 8.0 Hz, 2H, H1), 7.32 (dt, J = 7.9, 1.4 Hz, 2H, H6), 6.60 (d, J 

= 8.6 Hz, 1H, H15), 6.04 (d, J = 6.8 Hz, 1H, H7), 4.33 (q, J = 7.1 Hz, 4H, H13), 1.36 (t, J = 7.1 Hz, 6H, H14). 

13C NMR (101 MHz, CDCl3) δ 166.6 (C12), 144.7 (C8), 140.9 (C3), 140.4 (C5), 130.1 (C10), 129.6 (C1), 

129.5 (C11), 127.3 (C2), 127.1 (C6), 127.0 (C9), 126.0 (C4), 119.6 (q, J = 321.3 Hz, C16), 62.3 (C7), 61.2 

(C13), 14.3 (C14). 19F NMR (376 MHz, CDCl3) δ -78.06 (F16). HRMS (FTMS +p NSI) [M+NH4]+ calcd for 

C32H32F3N2O6S+; 629.1928, found 629.1921, Δ= 1.1 ppm.  
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Ethyl 3'-((3-chlorophenyl)((4-nitrophenyl)sulfonamido)methyl)-[1,1'-biphenyl]-4-carboxylate 

 

Reaction using SPhos: General procedure F was performed with N-(bis(3-chlorophenyl)methyl)-4-

nitrobenzenesulfonamide (43.7 mg, 0.1 mmol) and SPhos (4.1 mg, 0.01 mmol). The crude was purified 

by column chromatography (0-40% EtOAc:petrol) to yield the product as a yellow residue (12.2 mg, 

0.028 mmol, 28%). 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 7.8 Hz, 2H, H18), 8.08 (d, J = 7.4 Hz, 2H, 

H10), 7.78 (dt, J = 8.7, 2.4, 2.0 Hz, 2H, H17), 7.53 – 7.43 (m, 3H, H2 H9), 7.35 (t, J = 7.7 Hz, 1H, H1), 7.29 

(t, J = 1.9 Hz, 1H, H4), 7.23 – 7.19 (m, 2H, H23 H24), 7.14 – 7.05 (m, 3H, H6 H21 H25), 5.78 (d, J = 7.2 

Hz, 1H, H7), 5.41 (d, J = 7.2 Hz, 1H, H15), 4.40 (q, J = 7.1 Hz, 2H, H13), 1.42 (t, J = 7.1 Hz, 3H, H14). 13C 

NMR (101 MHz, CDCl3) δ 166.3 (C12), 149.8 (C19), 146.0 (C16), 144.2 (C8), 141.1 (C20), 140.9 (C3), 

139.5 (C5), 134.8 (C22), 130.2 (C10 C23), 129.8 (C24), 129.6 (C1), 128.4 (C11), 128.2 (C17), 127.5 (C25), 

127.2 (C2), 127.0 (C6), 126.8 (C9), 126.2 (C4), 125.6 (C21), 123.9 (C18), 61.2 (C7), 61.1 (C13), 14.3 (C14). 

HRMS (FTMS -p NSI) [M-H]- calcd for C28H22ClN2O6S-; 549.0893, found 549.0899, Δ= 1.1 ppm. 

Separation of the enantiomers was observed by chiral SFC (CHRIALPAK IE, 75:25 CO2:MeOH, 2.5 

mL/min, 6.70 min, 7.27 min). 

Reaction using (S)-sSPhos: General procedure F was performed with N-(bis(3-chlorophenyl)methyl)-

4-nitrobenzenesulfonamide (43.7 mg, 0.1 mmol) and (S)-sSPhos (5.1 mg, 0.01 mmol). Analysis of the 

crude showed a 44% NMR yield of the mono-coupled product, and 5% of the di-coupled compound 

(tentatively assigned by the benzylic peak, by analogy with 102). Crude analysis of the mono-coupled 

product by chiral SFC gave 53% ee (CHRIALPAK IE, 75:25 CO2:MeOH, 2.5 mL/min, 6.70 min [major], 

7.27 min [minor]). 
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Ethyl 5'-((3-chloro-4-methylphenyl)((trifluoromethyl)sulfonamido)methyl)-2'-methyl-[1,1'-biphenyl]-

4-carboxylate 

 

Reaction using SPhos: General procedure F was performed with N-(bis(3-chloro-4-

methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide (41.2 mg, 0.1 mmol) and SPhos (4.1 mg, 

0.01 mmol). The crude was purified by column chromatography (0-20% EtOAc:petrol) to yield the 

product as a white residue (16.3 mg, 0.031 mmol, 31%). 1H NMR (400 MHz, CDCl3) δ 8.05 (dt, J = 8.4, 

1.8 Hz, 2H, H16), 7.32 (dt, J = 8.4, 1.9 Hz, 2H, H15), 7.29 (d, J = 8.0 Hz, 1H, H1), 7.26 (s, 1H, H4), 7.23 

(d, J = 7.8 Hz, 1H, H12), 7.15 (dd, J = 7.9, 2.1 Hz, 1H, H6), 7.13 – 7.06 (m, 2H, H9 H13), 5.95 (d, J = 8.9 

Hz, 1H, H23), 5.82 (d, J = 8.8 Hz, 1H, H7), 4.37 (q, J = 7.1 Hz, 2H, H19), 2.36 (s, 3H, H21), 2.25 (s, 3H, 

H22), 1.39 (t, J = 7.1 Hz, 3H, H20). 13C NMR (101 MHz, CDCl3) δ 166.6 (C18), 145.8 (C14), 141.6 (C3), 

139.0 (C8), 137.0 (C5), 136.3 (C11), 135.8 (C2), 134.9 (C10), 131.4 (C12), 131.2 (C1), 129.5 (C16), 129.2 

(C17), 129.1 (C15), 128.1 (C9), 127.7 (C4), 126.5 (C6), 125.3 (C13), 119.4 (q, J = 321.0 Hz, C24), 61.4 

(C7), 61.2 (C19), 20.1 (C22), 19.7 (C21), 14.3 (C20). 19F NMR (376 MHz, CDCl3) δ -77.12 (F24). HRMS 

(FTMS -p NSI) [M-H]- calcd for C25H22ClF3NO4S-; 524.0916, found 524.0919, Δ= 0.6 ppm. Separation of 

the enantiomers was observed by chiral SFC (CHIRALPAK IE, 92:08 CO2:MeOH, 2.5 mL/min, 4.84 min, 

5.47 min). 

Reaction using (S)-sSPhos: General procedure F was performed with N-(bis(3-chloro-4-

methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide (41.2 mg, 0.1 mmol) and (S)-sSPhos (5.1 

mg, 0.01 mmol). Analysis of the crude reaction gave a 55% NMR yield of the mono-coupled product 

along with 45% NMR yield of the di-coupled compound (tentatively assigned by the benzylic peak, by 

analogy with 102). The crude was purified by column chromatography (0-20% EtOAc:petrol) to yield 

the product as a white residue (26.7 mg, 0.051 mmol, 51%, 93% ee). NMR data corresponded with the 

racemic sample. Sample ee was determined by chiral SFC (CHIRALPAK IE, 92:08 CO2:MeOH, 2.5 

mL/min, 4.84 min [major], 5.47 min [minor]). [𝜶]𝑫
𝟐𝟓= -2.9° (93% ee, c 1.81, CHCl3).  
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Ethyl 3'-((5-chloro-2-methylphenyl)((trifluoromethyl)sulfonamido)methyl)-4'-methyl-[1,1'-biphenyl]-

4-carboxylate 

 

Reaction using SPhos: General procedure F was performed with N-(bis(5-chloro-2-

methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide (41.2 mg, 0.1 mmol) and SPhos (4.1 mg, 

0.01 mmol). The crude was purified by column chromatography (0-20% EtOAc:petrol) to yield the 

product as a colourless residue (14.6 mg, 0.028 mmol, 28%). 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 

8.3 Hz, 2H, H16), 7.57 – 7.45 (m, 4H, H2 H4 H15), 7.31 (d, J = 7.8 Hz, 1H, H1), 7.23 (dd, J = 8.1, 2.2 Hz, 

1H , H11), 7.21 – 7.12 (m, 2H, H9 H12), 6.21 (d, J = 8.4 Hz, 1H, H7), 6.10 (d, J = 8.4 Hz, 1H, H23), 4.29 

(q, J = 7.1 Hz, 2H, H19), 2.36 (s, 3H, H22), 2.34 (s, 3H, H21), 1.35 (t, J = 7.1 Hz, 3H, H20). 13C NMR (101 

MHz, CDCl3) δ 166.8 (C18), 144.8 (C14), 138.9 (C13), 138.2 (C3), 137.2 (C5), 135.7 (C6), 134.4 (C8), 

132.5 (C12), 132.2 (C10), 131.9 (C1), 130.2 (C16), 129.1 (C17), 128.6 (C11), 127.3 (C2), 127.1 (C9), 126.7 

(C15), 125.4 (C4), 119.2 (q, J = 303.8 Hz, C24), 61.2 (C19), 56.3 (C7), 18.8 (C21), 18.7 (C22), 14.2 (C20). 

19F NMR (376 MHz, CDCl3) δ -76.86 (F24). HRMS (FTMS -p NSI) [M-H]- calcd for C25H22ClF3NO4S; 

524.0916, found 524.0914, Δ= 0.4 ppm. Separation of the enantiomers was observed by chiral SFC 

(CHIRALPAK IH, 92:8 CO2:MeOH, 2.5 mL/min, 9.37 min, 13.91 min). 

Reaction using (S)-sSPhos: General procedure F was performed with N-(bis(5-chloro-2-

methylphenyl)methyl)-1,1,1-trifluoromethanesulfonamide (41.2 mg, 0.1 mmol) and (S)-sSPhos (5.1 

mg, 0.01 mmol). Analysis of the crude showed a 26% NMR yield of the mono-coupled product, and 

3% of the di-coupled compound (tentatively assigned by the benzylic peak, by analogy with 102). 

Crude analysis of the mono-coupled product by chiral SFC gave 21% ee (CHIRALPAK IH, 92:8 

CO2:MeOH, 2.5 mL/min, 9.37 min [minor], 13.91 min [major]).  
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Diethyl 5'-((5-chloro-4'-(ethoxycarbonyl)-[1,1'-biphenyl]-3-yl)((trifluoromethyl)sulfonamido)methyl)-

[1,1':3',1''-terphenyl]-4,4''-dicarboxylate 

 

Reaction using SPhos: General procedure F was performed with diethyl 5',5'''-

(((trifluoromethyl)sulfonamido)methylene)bis(3'-chloro-[1,1'-biphenyl]-4-carboxylate) (68.1 mg, 0.1 

mmol), SPhos (4.1 mg, 0.01 mmol) and K3PO4.H2O (69 mg, 0.3 mmol) instead of K3PO4. The product 

was purified by column chromatography (0-30% EtOAc:petrol) to yield the product as a colourless 

residue (4.1 mg, 0.005 mmol, 5%). 1H NMR (500 MHz, CDCl3) δ 8.10 (dt, J = 8.4, 1.9 Hz, 4H, H14), 8.07 

(dt, J = 8.4, 1.9 Hz, 2H, H21), 7.82 (t, J = 1.7 Hz, 1H, H1), 7.63 (dt, J = 8.8, 1.7 Hz, 4H, H13), 7.59 (t, J = 

1.7 Hz, 1H, H9), 7.58 – 7.54 (m, 4H, H3 H20), 7.54 (t, J = 1.8 Hz, 1H, H11), 7.36 (t, J = 1.5 Hz, 1H, H7), 

6.82 (s, 1H, H26), 6.08 (d, J = 9.0 Hz, 1H, H5), 4.38 (q, J = 7.1 Hz, 4H, H17), 4.37 (q, J = 7.1 Hz, 2H, H24), 

1.39 (t, J = 7.1 Hz, 6H, H18), 1.38 (t, J = 7.1 Hz, 3H, H25). 13C NMR (126 MHz, CDCl3) δ 166.4 (C16), 166.3 

(C23), 144.3 (C12), 143.2 (C19), 142.7 (C10), 142.1 (C6), 141.9 (C2), 140.6 (C4), 135.7 (C8), 130.3 (C21), 

130.2 (C14), 130.2 (C22), 129.9 (C15), 127.6 (C9), 127.2 (C13), 127.0 (C20), 126.8 (C7), 126.7 (C1), 125.6 

(C3), 124.3 (C11), 119.5 (q, J = 323.3 Hz, C27), 61.9 (C5), 61.3 (C24), 61.2 (C17), 14.3 (C18), 14.3 (C25). 

19F NMR (471 MHz, CDCl3) δ -78.00 (F27). HRMS (FTMS -p NSI) [M-H]- calcd for C41H34ClF3NO8S-; 

792.1651, found 792.1650, Δ= 0.1 ppm. Separation of the enantiomers was observed by chiral SFC 

(CHIRALPAK IH, 80:20 CO2:MeOH, 2.5 mL/min, 4.58 min, 5.51 min). 

Reaction using (S)-sSPhos: General procedure F was performed with diethyl 5',5'''-

(((trifluoromethyl)sulfonamido)methylene)bis(3'-chloro-[1,1'-biphenyl]-4-carboxylate) (68.1 mg, 0.1 

mmol), (S)-sSPhos (5.1 mg, 0.01 mmol) and K3PO4.H2O (69 mg, 0.3 mmol) instead of K3PO4. Analysis of 

the crude showed a 21% NMR yield of the mono-coupled product. Crude analysis of the mono-coupled 

product by chiral SFC gave 54% ee (CHIRALPAK IH, 80:20 CO2:MeOH, 2.5 mL/min, 4.58 min [minor], 

5.51 min [major]). 
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Ethyl 4'-((4-chlorophenyl)((trifluoromethyl)sulfonamido)methyl)-[1,1'-biphenyl]-4-carboxylate 

 

Reaction using SPhos: General procedure F was performed as described with N-(bis(3-

chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (38.4 mg, 0.1 mmol) and SPhos (4.1 mg, 

0.01 mmol). The crude was purified by column chromatography (0-20% EtOAc:petrol) to yield the 

product as a colourless residue (16.8 mg, 0.034 mmol, 34%). 1H NMR (400 MHz, CDCl3) δ 8.05 (dt, J = 

8.5, 2.0 Hz, 2H, H2), 7.60 (dd, J = 8.6, 1.0 Hz, 4H, H3 H6), 7.38 (dt, J = 8.5, 2.5, 2.0 Hz, 2H, H12), 7.32 (d, 

J = 8.1 Hz, 2H, H7), 7.25 (d, J = 8.1 Hz, 2H, H11), 6.16 (s, 1H, H14), 5.91 (s, 1H, H9), 4.39 (q, J = 7.1 Hz, 

2H, H17), 1.41 (t, J = 7.1 Hz, 3H, H18). 13C NMR (101 MHz, CDCl3) δ 166.6 (C16), 144.3 (C4), 140.2 (C5), 

139.1 (C8), 138.0 (C10), 134.4 (C13), 130.1 (C2), 129.5 (C1), 129.2 (C12), 128.6 (C11), 127.9 (C6), 127.8 

(C7), 126.9 (C3), 119.4 (q, J = 321.0 Hz, C15), 61.5 (C9), 61.2 (C17), 14.3 (C18). 19F NMR (376 MHz, 

CDCl3) δ -77.16 (F15). HRMS (FTMS -p NSI) [M-H]- calcd for C23H18ClF3NO4S -; 496.0603, found 496.0607, 

Δ= 0.8 ppm. Separation of the enantiomers was observed by chiral SFC (CHIRALPAK IE, 92:8 

CO2:MeOH, 2.5 mL/min, 10.32 min, 13.23 min). 

Reaction using (S)-sSPhos: General procedure F was performed as described with N-(bis(3-

chlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (38.4 mg, 0.1 mmol) and (S)-sSPhos (5.1 

mg, 0.01 mmol). Analysis of the crude showed a 45% NMR yield of the mono-coupled product, and 

45% of the di-coupled compound (tentatively assigned by the benzylic peak, by analogy with 102). 

Crude analysis of the mono-coupled product by chiral SFC gave 12% ee (CHIRALPAK IE, 92:8 

CO2:MeOH, 2.5 mL/min, 10.32 min [major], 13.23 min [minor]). 
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Ethyl 2'-chloro-5'-((3,4-dichlorophenyl)((trifluoromethyl)sulfonamido)methyl)-[1,1'-biphenyl]-4-

carboxylate 

 

Reaction using (±)-sSPhos: General procedure F was performed as described with N-(bis(3,4-

dichlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (45.3 mg, 0.1 mmol), (±)-sSPhos (5.1 mg, 

0.01 mmol) and K3PO4.H2O (69 mg, 0.3 mmol) instead of K3PO4. The crude was purified by column 

chromatography (0-20% EtOAc:petrol) to yield the product as a white solid (19.8 mg, 0.035 mmol, 

35%). 1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.3 Hz, 2H, H16), 7.51 (d, J = 8.3 Hz, 1H, H1), 7.47 (d, J = 

8.4 Hz, 1H, H12), 7.43 – 7.38 (m, 3H, H9 H15), 7.28 (d, J = 2.4 Hz, 1H, H4), 7.20 (dd, J = 8.3, 2.3 Hz, 1H, 

H6), 7.16 (dd, J = 8.3, 2.2 Hz, 1H, H13), 6.77 (d, J = 8.6 Hz, 1H, H21), 5.86 (d, J = 7.6 Hz, 1H, H7), 4.32 

(q, J = 7.1 Hz, 2H, H19), 1.37 (t, J = 7.1 Hz, 3H, H20). 13C NMR (101 MHz, CDCl3) δ 166.8 (C18), 143.1 

(C14), 140.4 (C3), 139.5 (C8), 137.9 (C5), 133.4 (C10), 133.0 (C11), 132.9 (C2), 131.1 (C12), 130.9 (C1), 

129.6 (17), 129.5 (C4), 129.4 (C15), 129.4 (C16), 129.1 (C9), 128.0 (C6), 126.5 (C13), 119.4 (q, J = 321.0 

Hz, C22), 61.5 (C19), 60.7 (C7), 14.2 (C20). 19F NMR (376 MHz, CDCl3) δ -77.16 (F22). HRMS (FTMS -p 

NSI) [M-H]- calcd for C23H16Cl3F3NO4S-; 563.9823, found 563.9827, Δ= 0.7 ppm. Separation of the 

enantiomers was observed by chiral SFC (CHIRALPAK IG, 94:6 CO2:MeOH, 2.5 mL/min, 7.56 min, 8.55 

min). 

Reaction using (R)-sSPhos: General procedure F was performed as described with N-(bis(3,4-

dichlorophenyl)methyl)-1,1,1-trifluoromethanesulfonamide (45.3 mg, 0.1 mmol), (R)-sSPhos (5.1 mg, 

0.01 mmol) and K3PO4.H2O (69 mg, 0.3 mmol) instead of K3PO4. Analysis of the crude showed a 48% 

NMR yield of the mono-coupled product, and 33% of the di-coupled compound (tentatively assigned 

by the benzylic peak, by analogy with 102). The crude was purified by column chromatography (0-20% 

EtOAc:petrol) to afford the mono-coupled product as a colourless residue (25.5 mg, 0.045 mmol, 45%, 

78% ee). Sample ee was determined by chiral SFC (CHIRALPAK IG, 94:6 CO2:MeOH, 2.5 mL/min, 7.56 

min [minor], 8.55 min [major]). [𝜶]𝑫
𝟐𝟓= -1.5° (78% ee, c 1.89, CHCl3). 


