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i. Abstract 

 

Boronic esters are highly versatile reagents with widespread application in synthetic organic chemistry, 

due to their ability to be transformed into a variety of functional groups with complete stereocontrol. 

Consequently, it is unsurprising that a range of methods have been developed to introduce boronic esters 

in organic compounds. Recent work in the Aggarwal group has shown the utility of radical additions to 

vinyl boronic esters for the synthesis of alkyl boronic esters under photoredox conditions.  

In this work, the development of an organo-photocatalysed dicarbofunctionalisation reaction via a 

radical addition-polar cyclisation cascade pathway was developed. The reaction utilises readily available 

carboxylic acids and vinyl boronic esters which, under photoredox conditions react to form 

functionalised cyclopropyl boronic esters (Scheme A). The reaction was demonstrated to be amenable 

to a broad range of carboxylic acids, providing a convenient method for the synthesis of structurally 

diverse cyclopropyl boronic in yields of 55-99% (Scheme B). 

 

 

Scheme A) General reaction conditions. B) Examples of the cyclopropyl products. 

 

Furthermore, a regioselective Pd-catalysed hydroboration of alkynes was developed for the efficient and 

scalable synthesis of 1,1-disubstituted vinyl boronic esters (Scheme C), allowing easy access to 

substrates for the organo-photocatalysed dicarbofunctionalisation reaction and other purposes. 

 

 

Scheme C) General reaction conditions. 
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1.0 Introduction  

 

1.1 Importance of Boronic Esters 

 

Boronic esters are highly versatile reagents with widespread application in synthetic organic chemistry 

due to their ability to be transformed into a variety of functional groups with complete stereocontrol.1  

A variety of methods have been developed to form C‒heteroatom, C‒C and C‒H bonds from 

enantioenriched boronic esters.1 Alcohols, amines, halides, olefins, alkynes and other functional groups 

can all be introduced stereospecifically into natural products and biologically active compounds, 

underlining the importance of boronic esters in organic synthesis (Scheme 1). 

 

Scheme 1. Summary of typical transformations of boronic esters. Clockwise from top: oxidation,2 

protodeboronation (benzylic),3 alkynylation,4 olefination,5 lithiation-borylation,6 amination,7 Matteson 

homologation,8 aromatic coupling,9 fluorination.10  

 

Furthermore, boronic esters can be hydrolysed to boronic acids, these are bioisosteres of carboxylic 

acids. This makes boronic acids biogically and synthetically valuable. For example, the ability to 

synthesise γ-amino boronic acids could be applied to making novel agonists for γ-amino butyric acid 

(GABA) receptors.11 Consequently, it is unsurprising that a range of methods have been developed to 

introduce boronic esters into organic compounds. 
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1.2 Synthesis of Vinyl Boronic Esters  

 

In general, boronic esters are commonly accessed via lithiation-borylation,6 hydroboration (via 

boranes),12 diboration,13 CH activation (for the synthesis of aryl boronic esters)14 and Miyaura 

borylation.15,16 However, accessing vinyl boronic esters is more challenging, thus, only a few methods 

have been developed to synthesise these. Even fewer methods have been established to generate them 

from vinyl halides or terminal alkynes, which are discussed in detail as follows. 

In 2002, Miyaura and co-workers developed a Pd-catalysed cross-coupling reaction of B2pin2 with 1-

alkenyl halides or triflates to form cyclic and non-cyclic vinyl boronic esters (Scheme 2a).16 Herein the 

1-alkenyl halide adds oxidatively to the Pd0 (1) to form the 1-alkenylpalladium(II) halide (2). The 

complex 2 then undergoes ligand exchange with KOPh to form and 1-alkenylpalladium(II) phenoxide 

(3), which undergoes transmetalation with B2pin2 to form the phenoxy-Bpin adduct and a 1-

alkenyl(boryl)palladium(II) species (4). The species 4 then undergoes reductive elimination to reform 

Pd0 (1) and afford the vinyl boronic ester as the product (Scheme 2b). In some cases side products are 

observable, such as Heck coupling products, homo-coupling products and regioisomers.16 

 

Scheme 2. Pd-catalysed cross-coupling reaction of B2pin2 with 1-alkenyl halides or triflates by Miyaura and co-

workers. a) General reaction conditions for the coupling. b) Proposed mechanism for the cross-coupling (ligands 

omitted for clarity).  
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In 2004, Grubbs and co-workers reported an alternative method to generate vinyl boronic esters from 

vinyl halides.17 In this method the vinyl iodide 5 reacts with nBuLi to undergo halogen-metal exchange. 

The vinyl lithium species 6 is then trapped with iPrOBpin to form the vinyl boronic ester 7 as the product 

(Scheme 3). 

 

Scheme 3. General reaction conditions for the transformation of vinyl iodides to vinyl boronic esters by Grubbs 

and co-workers.  

 

Methods by the groups of Hoveyda in 2010 and Prabhu in 2016 utilised alkynes to afford α-substituted 

vinyl boronic esters.18,19 Hoveyda reported an α-selective, Ni-catalysed hydroalumination, where the 

intermediate vinyl aluminium species is subsequently trapped with MeOBpin, to afford the α-substituted 

vinyl boronic ester as the major regioisomer. First DIBAL‒H adds to alkyne 8, so that DIBAL is the α-

substituent. Ni-complexes were used to enhance hydrometalation rates, with the dppp-ligand promoting 

the α-selectivity of the addition. The resulting complex 9 is then trapped by MeOBpin to form the α-

substituted vinyl boronic ester 10 (Scheme 4). This method also tolerates adjacent alcohols and silyl 

protecting groups. Although, the method promises an α-selectivity of greater than 19:1 and works with 

commercially available metal complexes (DIBAL‒H and Ni(dppp)Cl2), it is a method that requires two 

metal complexes and three equivalents of MeOBpin in two steps over two days. 

 

Scheme 4. General reaction conditions for the Ni-catalysed hydroalumination by Hoveyda and co-workers. 

 

Prabhu uses a ligand controlled Pd-catalysed hydroboration to regioselectively form α-substituted vinyl 

boronic esters, using an aryl bromide and trifluoroethanol (TFE) as sacrificial reagents (Scheme 5a). 

The aryl bromide undergoes oxidative addition to the Pd0 (1) species to form the arylpalladium(II) 

bromide (11). Complex 11 can then coordinate to the π-system of the terminal alkyne to form the 

aryl(alkynyl)palladium(II) bromide (12). B2pin2 then transmetalates complex 12 to afford complex 13 

and an aryl boronic ester. The coordination of P(Cy)3 to PdII enables the migratory insertion of the 
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boronic ester group to the α-position, whilst the β-position is bound to the PdII-species 14. TFE then 

functions as a reductant to enable reductive elimination of complex 14 and regenerate Pd0 (1), 

trifluoroacetaldehyde and HBr (Scheme 5b). Prabhu’s method tolerates esters, ethers and nitriles. 

However, alcohols invert the selectivity, forming β-substituted vinyl boronic esters predominantly. 

Fortunately, the methodology proceeds with comparably mild conditions over one step. Unfortunately, 

the reaction demands sacrificial reagents such as TFE and aryl bromides and produces selectivities of 

lower than 10:1 for functionalised alkynes, making the reaction synthetically less valuable for these 

substrates. 

 

Scheme 5. Reaction of terminal alkynes to synthesise α-substituted vinyl boronic esters by Prabhu and co-

workers. a) General reaction conditions for the Pd-catalysed hydroboration. b) Proposed mechanism for the 

hydroboration (ligands omitted for clarity). 

 

In 2015, Morken and co-workers developed a method to synthesise 1,1-disubstituted vinyl boronates 

from 1,1-bis(pinacolboronates) (Scheme 6).20 Herein, the 1,1-bis(pinacolboronate) 15 is deprotonated 

by LiTMP to form the α-boro anion 16. This undergoes nucleophilic substitution with diiodomethane 

with subsequent B‒I elimination to form the 1,1-disubstituted vinyl boronate 17 as the product. 

Although, the reaction takes place under mild conditions over a short time period, the substrate scope 

was limited to simple alkanes and protected alcohols, also 1,1-bis(pinacolboronates) are in most cases 

not commercially available. 
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Scheme 6. Synthesis of 1,1-disubstituted vinylboronates from 1,1-bis(pinacolboronates) by Morken and co-

workers. 

 

1.3 Radical Additions to Vinyl Boronic Esters 

 

Vinyl boronates, being Michael acceptors, are often utilised in radical addition reactions due to the 

ability to undergo conjugate additions, introducing the boronic ester group into complex molecules.21 

Nucleophilic radicals, generated through various methods, have an energetically high singly occupied 

molecular orbital (SOMO), enabling β-addition to the vinyl boronic ester and form the α-boryl radical. 

The unoccupied p-orbital of boron stabilises the singly occupied p-orbital of the α-boryl radical by 

conjugation.22 The stabilised radical can then undergo further functionalisation through radical 

substitution21 or cross-couplings23,24 (Scheme 7).  

 

Scheme 7. Mechanism of the radical addition and further functionalisation of vinyl boronic esters.  

 

In 1959 and 1960, Matteson explored the possibility of radical-catalysed additions to vinyl boronates 

using AIBN as a radical initiator, CCl4 as solvent, and BrCCl3 or hexanethiol as the radical precursor.25,26 

Non-substituted and substituted α,β-unsaturated boronates 18 were used as Michael acceptors. 

Fragmentation of AIBN forms an electrophilic radical, which abstracts the halogen or hydrogen from 

R3X homolytically to form the carbon- or sulfur-centered nucleophilic radical. The nucleophilic radical 

then attacks the vinyl boronate at the β-position to form the stabilised α-boryl radical 19. The stabilised 

radical then abstracts the halogen or hydrogen from R3X, forming the saturated product 20 and 

propagating the radical chain (Scheme 8).  
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Scheme 8. General reaction conditions for the radical-catalysed addition by Matteson.  

 

Giese’s group in 1984 developed this method further,27 using organotin compounds in combination with 

AIBN and enabling the use of alkyl halides or Barton esters as radical precursors (Scheme 9a). The 

organo tin radical 24 is initially formed by hydrogen abstraction of nBu3SnH by the radical formed after 

decomposition of the radical precursor AIBN. The tin radical then reacts with the alkyl halide or Barton 

ester to afford the alkyl radical 25 and nBu3SnX. Radical 25 adds to the electron-deficient alkene to 

form the stabilised radical 22, which abstracts hydrogen from nBu3SnH to reform radical 24 and the 

product 23. nBu3SnI can be reduced back to nBu3SnH, using NaBH4, making it possible to use 

substoichiometric amounts of toxic organo tin reagents when alkyl iodides are used for this reaction 

(Scheme 9b). 

 

Scheme 9. Tin supported reactions of Michael acceptors with nucleophilic radicals by Giese and co-workers. a) 

General reaction conditions for organo tin supported radical addition. b) Proposed mechanism for the radical-

addition.  
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In 1996, Batey and co-workers utilised the methodology developed by Giese.28 Utilising α-iodo 

boronates, α-boryl radicals are formed by iodine abstraction by the organo tin radical and undergo 

radical addition to the functionalised α,β-unsaturated compound 26 to form the product 28 via the 

stabilised radical 27 (Scheme 10). Although monoadducts where observed as the major product, the 

reduced product 29 and diaddition product 30 were also formed. 

 

Scheme 10. General reaction conditions for the addition of α-boryl radicals to Michael acceptors by Batey and 

co-workers. 

In 1995, Carboni and co-workers opened the possibility of radical Michael additions of Barton esters 

without using radical initiators.29 Utilising the weakness of the C‒S π-bond, Barton esters are 

photolytically cleaved with CO2 extrusion and the resulting radical adds to the electron-deficient alkene 

21 in the β-position. The stabilised radical would then abstract a thiopyridyl fragment and form the 

thioether 31, which could be reduced using Raney Nickel to afford product 32 (Scheme 11). Carboni 

perfomed competition experiments, showing that esters, amides and more electron-deficient boronic 

esters are better radical Michael acceptors than the pinacol boronic ester. 

 

Scheme 11. General reaction conditions for the radical addition of Barton esters by Carboni.  

Zard, in 2001 and 2005, adapted the chemistry previously developed for Barton esters to xanthates.30,31 

The methodology developed in 2001 describes that the radical, formed by the initiator lauroyl peroxide 

and the xanthate, reversibly adds to the β-position of the α,β-unsaturated boronic ester 33. The stabilised 
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α-boryl radical subsequently undergoes α-functionalisation to a newly formed xanthate 34 (Scheme 

12a). Similar chemistry was performed in 2005, using acyl xanthates 37 and vinyl boronic esters 33 

under photolytic conditions to form the γ-acylated vinyl boronic esters 35. The γ-acylated vinyl boronic 

ester can then form the vinyl boronic ester 36 upon treatment with base (Scheme 12b). First, the xanthate 

37 would photolytically cleave to form the acyl radical 38, which adds to the vinyl boronic ester 33. The 

resulting α-boryl radical 39 could then react with another molecule of 37 to form xanthate 35, 

propagating the chain (Scheme 12c). 

 

Scheme 12. Reactions of Michael acceptors with radicals derived from xanthates by Zard. a) General reaction 

conditions for the radical addition of xanthates. b) General reaction conditions for the photolytic radical addition 

of xanthates. c) Proposed mechanism for the radical-additions. 

 

Zard, in 2015, expanded this approach from α,β-unsaturated boronic esters to α,β-unsaturated N-methyl 

imidodiacetic acid (MIDA) boronates.22 MIDA boronates do not stabilise α-boryl radicals due to the 

overlap of the p-orbital of boron with the lone pair of the nitrogen (Scheme 13). Consequently, α-boryl 

radicals of MIDA boronates are more reactive due to the lack of stabilisation, enabling different reaction 

pathways. Moreover, the occupied p-orbital of the boron results in lower electrophilicity of the MIDA 

boronate, making it possible to introduce radicals with electron-withdrawing groups. 
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Scheme 13. Stabilised and non-stabilised boryl radicals. 

 

1.4 Photoredox Catalysis 

 

Initially used in organic LEDs,32 photovoltaics,33 and to split water,34 photoredox catalysis has now 

found application in organic synthesis, enabling new methods of reactivity. Kellogg, in 1978,35 and 

Deronzier, in 1984,36 were the first to employ this type of chemistry in organic synthesis. It was not until 

2008 that the true potential of photoredox chemistry was recognised by the seminal works of 

MacMillan,37 Yoon38 and Stephenson39. Photoredox catalysis offers mild and selective reaction 

conditions and the possibility to access valuable molecular motifs more efficiently and 

chemoselectively. This new type of chemistry is highly versatile and could open the door to new 

methodologies to easily introduce complex molecular fragments into organic compounds, which would 

be difficult to introduce otherwise. 

Photoredox catalysts (PC), when excited by light, can function as either a reductant or an oxidant, 

opening the possibility of an oxidative or reductive catalytic cycle, also known as oxidative or reductive 

quenching cycle. This is the case since the excited state is quenched into the reduced or oxidised state 

by the respective quencher via a single-electron-transfer (SET).  Tertiary amines are typically used as 

reductive quenchers, whereas peroxodisulfates, nitroarenes and oxidised metals are commonly used for 

oxidative quenching. The reduced or oxidised PC then performs another SET to reform the ground state 

of the PC, completing the catalytic cycle (Scheme 14). 40 

 

Scheme 14. Quenching cycles of excited photoredox catalysts. 
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Typical photoredox catalysts are Ru(II) and Ir(III) polypyridyl complexes, however, more recently there 

has been a move towards more economical organic dyes. Most ruthenium and iridium based PCs absorb 

visible light at a maximum absorption (Imax) of around 350-450 nm.41 The absorption maximum of the 

commonly used photocatalyst Ir(ppy)2(dtbbpy)PF6 lies at 380 nm. In this case an electron localised in 

the t2g orbital, the highest occupied molecular orbital (HOMO) of the Ir(III) species transfers to the 

pyridyl’s π* orbital, the lowest unoccupied molecular orbital (LUMO), in a metal-to-ligand charge 

transfer (MLCT). The short-lived lowest excited singlet state (S1) can then undergo an intersystem 

crossing (ISC) to the lowest energy long-lived triplet state (T1). The triplet state of photocatalyst 

Ir(ppy)2(dtbbpy)PF6 has a long lifetime of 541 ns due to the forbidden nature of spin crossovers (Scheme 

15). 

The excited T1 state can then be quenched by receiving an electron to fill the lower energy t2g or donating 

the electron from the highest singly occupied π* orbital. The redox potentials of these processes can be 

measured using cyclic voltammetry against a reference electrode in combination with absorption and 

emission spectroscopy.42 Measured against a saturated calomel electrode (SCE) in acetonitrile, 

Ir(ppy)2(dtbbpy)PF6 in its excited state has redoxpotentials of E1/2
*Ir(III)/Ir(IV) = –0.96 V and E1/2

*Ir(III)/Ir(II) = 

+0.66 V. This shows that the excited state has strongly reducing and oxidising properties, supporting 

that the two quenching pathways are possible. The ground state photocatalyst has redoxpotentials of 

E1/2
Ir(IV)/Ir(III) = +1.21 V and E1/2

Ir(II)/Ir(III) = ‒1.51 V.41 

 

Scheme 15. Electron crossings in molecular orbitals of Ir(ppy)2(dtbbpy)PF6 in photoredox chemistry. 
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Most Ir(III) and Ru(II) based photocatalysts are commercially available but expensive. Instead of metal 

based photocatalysts like Ir(ppy)2(dtbbpy)PF6, organic photocatalysts, such as 4CzIPN, which are 

electron-rich carbazole based aromatic compounds could be used, since they have comparable redox 

potentials to Ir(ppy)2(dtbbpy)PF6  (Scheme 16).43 

 

Scheme 16. Structure and redox potentials of 4CzIPN. 

 

1.4.1 Photoredox-mediated Conjugate Additions 

 

Photoredox catalysis allows easy access to alkyl radicals under mild reaction conditions. No radical 

initiators, toxic organotin reagents or increased reaction temperatures are needed, only simple radical 

precursors such as carboxylic acids, redox active esters and alkyl halides. 

Unsurprisingly, an array of radical reactions have been reported, due to the ease of accessing alkyl 

radicals.40 These radicals can perform a radical conjugate addition to Michael acceptors. After Okada 

and co-workers in 1991,44 another photoredox-mediated conjugate addition was reported by Gagné and 

co-workers in 2008,45 enabling the dehalogenative addition of glycosyl bromides (40) to electron-

deficient alkenes (41) (Scheme 17a). Upon excitation, the photocatalyst is quenched by Hünig’s base, 

forming the reduced photocatalyst. The glycosyl bromide (40) is then reduced, oxidizing the 

photocatalyst back to the ground state, and forming the electron-rich α-oxy radical (43). The radical then 

adds to the Michael acceptor to form the intermediate radical 44. To inhibit overaddition, Hantzsch ester 

functions as a hydrogen donor to form the product 42 (Scheme 17b). Hantzsch esters are commonly 

used in photoredox chemistry as terminal reductants, donating an electron and a hydrogen atom.46 
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Scheme 17. Addition of glycosyl bromides to electron-deficient alkenes by Gagné and co-workers. a) General 

reaction conditions for dehalogenative conjugate additions. b) Proposed mechanistic cycle for the conjugate 

addition. 

 

Reiser and co-workers, in 2011, developed an α-functionalisation for N-phenyltetrahydroisoquinolines 

and other tetrahydroisoquinoline derivatives (Scheme 18).47 The excited Ru(II) catalyst is quenched by 

the tertiary amine 45, proceeding via reductive quenching. The oxidised amine then loses a proton, 

forming the α-amino radical 48, which undergoes radical conjugate addition to the enone 46 to form the 

intermediate radical 49. The radical is subsequently reduced to form the stabilised anion 50. After 

protonation the product 47 is formed. 
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Scheme 18. Addition of N-phenyltetrahydroisoquinolines to electron-deficient alkenes by Reiser and co-

workers. a) General reaction conditions for the α-amino functionalisation. b) Proposed mechanistic cycle for the 

conjugate addition. 

 

MacMillan and co-workers, in 2014, developed a method of utilising α-oxy and α-amino acids,48 as well 

as secondary and tertiary carboxylic acids as radical precursors for conjugate additions (Scheme 19a). 

Many kinds of organic acids are readily available and easily obtainable in large amounts, making this a 

very valuable method, due to its versatility and efficiency. The carboxylic acids 50 are deprotonated by 

the base to the carboxylate 53 and then oxidised by the photocatalyst. After decarboxylation the alkyl 

radical 54 is formed. This then undergoes conjugate addition to the Michael acceptor 51 to form the 

radical 55. The radical then gets reduced by the photocatalyst to form the stabilised anion 56, which 

upon protonation forms the product (52) (Scheme 19b). MacMillan and co-workers in 2017 utilised 

similar methods to undergo peptide macrocyclisations49 and alkylations of peptides to generate drug 

conjugates.50 
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Scheme 19. Photoredox-mediated decarboxylative radical additions to electron-deficient alkenes by MacMillan 

and co-workers. a) General reaction conditions for the decarboxylative conjugate addition of carboxylic acids. b) 

Proposed mechanism for the photoredox-mediated decarboxylative conjugative addition. 

Also in 2014, MacMillan and co-workers developed a method to generate allylic amines from α-amino 

acids and N-aryl amines (Scheme 20).51 The α-amino radicals derived from α-amino acids (50) were 

generated as previously reported in the conjugate addition by MacMillan48 (Scheme 19), whereas α-

amino radicals derived from N-aryl amines were formed by the same method as Reiser47 (Scheme 18). 

The α-amino radicals would then attack the functionalised vinyl sulfone 57. The resulting radical 58 

would then eliminate to form the allylic amine (59) and the sulfinyl radical. The sulfinyl radical would 

then oxidise the photocatalyst to complete the catalytic cycle. 
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Scheme 20. General reaction conditions for the α-amino vinylation by MacMillan and co-workers. 

 

In 2015, MacMillan’s and Overman’s groups developed another decarboxylative coupling.52 The 

possibility of using oxalates 60 as radical precursors meant that secondary and tertiary alcohols could 

be used for conjugate additions (Scheme 21). These are, in many cases, abundantly and cheaply 

available. 

 

 

Scheme 21. General reaction conditions for the decarboxylative conjugate addition of oxalates by MacMillan 

and Overman and co-workers. 

 

 

In 2018, Aggarwal and co-workers developed a photoredox-mediated decarboxylative conjugate 

addition to vinyl boronic esters 62 to form γ-aminoboronic esters 63 (Scheme 22).53 In this method α-

oxy and α-amino acids, secondary and tertiary carboxylic acids, dipeptides and natural products were 

used as radical precursors, showing excellent functional group tolerance and chemoselectivity. 

Mechanistically working the same way to known photoredox-mediated decarboxylative conjugative 

additions, this method introduces boronates into organic molecules with ease. Many kinds of vinyl 
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boronates are commercially available or easily prepared. Due to the ability to transform boronates into 

various functional groups, this method is highly valuable for natural product synthesis.1  

 

Scheme 22. Photoredox-mediated decarboxylative conjugate addition to vinyl boronic esters by Aggarwal and 

co-workers. 

 

 

1.4.2 Photoredox-mediated Cyclopropanations  

 

Cyclopropanes are highly valuable motifs in drug discovery and frequently found in natural products.54 

Due to their strained nature, cyclopropanes find large application as bioisosteres of isopropyl or phenyl 

groups55 and of peptide linkages.56 Most traditional methods introduce cyclopropanes stereospecifically 

into organic compounds via highly reactive carbenoids.57 These intermediates are often very reactive, 

which results in low chemoselectivity. It is no surprise then that photoredox catalysed cyclopropanations 

have been developed, taking place under mild conditions with high chemoselectivity. 

In 2017, Suero and co-workers published the first photoredox-mediated cyclopropanation of styrene 

derivatives (Scheme 23a).58 As reported in other areas of photoredox catalysis, Hünig’s base was used 

to reduce the excited state of the photocatalyst. The reduced photocatalyst was then oxidised back to its 

ground state, reducing diiodomethane (65) to form the iodomethyl radical (67). The iodomethyl radical 

(67) would then attack the β-position of the styrene (64). It is proposed that the benzyl radical 68 reacts 

in an intramolecular radical substitution, forming the functionalised cyclopropane 66 and an iodine 

radical (Scheme 23b), undergoing a formal [2+1] cycloaddition via a carbenoid-like unit. Although, the 

transformation is non-stereospecific, it is strongly trans-selective. 
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Scheme 23. Photoredox-mediated cyclopropanation using diiodomethane by Suero. a) General reaction 

conditions for the cyclopropanation. b) Proposed mechanism for the photoredox-mediated cyclopropanation. 

 

One year later, Molander and co-workers further developed Suero’s method.59 Using benchtop stable, 

easily accessible silicate salts allowed the omission of base (Scheme 24a). Switching from a metal based 

photocatalyst to the cheaply obtainable organic photocatalyst 4CzIPN, as well as lower reaction times, 

enhances the utility of this transformation. Compared to Suero’s transformation Molander proposed a 

different pathway of the reaction, via a radical-polar crossover, in which the benzyl radical 69 is reduced 

and undergoes nucleophilic substitution (SN2), rather than a radical-substitution, for the cyclisation step 

(Scheme 24b).  Later that year, Ouyang and co-workers developed a similar method, also using silicate 

salts as radical precursor, using a metal based photocatalyst.60 
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Scheme 24. Photoredox-mediated cyclopropanation using silicates by Molander. a) General reaction conditions 

for the cyclopropanation. b) Proposed mechanism for the photoredox-mediated cyclopropanation. 

 

 

1.5 Project Outline 

 

The aim of the project was to develop a method to synthesise functionalised cyclopropyl boronic esters 

via a photoredox-mediated radical addition-polar 3-exo-tet cyclisation cascade (Scheme 25a). Contrary 

to Molander’s carbenoid-like (2+1) cycloaddition, we wanted develop a method to decarboxylatively 

dicarbofunctionalise electron-deficient alkenes. Herein we expand the methodologies of photoredox-

mediated decarboxylative conjugate additions developed by MacMillan48 and Aggarwal53. In previous 

methods the stabilised anion (in this case α-boryl anion) was protonated to yield the product. However, 

in this case we would like the stabilised anion 71 to undergo nucleophilic substitution (SN2) to form the 

functionalised cyclopropyl boronic ester 72 (Scheme 25b). Apart from the recent work of Molander, the 

only trapping of a stabilised anion in photoredox catalysis with a carbon-based electrophile was reported 

by Martin and co-workers61, in which the anion is trapped with CO2. 
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Scheme 25. Photoredox-mediated radical addition-polar cyclisation. a) Desired reaction for the 

cyclopropanation. b) Proposed mechanism for the cyclisation. 

 

 

 

 

 

 

 

 

 

 

 



28 

 

2.0 Results and Discussion 

 

2.1 Photoredox-mediated Radical Addition-Polar Cyclisation  

 

The research for the project ‘Synthesis of Functionalised Cyclopropanes from Carboxylic Acids via a 

Radical Addition-Polar Cyclisation Cascade’ was completed during my stay. At the time of writing this 

thesis the research was accepted for publication in Angewandte Chemie International Edition. The 

project was carried out in collaboration with Dr Chao Shu,CS working on the optimisation and scope of 

non-boron-containing functionalised cyclopropanes (not discussed here) and mechanistic studies; Mr 

Riccardo Mega,RM
 working on the optimisation of vicinally substituted cyclopropyl boronic esters (not 

discussed here) and scope of vicinal and geminal cyclopropyl boronic esters; and Dr Daniel Pflästerer,iii 

providing the initial result for the project, as well as Dr Adam Noble and Professor Varinder Aggarwal 

who directed the project and wrote the manuscript. 

This section will discuss the initial results, proposed mechanism and the optimisation carried out for the 

photoredox radical addition-polar cyclisation cascade of α-amino acids, carboxylic acids and dipeptides 

with allyl and homoallyl chloride alkenyl boronic esters. All optimisation reactions were run on a 0.05 

mmol scale, unless otherwise stated. 

 

2.1.1 Initial Results 

During the development of a decarboxylative conjugate addition to vinyl boronic esters, the product of 

a radical conjugate addition-polar cyclisation with an allyl chloride substrate was first observed.53 

Reacting commercially available allyl chloride 74 with Boc-Pro-OH (73) unexpectedly formed the 

vicinally substituted cyclopropyl boronic ester 75 (Scheme 26).  

 

Scheme 26. Initial discovery of a photoredox mediated cyclisation to vicinally substituted cyclopropanes.DP 

 

This result however appeared to be irreproducible, and even after further optimisation, a maximum yield 

of only 47% was achieved as a mixture of diastereomers (Scheme 27).RM Due to the non-stereoselective 

reaction pathway and in this case, the formation of three chiral centres, four diastereomers are formed. 
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Scheme 27. Optimised condition for the synthesis of vicinally substituted cyclopropanes.RM 

 

These observations support the proposed mechanism (Scheme 28). Another issue of the transformation 

is the activated electrophilicity of allyl chlorides, making it possible for nucleophiles, such as the 

carboxylate or the carbonate salt to attack in an SN2-reaction. Bearing in mind that the SN2-products are 

also Michael acceptors, these could also act as radical traps, lowering the reaction yield. 

 

Scheme 28. Mechanism of the transformation to vicinally substituted cyclopropanes. 
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2.1.2 Geminally Substituted Cyclopropyl Boronic Esters, 

Optimisation with Boc-Pro-OH (Amino Acids with Tertiary 

Carbamates) 

 

In contrast to the formation of vicinally substituted cyclopropyl boronic esters, the synthesis of 

germinally substituted cyclopropyl boronic esters was easier to achieve. A photoredox-mediated 

reaction between Boc-Pro-OH and homoallyl chlorides would lead to cyclopropyl boronic esters with 

only one stereocentre, thus avoiding the transformation of diastereomers (Scheme 29). Not only were 

the yields higher compared to the vicinally substituted product, but the reaction was cleaner, forming no 

SN2-products, nor non-cyclised radical addition products 80. 

 

Scheme 29. Reaction to form geminal substituted cyclopropanes. 

 

Initially, the reactions utilised Ir(ppy)2(dtbbpy)PF6 as the photoredox catalyst. The conditions, used in 

the photoredox-mediated decarboxylative conjugate addition of vinyl boronic esters reported by 

Aggarwal and co-workers,53 were utilised as the initial conditions for the cyclopropanation. These 

consisted of 1 mol% photocatalyst, 1.5 equivalents vinyl boronic ester and 1.0 equivalent Cs2CO3 in 

DMF and gave the product in a good yield of 76%. Doubling the amount of Cs2CO3 from one to two 

equivalents raised the yield by 14%, giving 79 in a great yield of 90 % (Table 1). 

 

Entry Photocatalyst Amount Cs
2
CO

3
 Product 

1RM Ir(ppy)
2
(dtbbpy)PF

6 
 1.0 mol% 1.0 equiv. 76% 

2 Ir(ppy)
2
(dtbbpy)PF

6 
 1.0 mol% 2.0 equiv. 90% 

Table 1. Screening of base equivalents. Yields were determined GC with 1,2,4-trimethoxybenzene as the 

internal standard. Reactions were performed on a 0.05 mmol scale. 
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To make the reaction more economical, an organic photoredox catalyst was tested as an alternative to 

the iridium based photocatalyst. The reduction potential of Ir(ppy)
2
(dtbbpy)PF

6 lies at +0.66 V 

compared to the +1.35 V of 4CzIPN, making 4CzIPN more oxidizing than Ir(ppy)
2
(dtbbpy)PF

6
. In the 

reduced state, Ir(ppy)
2
(dtbbpy)PF

6
 is slightly more reducing (‒1.51 V) than 4CzIPN (‒1.21 V). Due to 

the similarity in redox potentials, 4CzIPN was compared against Ir(ppy)
2
(dtbbpy)PF

6
. The comparison 

showed that it was possible to utilise 4CzIPN as a photoredox catalyst. At 1.0 mol% of 4CzIPN the 

reaction proved very effective, providing a yield of 99%, compared to the previously achieved 90% with 

Ir(ppy)
2
(dtbbpy)PF

6
 (Table 2). 

 

Entry Photocatalyst Amount Product 

1 Ir(ppy)
2
(dtbbpy)PF

6
 1.0 mol% 90% 

2 4CzIPN 1.0 mol% 99% 

Table 2. Screening of catalyst. Yields were determined GC with 1,2,4-trimethoxybenzene as the internal 

standard. Reactions were performed on a 0.05 mmol scale. 

 

Consequently, the optimised reaction conditions for amino acids with tertiary carbamates were found 

using 1 mol% 4CzIPN with 2 equivalents of Cs2CO3 (Scheme 30).   

 

 Scheme 30. Optimised conditions for the transformation of secondary α-amino acids to geminally 

substituted cyclopropanes. 

 

2.1.3 Adaptions to Boc-Ala-OH (Amino Acids with Secondary 

Carbamates) 
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Previous projects have shown that photoredox-mediated decarboxylative conjugate additions of amino 

acids containing tertiary carbamates require different conditions compared to amino acids with 

secondary carbamates.53 After applying the optimal conditions of amino acids with tertiary carbamates 

to Boc-Ala-OH (81) the product 82 was yielded in only 60% (Table 3, Entry 1). This proved that the 

conditions were not optimal for these sets of products. Previously,53 a solvent switch to DMA and 

individual catalyst loadings were found to be beneficial. These two factors were taken into account in 

the process of developing optimised conditions for Boc-Ala-OH (81). Even though the switch from 

DMF to DMA proved to be less impactful (Table 3, Entry 2), increasing the catalyst loading (Table 3, 

Entry 3) proved to be crucial to achieve high yields. The higher loading is likely to be better due to 

catalyst decomposition. 

 

Entry Solvent Amount Product 

1RM            DMF (dry) 1.0 mol% 60% 

2RM  DMA (dry) 1.0 mol% 55% 

3RM DMF (dry) 2.0 mol% 99% 

4RM DMA (dry) 2.0 mol% 99% 

Table 3. Screening of catalyst loading in DMF and DMA. Yields were determined NMR with 1,2,4-

trimethoxybenzene as the internal standard. Reactions were performed on a 0.05 mmol scale. 

Following this the only adjustment was to increase the catalyst loading from 1 mol% to 2 mol%, the 

other reaction parameters remained constant (Scheme 31). The product 82 was later isolated in 84% 

yield after scaling up to 0.3 mmol. 

 

 

 

Scheme 31. Optimised conditions for the transformation of carbamate-containing secondary amino acids to 

geminally substituted cyclopropanes. 
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2.1.4 Substrate Scope 

 

The optimised conditions were applied to various carboxylic acid substrates, scaling up to a 0.3 mmol 

scale. Pleasingly, the geminally substituted cyclopropyl boronic ester derived from Boc-Pro-OH (79) 

was isolated in a near quantitative yield of 99%, showing that the reaction was scalable. However, the 

yield of Cbz-Pro-OH (83) is 82%. Boc-N-Me-Ala-OH (84), another amino acid with a tertiary 

carbamate, also gave an excellent yield of 87%.  

Moving to amino acids with secondary carbamate groups, it is interesting to see that the yields of the 

Boc-Aib-OH (86) and Boc-Gly-OH (85) products lie at 58% and 55%, compared to the 87% of the Boc-

Ala-OH (82) product. Since secondary α-amino radicals (Boc-Ala-OH) are better stabilised than primary 

α-amino radicals (Boc-Ala-OH), the rate of decarboxylation of secondary α-amino carboxylates is 

higher, having a positive impact on the yield (87% > 55%). Although the rate of decarboxylation of 

tertiary α-amino carboxylates (Boc-Aib-OH) is higher compared to secondary α-amino carboxylates 

(Boc-Ala-OH), the rate of conjugate addition of tertiary α-amino radicals compared to secondary α-

amino radicals is lower, due to steric hinderance, impacting the yield negatively (58% < 87%).  

Products 87 and 88 were also isolated in moderate (55%) to excellent (90%) yields, tolerating various 

functional groups and showing the robustness and high chemoselectivity of the method. This method 

was also applied to a dipeptide (89) giving 61%, again showing the versatility of the method and perhaps 

the possibility to apply this method to longer peptide chains. Other than amino acids and dipeptides, 

carboxylic acids without α-heteroatoms also reacted using this method. The yield of the reaction with 

2-methyl heptanoic acid yielded product 90 in 63%. The diversity of substrates in combination with the 

moderate to high yields outline the power of this method for introducing valuable cyclopropyl function 

as groups. The ability to replace the carboxylic acid function to form highly complex organic compounds 

underlines the value of carboxylic acids as traceless activating groups (Scheme 32). 
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Scheme 32. Substrate Scope. Diastereomeric ratios (d.r.) were determined by NMR. 

 

2.1.5 Mechanistic Studies 

 

The proposed reaction pathway takes place via the same photocatalytic mechanism proposed by 

MacMillan,48 Aggarwal53 and Molander.59 The photocatalyst 4CzIPN (PC) gets excited through 

irradiation of blue light. The excited state PC* can then be reductively quenched by the carboxylate 53, 

undergoing a SET and oxidizing the carboxylate. The oxidised carboxylate forms the α-amino radical 

54 after CO2 extrusion, this then undergoes radical conjugate addition to the homoallyl chloride vinyl 

boronic ester 78 to form the stabilised α-boryl radical. The reductively quenched photocatalyst (PC‒•) 

then reduces the α-boryl radical to form the stabilised α-boryl anion 71. The α-boryl anion then 

proposedly undergoes an intramolecular SN2 reaction to form the cyclopropyl boronic ester 72 (Scheme 

33). 
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Scheme 33. Proposed reaction mechanism. 

 

Control experiments were carried out to investigate, whether the mechanism is photocatalytic and 

whether base (Cs2CO3) is necessary for the decarboxylation to take place (Table 4). Running the 

reactions without base or catalyst yielded only trace amounts of product, supporting that the catalyst is 

needed to catalyse the reaction and the decarboxylation takes place via the carboxylate, not the 

protonated carboxylic acid (Table 4, Entry 1 and 2). The experiments also show that light is needed to 

perform the reaction, showing the photocatalytic nature of the mechanism (Table 4, Entry 3). 

Accordingly the quantum yield of the reaction was measured at 0.65, supporting that this reaction is not 

a radical chain process.RM/CS 

 

Entry Photocatalyst Cs
2
CO

3
 Light Product 

1 yes no yes 2% 

2 no yes yes 3% 

3 yes yes no 0% 

Table 4. Control experiments. The control experiments were performed on a 0.05 mmol scale. Using 1,2,4-

trimethoxybenzene as an internal standard yields were determined by GC. 
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To probe the reaction mechanism, two reactions were performed to elucidate whether intramolecular 

cyclisation proceeds via a polar or radical pathway.CS This would determine if a radical-polar crossover 

occurs and whether the cyclisation takes place after or prior to the reduction by the photocatalyst, 

generating a chloride anion or a chlorine radical in the process. In the first experiment, Boc-Pro-OH (73) 

and the Michael acceptor 91 were utilised for decarboxylative conjugate addition, yielding the homoallyl 

amine 93 as the product. The formation of the homoallyl amine 93 is only possible via the elimination 

of the acetate by the stabilised anion 92, since the acetate anion is a good leaving group, whereas the 

acetoxy radical is not (Scheme 34). Consequently, this supports that a radical-polar crossover via 

reduction of the stabilised radical must have taken place. 

 

 

Scheme 34. Mechanistic study, supporting radical-polar crossover.CS 

 

Previously, halogen radicals were reported to be generated during photoredox-mediated 

cyclopropanations by homolytic substitution.58 Other sources propose that halide anions are formed 

during the reaction, favouring a polar cyclisation.59 Following this, a homoallyl tosylate 94 was reacted 

with Boc-Pro-OH (73) to observe whether or not the 3-exo-tet cyclisation takes place with the tosylate 

as the leaving group. This was the case, affording the product 79 in 84% yield (Scheme 35). Replacing 

tosylates with halides as leaving groups has been previously used to determine the homolytic or 

heterolytic nature of a bond cleavage,62 supporting that the cyclisation proceeds via an SN2-reaction as 

proposed. 

 

 

Scheme 35. Mechanistic study, supporting a polar cyclisation.CS 

Furthermore, the outcome of both experiments supports the proposed mechanism, which takes place 

according to MacMillan,63 Aggarwal53 and Molander59 and contrasting the mechanism proposed by 

Suero.58 
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2.1.6 Conclusions and Future Work 

 

In conclusion, the first photoredox-mediated decarboxylative cyclopropanation via a radical conjugate 

addition-polar cyclisation cascade has been developed (Scheme 36). Sets of conditions for the reaction 

of homoallyl chlorides with amino acids bearing secondary and tertiary carbamates were developed, 

using a readily accessible, inexpensive organic photocatalyst. The conditions developed proved to be 

amendable to a wide range of carboxylic acids, displaying excellent functional group tolerance, 

robustness and chemoselectivity. Mechanistically, the reaction was shown to proceed via a radical-polar 

crossover with a subsequent SN2 3-exo-tet cyclopropanation, confirming the proposed catalytic cycle. 

The option of simply introducing cyclopropyl boronic esters in the place of carboxylic acids has high 

synthetic utility, due to the inexpensive nature and easy availability of the acids, the synthetic utility of 

the boronic ester group, and the chemical properties of cyclopropanes. 

 

 

Scheme 36. Reaction conditions for geminally substituted cyclopropyl boronic ester synthesis. 

 

Future work will cover the formation of larger cycloalkyl boronic esters, broadening the utility of this 

methodology. Following the investigation of Stirling and co-workers, in 1968, of cyclisation rates of 

intramolecular nucleophilic substitutions (Scheme 37), difficulties to synthesise cycloalkanes with 

larger ring sizes could be observed.64  

 

Scheme 37. Comparison of cyclisation rates by Stirling and co-workers. 

 

Adapting the developed methodology for cyclopropyl boronic esters to higher ring sizes could solve this 

problem.  
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2.2 Hydroboration: Synthesis of Vinyl Boronic Esters 

 

This section will discuss initial results, optimisation and scale-up for a hydroboration of alkynes. All 

optimisation screens were conducted at 0.36 mmol scale, unless otherwise stated. 

Initial results were carried out in collaboration with Riccardo S. Mega.RM 

 

2.2.1 Initial Results 

 

During the project ‘Synthesis of Functionalised Cyclopropanes from Carboxylic Acids via a Radical 

Addition-Polar Cyclisation Cascade’ homoallyl chlorides were used, which were synthesised using a 

scalable but time intensive two-step method (Scheme 38). First, the brominated homoallyl alcohol 95 

undergoes an Appel reaction to yield the chloride 96.65 The homoallyl chloride 96 is then subjected to 

Miyaura borylation conditions to synthesise the vinyl boronic ester 78. 

 

Scheme 38. Starting material synthesis of the homoallyl boronic ester. 

 

However, long reaction times (two days) and the expensive substrate 95 (£47.70 per gram, Sigma 

Aldrich) would make this process less attractive. Performing a synthesis with terminal alkynes such as 

butynol 97 (£3.24 per gram, Sigma Aldrich), as well as shortening the reaction time of the synthesis 

would make it more attractive. The challenge would be to develop a hydroboration method that would 

maintain high regioselectivity in favour of α-vinyl boronic esters, even when performed on a large scale. 

Methods like the hydroalumination by Hoveyda18 proved to work reliably on a small scale (1 mmol), 

but gave low regioselectivity on a higher scale (11 mmol),RM proving that the reaction could not be 

utilised for starting material synthesis (Scheme 39).  
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Scheme 39. Regioselective hydroalumination by Hoveyda. 

Searching for α-selective additions to alkynes, a method by Oh and co-workers from 2003 was found,66 

in which boronic acids undergo α-addition to the terminal alkynol 98 (Scheme 40a). Following the 

oxidative addition of Pd0 to acetic acid, the acetoxypalladium(II) hydride 100 is formed. The palladium 

complex 100 then undergoes syn-addition to the functionalised terminal alkyne 98. The electron poor 

palladium(II) binds to the α-position, which is the electron-rich position of the alkyne, making the 

hydride addition β-selective. The resulting alkenylpalladium(II)-complex 101 is transmetalated by an 

organoboronic acid, reforming acetic acid and forming metaboric acid and the transmetalated 

alkenyl(aryl)palladium(II)-complex 102, which can then reductively eliminate to give the product 99 

(Scheme 40b). 
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Scheme 40. Regioselective Pd-catalysed addition of organoboronic acids to alkynes by Oh. a) General reaction 

conditions for the addition. b) Proposed mechanism for the transformation (ligands have been omitted for 

clarity). 

 

Following this mechanism two experiments were performed, aiming to introduce boronic esters α-

selectively into alkynols. Firstly, the Pd-catalysed addition of tetrahydroxydiboron to butynol 97 was 

performed using the same reaction conditions developed by Oh.66 Unfortunately, the reaction did not 

yield the vinyl boronic acid product (Scheme 41a).RM Fortunately, the addition of bis(pinacolato)diboron 

(B2pin2) was successful, forming the vinyl boronic ester in a α:β-ratio of 11:1 and an NMR yield of 

60%.RM For the addition of B2pin2 the amount of acetic acid was adjusted to one equivalent, since the 

acetic acid would not be catalytic in this case, due to the inability of the pinacol boronic ester to act as 

a proton source (Scheme 41b). 

 

Scheme 41. Regioselective Pd-catalysed addition of diboron compounds to alkynes. a) Reaction with 

tetrahydroxydiboron. b) Reaction with bis(pinacolato)diboron using NMR yields determined using 1,2,4-

trimethoxybenzene as an internal standard. 

 

With this promising result, the mechanism of the reaction proposed by Oh (Scheme 40b)66 was reviewed 

to gain an insight into the regioselectivity of the reaction and use this as a starting point for the 

optimisation. It is possible that two mechanistically different Pd-catalysed additions can take place. In 

both mechanisms the oxidative addition of the Pd0 into the O‒H bond of the acetic acid takes place 

during this reaction. The first mechanism, proposed by Oh,66 proceeds with a syn-addition of the 

acetoxypalladium(II) hydride 100 to the alkyne of the butynol, forming the alkenylpalladium(II)-

complex 103, which consequently undergoes transmetalation with B2pin2, generating the 

alkenyl(boryl)palladium(II)-complex 104 (Scheme 42a). In contrast, the alternative mechanism could 
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proceed via transmetalation of acetoxypalladium(II) hydride 100 with B2pin2, forming the 

borylpalladium(II) hydride 105. This could then also undergo α-selective syn-addition to the butynol, 

forming the alkenyl(boryl)palladium(II)-complex 104 (Scheme 42b). From the 

alkenyl(boryl)palladium(II) both mechanisms proceed via the same pathway, undergoing reductive 

elimination to the product 106 and the Pd0. 

 

Scheme 42. Possible reaction mechanisms of the Pd-catalysed addition (ligands have been omitted for clarity). a) 

Mechanism in which syn-addition occurs before transmetalation. b) Mechanism in which syn-addition occurs 

after transmetalation. 

 

There have been no reports to date of a scalable method to generate α-substituted vinyl boronic esters 

in high regioselectivity by the hydroboration of terminal alkynes. Developing the given reaction 

conditions of this method could result in greater selectivity and scalability, thus providing a synthetically 

valuable method to synthesise α-substituted vinyl boronic esters that have broad utility beyond our 

chemistry. Compared to other syntheses of 1,1-disubstituted vinyl boronic esters, such the 
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hydroalumination by Hoveyda,18 the Miyaura borylation16 and the method by Morken,20 the Pd-

catalysed hydroboration proceeds within one day under mild conditions using cheap and convenient 

reagents. 

2.2.2 Optimisation 

 

Following the success of the initial reaction, the optimisation began with screening of a range of organic 

and inorganic acids. Repeating the reaction with acetic acid gave the best yield of all acids with 56% 

and an α:β-ratio of 27:1 (Table 5, Entry 1). Reactions with structurally similar organic acids gave lower 

selectivities but similar yields (Table 5, Entry 2-4, 6). The increasing steric hindrance of pivalic acid, 

propanoic acid and butanoic acid effected the regioselectivity. This suggests the mechanism proceeds 

via syn-addition before transmetalation (Scheme 42a), since the sterics of the acid would favour β-

selective syn-addition during the formation of the alkenylpalladium(II)-complex 103, counteracting the 

electronically favoured α-selective syn-addition.  However, alcohols like phenol showed excellent α-

selectivity, yielding only the α-regioisomer but lower yields of 28% (Table 5, Entry 5). Similar reactivity 

and yields were observed for water (23%) and NaH2PO4 (32%) (Table 5, Entry 7-8). Interestingly the 

acids that solely form α-boronic esters tend to have a higher pKa’s (Table 5, Entry 5, 7-8) than acids 

with lower regioselectivity. All reactions have not gone to completion. Moreover, the reported amount 

of remaining starting material after the reaction may lower that the actual value. This is due to the 

volatility of the alkyne and the work-up procedure. 

The reactions with acetic acid and NaH2PO4 proved to be the most promising. Previously, acetic acid 

gave the best yield with a selectivity of 27:1. NaH2PO4 only formed the α-isomers with a yield of 32%. 

Since in both cases the reaction did not go to completion, the reactions were also performed with a 

longer reaction time of 24 h. However, this did not give higher yields and no further conversion of the 

alkyne was observed, suggesting that other factors than reaction time seem to influence the conversion 

(Table 6).  

With acetic acid giving good yield and excellent selectivity, catalyst loading was next investigated. 

Attempting higher conversions, the catalyst loading was adjusted from 1 mol% to 5 mol%. Higher 

catalyst loading could complete the reaction, if the catalyst is poisoned through side reactions. However, 

the reaction only shows marginal differences of selectivity and the same yields for 3 and 5 mol% were 

observed (Table 7, Entry 1, 3). Unfortunately, the yield for 1 mol% loading was lower at 44% compared 

to 53% in the other reactions (Table 7). Furthermore, the lower catalyst loading also results in lower α-

selectivity. 
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Entry Acid Yield Ratio α:β Remaining 

alkyne 

pKa 

1 AcOH 56% 27:1 35% 4.8 

2 PivOH 40% 19:1 30% 5.0 

3 Propanoic acid 48% 23:1 35% 4.9 

4 Benzoic acid 47% 23:1 19% 4.2 

5 PhOH 28% Only α 17% 9.8 

6 Butyric acid 44% 14:1 10% 4.8 

7 H2O 23% Only α 32% 14.0 

8 NaH2PO4 32% Only α 27% 7.2 

Table 5. Screening of acids. Experiments were performed on a 0.36 mmol scale using 1,2,4-trimethoxybenzene 

as an internal standard. Yields, selectivity and remaining alkyne were determined using NMR. 

 

 

Entry Acid Time Yield Ratio α:β Remaining alkyne 

1 AcOH 16 h 50% 23:1 18% 

2 AcOH 24 h 49% 21:1 14% 

3 NaH2PO4 16 h 33% Only α 28% 

4 NaH2PO4 24h 35% Only α 27% 

Table 6. Screen of two acids over 16 h and 24 h. Experiments were performed on a 0.36 mmol scale using 1,2,4-

trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined using 

NMR. 
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Entry Loading of 

Catalyst 

Yield Ratio α:β Remaining alkyne 

1 1.0 mol% 42% 6:1 20% 

2 3.0 mol% 53% 20:1 18% 

3 5.0 mol% 53% 17:1 16% 

Table 7. Screen of catalyst loading. Experiments were performed on a 0.36 mmol scale using 1,2,4-

trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined using 

NMR. 

 

After elucidating the best catalyst loading, the reaction was performed using different equivalents of 

acetic acid. The previous amount of 1.0 equivalent established itself to be the most efficient, since using 

1.5 equivalents of acid gave a similar result (Table 8, Entry 2, 3). Using 0.5 equivalents of acid only 

afforded a yield of 32%, supporting that the reaction is not catalytic in acid (Table 8, Entry 1).  

 

 

Entry Equivalents  of Acid Yield Ratio 

α:β 

Remaining alkyne 

1 0.5 equiv. 32% 10:1 38% 

2 1.0 equiv. 55% 26:1 21% 

3 1.5 equiv. 49% 17:1 15% 

Table 8. Screen of acid equivalents. Experiments were performed on a 0.36 mmol scale using 1,2,4-

trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined using 

NMR. 
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After determining the optimal amount of acid, the effect of solvent towards the reaction was 

investigated. Reactions were performed, using 1,4-dioxane, toluene and THF. The reactions in toluene 

and THF showed greater yields (67% and 65%) compared to the previously used solvent 1,4-dioxane 

(58%) (Table 9). The boiling point of THF lies at 66 °C compared to the 110 °C of toluene, making 

toluene an ideal solvent for future temperature screens. Due to the resolution of the NMR it is difficult 

to detect exact ratios greater than 95:5, explaining why reactions in 1,4-dioxane have been reported with 

α:β ratios ranging from 20:1 to 27:1, using the same conditions. 

 

 

Entry Solvent Yield Ratio α:β Remaining alkyne 

1 1,4-dioxane 58% 20:1 6% 

2 toluene 67% 32:1 6% 

3 THF 65% 32:1 8% 

Table 9. Screen of different solvents. Experiments were performed on a 0.36 mmol scale using 1,2,4-

trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined using 

NMR. 

 

During the solvent screen, a reaction in 1,4-dioxane was performed under microwave irration for 1 hour, 

to evaluate this had an impact on the conversion of the reaction.  After just 1 h at 80 °C, the alkyne was 

completely consumed, yielding the product at 65% with a great selectivity. This method was adapted to 

a range of solvents with high boiling points. Under microwave, toluene proved to work best, giving the 

highest yield of 72% and the highest selectivity of 24:1 (Table 9, Entry 2). Reactions in 1,4-dioxane 

(66%, 21:1) worked comparably to DME (1,2-dimethoxyethane, 64%, 20:1) and DMF 

(dimethylformamide, 69%, 16:1), giving similar yields and selectivities. Acetonitrile and 

benzotrifluoride (BTF) proved to be less successful solvents, yielding the product in 24% and 4% with 

lower regioselectivities (15:1 and 10:1) (Table 10, Entry 3, 6). 
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Entry Solvent Yield Ratio α:β Remaining alkyne 

1 1,4-dioxane 66% 21:1 trace 

2 toluene 72% 24:1 trace 

3 acetonitrile 24% 15:1 30% 

4 DME 64% 20:1 trace 

5 DMF 69% 16:1 trace 

6 BTF 4% 10:1 40% 

Table 10. Experiments screening different solvents in the microwave over 1 h. Performed on a 0.36 mmol scale 

using 1,2,4-trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined 

using NMR. 

 

Reaction temperature was next studied to try to improve reaction yields, screening different temperatures 

of toluene under microwave conditions. The reaction was performed at 80 °C, 100 °C and 120 °C. The 

yields of the reactions performed at 80 °C and 100 °C were similar at 71% and 72%, whereas at 120 °C 

only 42% of the product formed. The regioselectivity deteriorated with higher temperatures. At 80 °C 

the α-selectivity of the reaction lied at 23:1. At 100 °C and 120 °C the selectivity dropped to 17:1 and 

10:1, respectively (Table 11).  

After the reaction proved to be most efficient at 80 °C, a time study was conducted at 30, 60 and 90 

minutes. Fortunately, the reaction was completed at 30 mins, lowering the optimal reaction time. At all 

reaction times the product was detected with approximately 72% yield and a regioselectivity of 23:1 

(Table 12). 
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Entry Temperature Yield Ratio α:β Remaining alkyne 

1 80 °C 71% 23:1 trace 

2 100 °C 72% 17:1 trace 

3 120 °C 42% 10:1 trace 

Table 11. Experiments screening temperatures in the microwave over 1 h were performed on a 0.36 mmol scale 

using 1,2,4-trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined 

using NMR. 

 

 

 

Entry Time Yield Ratio α:β Remaining alkyne 

1 30 min 72% 23:1 trace 

2 60 min 72% 23:1 trace 

3 90 min 71% 23:1 trace 

Table 12. Experiments screening reaction times in the microwave. Performed on a 0.36 mmol scale using 1,2,4-

trimethoxybenzene as an internal standard. Yields, selectivity and remaining alkyne were determined using 

NMR. 

 

In previous optimisation screens, the reactions were performed at a 0.50 M concentration. Subsequently 

concentrations ranging from 0.25 M to 0.75 M were screened. The concentration at 0.50 M proved to 

be optimal, providing the best yield at 78% and the best selectivity at 25:1. The result at a concentration 

of 0.25 M gave a lower selectivity (16:1) and yield (68%) compared to other concentrations. The other 

concentrations provided similar results at approximately 72% yield with a ratio of 23:1 (Table 13). 
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Entry Concentration Yield Ratio α:β Remaining alkyne 

1 0.25 M 68% 16:1 trace 

2 0.33 M 71% 23:1 trace 

3 0.50 M 78% 25:1 trace 

4 0.66 M 72% 23:1 trace 

5 0.75 M 73% 23:1 trace 

Table 13. Experiments screening concentration. Performed on a 0.36 mmol scale using 1,2,4-trimethoxybenzene 

as an internal standard. Yields, selectivity and remaining alkyne were determined using NMR. 

 

With these results in hand, the optimised conditions using microwave heating were established (Scheme 

43). The short reaction times and atom economy make this method highly valuable for the synthesis of 

vinyl boronic esters from alkynes. 

 

Scheme 43. Optimised conditions for the Pd-catalysed α-borylation of alkynes. 

 

Although the microwave conditions are highly time efficient, the volume of microwave vials is 

commonly limited to 20 mL. Consequently, the conversion of the reaction in a Schlenk flask using 

thermal heating was investigated. Schlenk flasks are commercially available in all sizes, making the 

reaction more scalable. Although the reaction had already reached a yield of 55% after 30 min the 

reaction progressed slowly over time, giving a yield of 64% after 4 h (Table 14, Entry 4) and 69% after 

24 h (Table 14, Entry 7). The reaction confirms that similar selectivities (23:1) are achievable using 

thermal heating compared to microwave heating (23:1 to 25:1) and a reaction time of 16 h prior to the 
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optimisation could be dropped to 4 h in a Schlenk flask, making the methodology applicable to larger 

scales (Table 14). 

 

 

Entry Time Yield Ratio α:β Remaining alkyne 

1 30 min 55% 23:1 30% 

2 1 h 59% 23:1 22% 

3 2 h 62% 23:1 15% 

4 4 h 64% 23:1 10% 

5 6 h 63% 23:1 10% 

6 8 h 65% 23:1 6% 

7 24 h 69% 23:1 trace 

Table 14. Time screen. Performed on a 0.36 mmol scale using 1,2,4-trimethoxybenzene as an internal standard. 

Yields, selectivity and remaining alkyne were determined using NMR. 

 

After optimisation in the microwave vial and the Schlenk flask, conditions for the Pd-catalysed α-

selective hydroboration of alkynes were obtained (Scheme 44). Although the microwave reaction 

promises higher yields (72%-78%) in shorter time, the reaction in the Schlenk flask is applicable to a 

broader range of users and scalable to higher volumes. 

 

Scheme 44. Optimised conditions for the Pd-catalysed addition of B2pin2 to butynol. 
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2.2.3 Scale-up and Substrate Scope  

With the optimal reaction conditions in hand, the substrate scope was explored. The model reaction was 

first scaled up to prove that the yield and selectivity were reproducible on a large scale (Scheme 45). 

The 1,1-disubstituted vinyl boronic ester 106 was isolated in 68% yield with a regioselectivity of greater 

than 25:1. 

 

Scheme 45. Scale-up for the Pd-catalysed addition of B2pin2 to butynol using microwave heating. 

 

The optimised reaction conditions in the microwave vial or Schlenk flask were then applied to 4-chloro-

1-butyne (ca. £159 per gram on Sigma Aldrich) on a 0.36 mmol scale. Unfortunately, the reaction was 

unsuccessful in both cases (Scheme 46), returning over 80% of the alkyne starting material. 

 

 

Scheme 46. Attempted Pd-catalysed addition of B2pin2 to 4-chloro-1-butyne in the microwave. 

 

However, the reaction with 3-butynyl p-toluenesulfonate (ca. £17 per gram on Sigma Aldrich) was 

successful, showing that vinyl boronate 94 was accessible in 49% in one step, isolating only the α-

regioisomer (Scheme 47). The procedure that was followed to form vinyl boronate 94 from the vinyl 

bromide 95, for the mechanistic studies of the radical conjugate addition-polar cyclisation cascade 

followed four steps with an overall yield of 34%. Therefore, this new method represents a significant 

improvement in both yield and efficiency. 
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Scheme 47. Pd-catalysed addition of B2pin2 to 3-butynyl p-toluenesulfonate in the microwave. 

The synthesis of the homologues of vinyl boronic ester 106 was also successful. The product derived 

from pentynol 107 yielded 65% by NMR, whereas the hexynol derivative 108 yielded 70% by NMR 

(Scheme 48). These products were found to have a regioselectivity of greater than 20:1. Due to the 

versatility and utility of boronic esters these vinyl boronates are highly useful intermediates and could 

be used to form highly complex molecules. 

 

Scheme 48. Pd-catalysed addition of B2pin2 to pentynol and hexynol under microwave radiation. 

 

2.2.4 Conclusions and Future Work  

 

In conclusion, a scalable, highly α-selective and time efficient Pd-catalysed hydroboration has been 

developed (Scheme 49). Although, the scope does not consist of many substrates, this method of 

synthesising 1,1-disubstituted vinyl boronic esters with α-selectivities of over 95:5 gave superior results 

when compared to the hydroalumination by Hoveyda18 and the hydroboration by Prabhu.19 In time, the 

selectivity, scalability and functional group tolerance of the developed method provides it with the 

potential to be extensively utilised for the synthesis of vinyl boronic esters from easily accessible 

alkynes. In addition, synthesising 1,1-disubstituted vinyl boronic esters via the developed hydroboration 

is preferable to the Miyaura borylation18 from vinyl halides, which are in most cases more expensive 

terminal alkynes and generally prepared from the alkyne. 

 

 

Scheme 49. Optimised conditions of the Pd-catalysed addition of B2pin2 to terminal alkynes. 
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In future, the scope will be expanded, exploring functional group tolerance, as well as applying non-

terminal alkynes to this methodology. Furthermore, the method can be developed further with other Pd-

catalysts, including more robust Pd(II)-sources, and ligands other than triphenylphospine to achieve 

higher yields and selectivities, making the method more versatile. The greater robustness of the catalyst 

might allow product formation of alkynes with adjacent halides. Moreover, the effect of lowering the 

reaction time under microwave heating to under 30 min and lowering the temperature below 80 °C could 

be studied in the future, potentially making the reaction conditions milder. The possibility of undergoing 

one-pot syntheses in combination with the Pd-catalysed addition to alkynes will also be developed 

(Scheme 50). This will potentially open the possibility to a subsequent one-pot Suzuki coupling with 

heterocyclic halides, overcoming the limitations of Oh’s chemistry, which is restricted to alkyl and aryl 

boronic acids.66 

 

Scheme 50. One-pot hydroboration-Suzuki coupling. 
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3.0 Overall Results and Conclusions 

 

 

Following the photoredox-mediated decarboxylative conjugate addition to vinyl boronic esters to form 

γ-aminoboronic esters,53 the methodology was expanded to synthesise functionalised cyclopropanes via 

a radical addition‒polar cyclisation cascade. Sets of conditions for the reaction of homoallyl chlorides 

with amino acids bearing secondary and tertiary carbamates were developed, using a readily accessible, 

inexpensive organic photocatalyst (Scheme 51). The conditions developed proved to be amenable to a 

wide range of carboxylic acids, displaying excellent functional group tolerance, robustness and 

chemoselectivity. 

 

Scheme 51. Reaction conditions for geminally substituted cyclopropyl boronic ester synthesis.  

 

However, long reaction times (two days) and the expensive vinyl bromide made the formation of the 

vinyl boronate, which was utilised as a substrate for the cyclisation reaction, less attractive.16 Shortening 

the reaction time with less expensive terminal akynes to form 1,1-disubstituted vinyl boronic esters, not 

only facilitated the overall synthesis, but opened the possibility to synthesising α-substituted vinyl 

boronic esters via Pd-catalysed hydroboration based on preliminary work on Oh and co-workers.66 

 

The result of a one-pot synthesis of the Pd-catalysed hydroboration in combination with a heterocyclic 

halide via Suzuki coupling, formed the desired compound, opening the possibility to overcome the scope 

of Oh’s chemistry, which was restricted to introducing alkyl and aryl groups. 
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4.0 Experimental 

 

4.1 General Information 

 

An atmosphere of argon or nitrogen was used to perform the reactions. The reactions were performed 

in glassware that was flame-dried under oil-pump vacuum. The cleansing of the glassware took place 

overnight in an iPrOH/KOH bath. The glassware was then rinsed with deionised water and dried in an 

oven at 120 °C. Reagents and solvents were added via silicon/rubber septa, nitrogen flushed disposable 

syringes and needles. 

All reactions were carried out at room temperature (r.t.). Temperatures were recorded by placing a 

thermometer beside the reaction vial, and warming was caused by the heat generated from the LEDs. 

Water is de-ionised and brine refers to a saturated aqueous solution of NaCl. All other reagents were 

used as received unless otherwise stated.  

40 W Kessil Blue LED lamps were Kessil A160WE tuna blue LED aquarium lights and were used with 

colour dial turned fully anticlockwise and intensity turned fully clockwise.  

Flash chromatography was carried out using silica gel (Aldrich, silica gel 60, 40-63 μm). 

Reactions were tracked by TLC using aluminum-backed silica plates (0.25 mm, Merck, silica gel 60 

F254). Compounds were visualised by staining with KMnO4, followed by heating.  

NMR spectra were recorded on a Bruker 400 MHz spectrometer. Chemical shifts (δ) are quoted as parts 

per million (ppm) and coupling constants (J) are quoted in Hertz (Hz). To state the spin multiplicity 

following abbreviations were used: s (singlet), br. s (broad singlet), d (dublet), br. d (broad dublet), t 

(triplet), q (quartet), qi (quintet), m (multiplet) and br. m (broad multiplet). Full characterisation was 

confirmed by 2D NMR: HSQC and COSY.   

Infrared (IR) spectra were recorded on a Perkin-Elmer Spectrum One FT-IR Spectrometer; only strong 

absorbances (νmax) are reported in cm˗1.  

High-resolution mass spectra (HRMS) were recorded on a Bruker micrOTOF instrument using 

electrospray ionisation (ESI). 
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4.2 Experimental Procedures and Characterisation Data 

 

 

4.2.1 Photoredox-mediated Radical Addition-Polar Cyclisation 

 

General Procedure A (for amino acids with tertiary carbamates): 

To a 7 mL vial equipped with a stir bar was added the carboxylic acid (1.0 eq.), vinyl boronic ester 

(1.5 eq.), 4CzIPN (1.0 mol%) and Cs2CO3 (2.0 eq.) and DMF (0.1 M). The vial was closed with a septum 

and sealed with a suba-seal and the reaction mixture was degassed using a continuous flow of nitrogen 

for 10 minutes. The reaction mixture was stirred at 1000 rpm and irradiated with one 40 W blue Kessil 

LED. The reaction mixture was heated by irradiation of the Kessil lamps. 

The reaction mixture was diluted with water (20 mL) and extracted into ethyl acetate (3 x 20 ml). The 

organic phase was washed with water (20 mL) and brine (20 mL) and dried over MgSO4. The solvent 

was removed in vacuo. 

The crude was then purified via normal-phase flash chromatography. 

General Procedure B (for amino acids with secondary carbamates): 

To a 7 mL vial equipped with a stir bar was added the carboxylic acid (1.0 eq.), vinyl boronic ester 

(1.5 eq.), 4CzIPN (2.0 mol%) and Cs2CO3 (2.0 eq.) and DMF (0.1 M). The vial was closed with a septum 

and sealed with a suba-seal and the reaction mixture was degassed using a continuous flow of nitrogen 

for 10 minutes. The reaction mixture was stirred at 1000 rpm and irradiated with one 40 W blue Kessil 

LED. The reaction mixture was heated by irradiation of the Kessil lamps. 

The reaction mixture was diluted with water (20 mL) and extracted into ethyl acetate (3 x 20 ml). The 

organic phase was washed with water (20 mL) and brine (20 mL) and dried over MgSO4. The solvent 

was removed in vacuo. 

The crude was then purified via normal-phase flash chromatography. 
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Product Characterisation: 

2-(4-Chlorobut-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (78) 

 

Alkenyl bromide 95 was prepared from commercially available alcohol 96 using a literature procedure.65 

Alkenyl boronic ester 78 was prepared following a modified literature procedure:16 PdCl2(PPh3)2 

(126 mg, 0.180 mmol, 3.00 mol%), Ph3P (96 mg, 0.36 mmol, 6.0 mol%), bis(pinacolato)diboron (1.67 

g, 6.60 mmol, 1.10 equiv.), and PhOK (fine powder, 1.19 g, 9.00 mmol, 1.50 equiv.) were added to a 

flask equipped with a magnetic stir bar, a septum inlet, and a condenser. The flask was flushed with 

nitrogen and then charged with toluene (36 mL) and 96 (1.02 g, 6.00 mmol, 1.00 equiv.). The mixture 

was then stirred at 50 °C for 10 h. The reaction mixture was treated with H2O (20 mL) at r.t., extracted 

into Et2O (3 × 20 mL), washed with brine (20 mL), dried (MgSO4), filtered, and concentrated in vacuo. 

The residue was purified by flash column chromatography (5% Et2O/pentane) to give 78 (955 mg, 4.41 

mmol, 74%) as a colourless liquid. 

TLC: Rf = 0.45 (5% Et2O/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 5.91 (d, J = 3.2 Hz, 1H, H4), 5.72 (d, J = 3.1 Hz, 1H, H4), 3.62 (t, J = 

7.3 Hz, 2H, H1), 2.61 (t, J = 7.3 Hz, 1H, H2), 1.26 (s, 12H, H6) ppm. 

13C NMR (101 MHZ, CDCl3): δC 132.6 (C4), 83.8 (C5), 44.3 (C1), 38.9 (C2), 24.9 (C6) ppm. The carbon 

directly attached to boron was not detected due to the boron quadrupole. 

11B NMR (128 MHz, CDCl3): δB 30.1 (br. s, 1B) ppm.  

IR (film) vmax: 2920, 2851, 1739, 1464, 1372, 1314, 1243, 1145, 1022 cm–1. 

HRMS (ESI+) calcd. for C10H18BClNaO2 [M+Na]+ 239.0982, found 239.0987. 
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tert-Butyl 2-((1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)methyl)pyrrolidine-1-

carboxylate (79) 

 

Prepared following General Procedure A using Boc-Pro-OH (65 mg, 0.30 mmol, 1.0 equiv.), 4CzIPN 

(2.4 mg, 0.0030 mmol, 1.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic ester 78 

(96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp for 20 h. 

Purification by flash column chromatography (10% EtOAc/pentane) gave the title compound (104 mg, 

0.296 mmol, 99%) as a colourless oil.  

TLC: Rf = 0.45 (10% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 3.95 – 3.86 (br. m, 1H, H7), 3.35 – 3.29 (br. m, 2H, H4), 2.03 – 1.73 

(m, 4H, H5 + H6), 1.63 – 1.57 (m, 1H, H8), 1.45 (s, 9H, H1), 1.29 – 1.25 (m, 1H, H8), 1.20 (s, 6H, H13), 

1.19 (s, 6H, H13), 0.75 – 0.57 (br. m, 2H, H10 + H11), 0.51 – 0.31 (br. m, 2H, H10 + H11) ppm. 

13C NMR (101 MHz, CDCl3): δC 154.6 (C3), 83.0 (C12), 78.8 + 78.5 (rotameric peaks, C2), 57.7 + 57.3 

(rotameric peaks, C7), 46.2 + 45.8 (rotameric peaks, C4), 39.8 + 39.4 (rotameric peaks, C8), 29.8 (C5), 

28.7 (C1), 24.8 (C13), 24.6 (C13), 23.7 + 23.0 (rotameric peaks, C6), 13.5 + 13.2 (rotameric peaks, C10), 

10.1 (C11), 1.8 (br., C9) ppm. 

11B NMR (128 MHz, CDCl3): δB 33.3 (br. s, 1B) ppm. 

IR (film) νmax: 2975, 1691, 1389, 1139, 855 cm–1. 

HRMS (ESI+) calcd. for C19H35NBO4 [M+H]+ 352.2657, found 352.2659. 

 

tert-Butyl (1-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)propan-2-yl)carbamate 

(82) 

 

Prepared following General Procedure A with Boc-Ala-OH (57 mg, 0.30 mmol, 1.0 equiv.), 4CzIPN 

(4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic ester 78 

(96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp for 20 h. 
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Purification by flash column chromatography (10% EtOAc/pentane) gave the title compound (85 mg, 

0.26 mmol, 87%) as a colourless oil. 

TLC: Rf = 0.42 (10% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 5.35 (br. s, 1H, N‒H), 3.65 – 3.53 (m, 1H, H4), 1.73 (dd, J = 14.3, 10.2, 

Hz, 1H, H6), 1.43 (s, 9H, H1), 1.23 (s, 6H, H11), 1.21 (s, 6H, H11), 1.09 (d, J = 6.4 Hz, 3H, H5), 0.93 (dd, 

J = 14.3, 4.3 Hz, 1H, H6), 0.78 – 0.65 (m, 2H, H8), 0.41 – 0.30 (m, 2H, H9) ppm. 

13C NMR (101 MHZ, CDCl3): δC 155.7 (C3), 83.5 (C10), 78.6 (C2), 47.5 (C4), 42.9 (C6), 28.7 (C1), 24.9 

(C11), 24.7 (C11), 22.0 (C5), 13.8 (C8), 10.5 (C9) ppm. The carbon directly attached to boron was not 

detected due to the boron quadrupole.  

11B NMR (128 MHz, CDCl3): δB 33.5 (br. s, 1B) ppm.  

IR (film) vmax: 3406, 2977, 1714, 1416, 1167, 1140 cm–1. 

HRMS (ESI+) calcd. for C17H33BNO4 [M+H]+ 326.2500, found 326.2505. 

 

 

Benzyl 2-((1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)methyl)pyrrolidine-1-

carboxylate (83) 

 

Prepared following General Procedure A using Z-Pro-OH (75 mg, 0.30 mmol, 1.0 equiv.), 4CzIPN (2.4 

mg, 0.0030 mmol, 1.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic ester 78 (96 

μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp for 20 h. 

Purification by flash column chromatography (10% EtOAc/pentane) gave the title compound (94 mg, 

0.25 mmol, 82%) as a colourless oil.  

TLC: Rf = 0.50 (10% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 7.68 – 7.19 (m, 5H, H1 + H2 + H3), 5.12 – 5.00 (m, 2H, H5), 3.98 – 3.93 

(br. m, 1H, H7), 3.37 – 3.29 (br. m, 2H, H10), 1.81 (br. m, 4H, H8 + H9), 1.54 – 1.27 (m, 2H, H11), 1.12 

(br. s, 12H, H16), 0.64 – 0.54 (br. m, 2H, H13 + H14), 0.43 – 0.17 (br. m, 2H, H13 + H14) ppm. 
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13C NMR (101 MHz, CDCl3): δC 155.1 + 154.8 (rotameric peaks, C6), 137.4 (C4), 128.5, 127.9, 127.8 

(C1, C2, C3), 83.1 (C15), 66.6 + 66.3 (rotameric peaks, C5), 58.3 + 57.8 (rotameric peaks, C10), 46.4 + 

46.1 (rotameric peaks, C7), 40.2 + 39.4 (rotameric peaks, C11), 30.3 + 29.7 (rotameric peaks, C8), 24.9 

(C16), 24.6 (C16), 23.8 + 23.0 (rotameric peaks, C9), 13.3 + 13.2 (rotameric peaks, C13), 10.2 (C14), 1.9 

(br., C12) ppm. 

11B NMR (128 MHz, CDCl3): δB 33.4 (br. s, 1B) ppm. 

IR (film) νmax: 2975, 1698, 1411, 1139, 1111, 855 cm–1. 

HRMS (ESI+) calcd. for C22H33BNO4 [M+H]+ 386.2501, found 386.2500. 

tert-Butyl methyl(1-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)propan-2-

yl)carbamate (84) 

 

Prepared following General Procedure A using N-Me-Boc-Ala-OH (60 mg, 0.30 mmol, 1.0 equiv.), 

4CzIPN (2.4 mg, 0.0030 mmol, 1.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic 

ester 78 (96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp 

for 20 h. Purification by flash column chromatography (5% EtOAc/pentane) gave the title compound 

(88 mg, 0.26 mmol, 87%) as a colourless oil.  

TLC: Rf = 0.28 (5% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 4.39 – 4.12 (br. m, 1H, H5), 2.69 + 2.61 (rotameric peaks, 2 × br. s, 

3H, H4), 1.73 – 1.56 (m, 1H, H7), 1.44 (s, 9H, H1), 1.18 (s, 12H, H12), 1.11 – 0.96 (m, 1H, H7), 1.05 (d, 

J = 6.9 Hz, 3H, H6), 0.71 – 0.57 (br. m, 2H, H9), 0.31 – 0.23 (br. m, 2H, H10) ppm. 

13C NMR (101 MHz, CDCl3): δC 155.9 (C3), 83.0 (C11), 79.0 + 78.8 (rotameric peaks, C2), 52.0 + 50.5 

(rotameric peaks, C5), 40.3 + 39.6 (rotameric peaks, C7), 28.7 (C1), 28.4 (C4), 24.9 (C12), 18.6 (C7), 12.1 

+ 11.5 (rotameric peaks, C9), 11.8 + 10.6 (rotameric peaks, C10), 2.3 (br., C8) ppm. 

11B NMR (128 MHz, CDCl3): δB 33.9 (br. s, 1B) ppm. 

IR (film) νmax: 2976, 1689, 1415, 1338, 1141, 854 cm–1. 

HRMS (ESI+) calcd. for C18H35BNO4 [M+H]+ 340.2657, found 340.2660. 

 

tert-Butyl (2-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)ethyl)carbamate (85) 
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Prepared following General Procedure A using Boc-Gly-OH (53 mg, 0.30 mmol, 1.0 equiv.), 4CzIPN 

(4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic ester 78 

(96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp for 62 h. 

Purification by flash column chromatography (5% EtOAc/pentane) gave the title compound (52 mg, 

0.17 mmol, 55%) as a colourless oil.  

TLC: Rf = 0.28 (5% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 5.34 – 5.28 (br. m, 1H, N‒H), 3.17 – 3.13 (m, 2H, H4), 1.43 (s, 9H, 

H1), 1.38 (t, J = 6.5 Hz, 2H, H5), 1.21 (s, 12H, H10), 0.70 (q, J = 3.5 Hz, 2H, H7), 0.34 (q, J = 3.5 Hz, 

2H, H8) ppm. 

13C NMR (101 MHz, CDCl3): δC 156.2 (C3), 83.5 (C9), 78.7 (C2), 41.0 (C4), 35.7 (C5), 28.6 (C1), 24.8 

(C10), 11.9 (C7, C8) ppm. The carbon directly attached to boron was not detected due to the boron 

quadrupole. 

11B NMR (128 MHz, CDCl3): δB 33.4 (br. s, 1B) ppm. 

IR (film) νmax: 3395, 2926, 1694, 1417, 1168, 1143, 856 cm–1. 

HRMS (ESI+) calcd. for C16H31BNO4 [M+H]+ 312.2344, found 312.2345. 

tert-Butyl (2-methyl-1-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)propan-2-

yl)carbamate (86) 

 

Prepared following General Procedure A using Boc-Aib-OH (61 mg, 0.30 mmol, 1.0 equiv.), 4CzIPN 

(4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic ester 78 

(96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp for 24 h. 

Purification by flash column chromatography (5% EtOAc/pentane) gave the title compound (59 mg, 

0.17 mmol, 58%) as a colourless oil.  

TLC: Rf = 0.48 (5% EtOAc/pentane, KMnO4 stain). 
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1H NMR (400 MHz, CDCl3): δH 5.97 (br. s, 1H, N‒H), 1.43 (s, 9H + 2H, H1 + H6), 1.33 (s, 6H, H4), 

1.23 (s, 12H, H11), 0.73 (q, J = 3.6 Hz, 2H, H8), 0.38 (q, J = 3.6 Hz, 2H, H9) ppm. 

13C NMR (101 MHz, CDCl3): δC 155.0 (C3), 83.6 (C10), 78.2 (C2), 54.2 (C5), 49.5 (C6), 28.8 (C1), 27.0 

(C4), 24.6 (C11), 12.2 (C8, C9) ppm. The carbon directly attached to boron was not detected due to the 

boron quadrupole. 

11B NMR (128 MHz, CDCl3): δB 33.9 (br. s, 1B) ppm. 

IR (film) νmax: 3391, 2977, 1720, 1520, 1416, 1168, 1066, 851 cm–1. 

HRMS (ESI+) calcd. for C18H35BNO4 [M+H]+ 340.2657, found 340.2667. 

tert-Butyl (1-(1-benzyl-1H-imidazol-4-yl)-3-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)cyclopropyl)propan-2-yl)carbamate (87) 

 

Prepared following General Procedure A using Boc-His(Bzl)-OH (103 mg, 0.300 mmol, 1.00 equiv.), 

4CzIPN (4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic 

ester 78 (96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp 

for 24 h. Purification by flash column chromatography (10% MeOH/CH2Cl2) gave the title compound 

(130 mg, 0.270 mmol, 90%) as a colourless oil.  

TLC: Rf = 0.50 (10% MeOH/CH2Cl2, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 7.40 (br. s, 1H, H7, H8), 7.33 – 7.25 (m, 3H, H12 + H13), 7.13 – 7.07 

(m, 2H, H11), 6.69 (br. s, 1H, H7, H8), 5.39 (br. d, J = 7.5 Hz, 1H, N‒H), 5.00 (s, 2H, H9), 3.77 – 3.68 

(m, 1H, H4), 2.79 (dd, J = 14.4, 4.6 Hz, 1H, H5), 2.67 (dd, J = 14.2, 7.1 Hz, 1H, H5), 1.63 (dd, J = 14.0, 

10.3 Hz, 1H, H14), 1.38 (s, 9H, H1), 1.22 – 1.13 (m, 1H, H14), 1.18 (s, 6H, H19), 1.17 (s, 6H, H19), 0.67 – 

0.58 (br. m, 2H, H16), 0.29 – 0.22 (br. m, 2H, H17) ppm. 

13C NMR (101 MHz, CDCl3): δC 155.6 (C3), 140.2 (C8), 136.4, 136.2 (C7, C8), 129.0, 128.2, 127.3 (C10, 

C11, C12), 116.8 (C13), 83.1 (C18), 78.4 (C2), 51.8 (C4), 50.9 (C9), 40.4 (C5), 34.3 (C14), 28.6 (C1), 24.9 

(C19), 24.7 (C19), 13.3 (C16), 10.4 (C17), 2.4 (br., C15) ppm. 

11B NMR (128 MHz, CDCl3): δB 34.3 (br. s, 1B) ppm. 

IR (film) νmax: 3404, 2977, 1699, 1498, 1165, 1139 cm–1. 
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HRMS (ESI+) calcd. for C27H40BN3NaO4 [M+Na]+ 504.3009, found 504.2993. 

 

Benzyl 4-((tert-butoxycarbonyl)amino)-5-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)cyclopropyl)pentanoate (88) 

 

Prepared following General Procedure A using Boc-Glu(OBzl)-OH (101 mg, 0.300 mmol, 1.00 equiv.), 

4CzIPN (4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic 

ester 78 (96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp 

for 24 h. Purification by flash column chromatography (10% EtOAc/pentane) gave the title compound 

(78 mg, 0.17 mmol, 55%) as a colourless oil.  

TLC: Rf = 0.15 (10% EtOAc/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 7.36 – 7.28 (m, 5H, H10 + H11 + H12), 5.16 – 5.07 (m, 3H, N‒H + H8), 

3.64 – 3.53 (br. m, 1H, H4), 2.40 (t, J = 7.9 Hz, 2H, H6), 1.88 – 1.79 (m, 1H, H5), 1.74 – 1.65 (m, 1H, 

H5), 1.48 – 1.38 (m, 1H, H13), 1.42 (s, 9H, H1), 1.22 (s, 6H, H18), 1.20 (s, 6H, H18), 1.02 (dd, J = 14.1, 

3.6 Hz, 1H, H13), 0.74 – 0.67 (m, 2H, H15), 0.37 – 0.31 (m, 2H, H16) ppm. 

13C NMR (101 MHz, CDCl3): δC 173.6 (C7), 155.9 (C3), 136.2 (C9), 128.6, 128.3, 128.2 (C10, C11, C12), 

83.5 (C17), 78.8 (C2), 66.3 (C8), 50.9 (C4), 40.8 (C6), 31.4 (C13), 31.1 (C5), 28.6 (C1), 25.0 (C18), 24.6 

(C18), 13.8 (C15), 10.3 (16), 1.8 (br., C14) ppm. 

11B NMR (128 MHz, CDCl3): δB 34.3 (br. s, 1B) ppm. 

IR (film) νmax: 3404, 2977, 1712, 1417, 1246, 1165, 1138, 855 cm–1. 

HRMS (ESI+) calcd. for C26H41BNO6 [M+H]+ 474.3026, found 474.3024. 

 

Benzyl ((2S)-1-((4-methyl-1-oxo-1-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)cyclopropyl)pentan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (89) 



63 

 

 

Prepared following General Procedure A using Z-Phe-Leu-OH (124 mg, 0.300 mmol, 1.00 equiv.), 

4CzIPN (4.7 mg, 0.0060 mmol, 2.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic 

ester 78 (96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp 

for 24 h. Purification by flash column chromatography (15% EtOAc/pentane) gave the title compound 

(98 mg, 0.18 mmol, 61%) as a colourless oil. The d.r. was determined to be 50:50 by high temperature 

NMR in DMSO-d6. 

TLC: Rf = 0.15 (15% EtOAc/pentane, KMnO4 stain). 

1H NMR (500 MHz, DMSO-d6, 100°C): 1:1 ratio of diastereomers: δH 7.33 – 7.19 (m, 10H, H1 + H2 + 

H3 + H10 + H11 + H12), 7.07 (br. m, 1H, N‒H), 6.86 – 6.74 (br. m, 1H, N‒H),  4.98 (s, 2H, H5), 4.27 – 

4.21 (m, 1H, H7), 4.10 – 4.00 (m, 1H, H8), 3.05 – 3.01 (m, 1H, H8), 2.84 – 2.79 (m, 1H, H15), 1.66 – 1.42 

(m, 2H, H16), 1.31 – 1.22 (m, 2H, H18), 1.19 (s, 12H, H23), 1.03 – 0.92 (m, 1H, H18), 0.89 – 0.82 (m, 6H, 

H14),  0.60 – 0.54 + 0.52 – 0.46 (diastereomeric peaks, 2 × m, 2H, H17 + H18), 0.44 – 0.37 + 0.24 – 0.18 

(diastereomeric peaks, 2 × m, 2H, H21) ppm. 

13C NMR (126 MHz, DMSO-d6, 100°C): 1:1 ratio of diastereomers: δC 169.5 + 169.4 (diastereomeric 

peaks, C6), 155.0 + 154.9 (diastereomeric peaks, C13), 137.6 + 137.5 (diastereomeric peaks), 136.6, 

128.59 + 128.57 (diastereomeric peaks), 127.6, 127.4, 127.0, 126.8, 125.57 + 125.55 (diastereomeric 

peaks) (C1 + C2 + C3 + C4 + C9 + C10 + C11 + C12), 82.23 + 82.22 (diastereomeric peaks, C22), 64.89 + 

64.88 (diastereomeric peaks, C5), 55.9 (C7), 46.91 + 46.85 (diastereomeric peaks, C8), 43.9 + 43.7 

(diastereomeric peaks, C14), 41.3 + 41.2 (diastereomeric peaks, C14), 37.7 + 37.4 (diastereomeric peaks, 

C15), 24.09 + 24.08 (diastereomeric peaks, C16), 23.87 + 23.85 (diastereomeric peaks, C23), 23.80 + 23.79 

(diastereomeric peaks, C17), 22.7 + 22.6 (diastereomeric peaks, C18), 21.4 + 21.3 (diastereomeric peaks, 

C18), 10.8 + 10.7 (diastereomeric peaks, C20), 9.9 + 9.7 (diastereomeric peaks, C21) ppm. The carbon 

directly attached to boron was not detected due to the boron quadrupole. 

11B NMR (128 MHz, CDCl3): δB 33.9 (br. s, 1B) ppm. 

IR (film) νmax: 3417, 3315, 3064, 2955, 1652, 1415, 1258, 1140, 1027, 909, 854 cm–1. 

HRMS (ESI+) calcd. for C32H46BN2O5 [M+H]+ 549.3500, found 549.3500. 

4,4,5,5-Tetramethyl-2-(1-(2-methylheptyl)cyclopropyl)-1,3,2-dioxaborolane (90) 
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Prepared following General Procedure A using 2-methylheptanoic acid (43 mg, 0.30 mmol, 1.0 equiv.), 

4CzIPN (4.7 mg, 0.0060 mmol, 1.0 mol%), Cs2CO3 (195 mg, 0.600 mmol, 2.00 equiv.), alkenyl boronic 

ester 78 (96 μL, 0.45 mmol, 1.5 equiv.) and DMF (6.0 mL), which was irradiated with 1 × Kessil lamp 

for 24 h. Purification by flash column chromatography (2% Et2O/pentane) gave the title compound (52 

mg, 0.19 mmol, 62%) as a colourless oil.  

TLC: Rf = 0.31 (2% Et2O/pentane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 1.67 – 1.57 (m, 1H, H6), 1.36 – 1.19 (m, 8H, H2 + H3 + H4 + H5), 1.19 

(s, 12H, H13), 1.07 – 0.98 (m, 2H, H8), 0.88 (t, J = 7.0 Hz, 3H, H1), 0.86 (d, J = 6.7 Hz, 3H, H7), 0.69 – 

0.60 (m, 2H, H10), 0.31 – 0.23 (m, 2H, H11) ppm. 

13C NMR (101 MHz, CDCl3): δC 82.9 (C12), 44.2 (C8), 37.4 (C6), 33.5, 32.4, 27.0 (C2, C3, C4, C5), 24.74 

(C13), 24.68 (C13), 22.9 (C2, C3, C4, C5), 20.1 (C1), 14.3 (C7), 12.4 (C10), 11.3 (C11) ppm. The carbon 

directly attached to boron was not detected due to the boron quadrupole. 

11B NMR (128 MHz, CDCl3): δB 33.4 (br. s, 1B) ppm. 

IR (film) νmax: 2923, 2852, 1457, 1415, 1144, 855 cm–1. 

HRMS (ESI+) calcd. for C17H33BNaO2 [M+Na]+ 303.2469, found 303.2454. 

 

 

 

 

 

 

4.2.2 Hydroboration: Synthesis of Vinyl Boronic Esters 

 

General Procedure C: 

To a flame dried 2 mL microwave vial equipped with a stir bar was added the alkyne (1.0 eq.), 

bis(pinacolato)diboron (1.2 eq.), Pd(PPh3)4 (3.0 mol%), acetic acid (1.0 eq.) and toluene (0.5 M) under 



65 

 

nitrogen atmosphere. The microwave vial was sealed. The reaction mixture was stirred and heated to 

80 °C in the microwave for 30 min. 

The reaction mixture was diluted with water (20 mL) and extracted into ethyl acetate (3 x 20 ml). The 

organic phase was washed with water (20 mL) and brine (20 mL) and dried over MgSO4. The solvent 

was removed in vacuo. 

The crude was then purified via normal-phase flash chromatography. 

 

Product Characterisation: 

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-ol (103) 

 

Prepared following the General Procedure C using but-3-yn-1-ol (0.647 g, 9.23 mmol, 1.00 equiv.), 

bis(pinacolato)diboron (2.81 g, 11.08 mmol, 1.20 equiv.), Pd(PPh3)4 (0.32 g, 0.28 mmol, 3.0 mol%), 

acetic acid (0.554 g, 9.23 mmol, 1.00 equiv.) and toluene (18.5 mL), which was heated to 80 °C for 30 

min. Purification by flash column chromatography (20% EtOAc/pentane) gave the title compound 

(1.25 g, 6.31 mmol, 68%) as a colourless oil.  

All recorded spectroscopic data matched those previously reported in the literature. 

TLC: Rf = 0.22 (20% EtOAc/hexane, KMnO4 stain). 

1H NMR (400 MHz, MeOD): δH 5.85 (br. d, J = 3.6 Hz, 1H, H4), 5.70 (br. s, 1H, H4), 3.62 (t, J = 7.1 

Hz, 2H, H1), 2.40 (t, J = 7.1 Hz, 2H, H2), 1.30 (s, 12H, H6) ppm.  

13C NMR (101 MHz, MeOD): δC 132.0 (C4), 84.8 (C5), 62.8 (C1), 40.0 (C2), 25.1 (C6) ppm. The carbon 

directly attached to boron was not detected due to the boron quadrupole. 

 

 

3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl 4-methylbenzenesulfonate (94) 
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Prepared following the General Procedure C using 3-butynyl p-toluenesulfonate (80.74 mg, 0.36 mmol, 

1.00 equiv.), bis(pinacolato)diboron (0.11 g, 0.43 mmol, 1.20 equiv.), Pd(PPh3)4 (12.48 mg, 0.11 mmol 

3.00 mol%), acetic acid (21.60 mg, 0.36 mmol, 1.00 equiv.) and toluene (0.71 mL), which was heated 

to 80 °C for 30 min. Purification by flash column chromatography (20% EtOAc/pentane) gave the title 

compound (62 mg, 0.18 mmol, 49%) as a colourless oil.  

TLC: Rf = 0.32 (20% EtOAc/hexane, KMnO4 stain). 

1H NMR (400 MHz, CDCl3): δH 7.77 (d, J = 8.0 Hz, 2H, H4), 7.31 (d, J = 8.0 Hz, 2H, H3), 5.84 (d, J = 

2.5 Hz, 1H, H9), 5.63 (d, J = 2.5 Hz, 1H, H9), 4.11 (t, J = 6.8 Hz, 2H, H6), 2.45 (t, J = 6.8 Hz, 2H, H7), 

2.42 (s, 3H, H1), 1.19 (s, 12H, H11) ppm. 

13C NMR (101 MHz, CDCl3): δC 144.4 (C5), 133.3, 133.0 (C8 + C9), 129.7, 127.9, 127.9 (C2 + C3 + C4), 

83.6 (C10), 69.7 (C6), 34.9 (C7), 24.7 (C11), 21.5 (C1) ppm.  

11B NMR (101 MHz, CDCl3): δB 28.9 (br. s, 1B) ppm. 

IR (film) vmax: 3067, 2978, 1620, 1598, 1433, 1361, 1314, 1176, 967 cm–1. 

HRMS (ESI+): calcd. for C17H25BNaO5S [M+Na]+ 375.1408, found 375.1422.  
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6.1 NMR Spectra 
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1H NMR (500 MHz, DMSO-d6, 100°C) 
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