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Selective Borylations of Carbon-Carbon pi-Bonds 

Connor Szwetkowski 

ABSTRACT 

 

 Organoboron compounds are viewed as a crucial intermediate for a wide variety of 

reactions. The most notorious reaction that exemplifies the capability of organoboron reagents is 

the Suzuki-Miyaura cross-coupling reaction, which is used to generate carbon-carbon bonds under 

mild conditions. Because of the versatility of organoboron reagents, methods to selectively install 

boron remains crucial. Boron containing compounds have recently garnered significant interest in 

the medicinal chemistry field. Boronôs unique properties allows the development of potential new 

boron-based drugs targeting novel signaling pathways with great efficacy. This dissertation 

describes the use of a diboron reagent to install boron on the electron withdrawing allenoate 

scaffold as well as on disubstituted 1,3-diynes. Lastly, this dissertation will cover the preliminary 

anti-fungal activity of a novel oxaborole scaffold.  

 We investigated the borylation of the electron withdrawing allenoate scaffold. Reports in 

the literature were scarce and limited in the scope of the work or required the use of less available 

diboron reagents. We developed a method for the addition of the diboron reagent B2pin2 and a 

copper chloride catalyst at 60 °C to generate the (Z)-ɓ-borylen-oate in an 18 ï 81% yield. A diverse 

substrate scope was produced, with the reaction being very tolerable with both electron donating 

and electron withdrawing functional groups attached to the phenyl ring with yields ranging from 

29 ï 81%. To our delight as well, straight alkyl chains maintained the respective Z stereoselectivity 

while having yields range from 46 ï 60%.  During the reaction, activation of the diboron reagent 

using the copper catalyst in methanol then undergoes boryl-cupration that can subsequently be 



 
 

protonated to form the Z-product. The steric effect of the activated boron complex and the allenoate 

drives the stereoselectivity of the reaction.   

 To continue the borylation of unique scaffolds, we developed a selective cis 

phosphinoboration of 1,3-diynes. In this reaction, a catalytic amount of tributyl phosphine and a 

diphenyl(4,4,5,5-tetramethyl-1-3-2-dioxaborolan-2-yl)phosphane is used to generate the 

corresponding cis 1,2-phosphinoboronate in yields ranging from 18 ï 75%. The reaction is 

performed in dichloromethane at 40 °C. Substrates bearing an electron donating group on the 

phenyl ring resulted in the need for a longer reaction time and decreased yields (18 ï 39%), while 

substrates bearing an electron withdrawing groups resulted in increased yields (55 ï 72%). The 

phosphinoboration reaction was also tolerable towards heterocycles (64%) and alkyl groups (34 ï 

53%).  This reaction is able to attach both boron and phosphorous simultaneously without the use 

of a transition metal. Mild oxidation using iodine resulted in oxidation of the phosphorous. The 

resulting product interestingly generated a B-O-P heterocycle. 

 In medicinal chemistry, new boron containing scaffolds have shown promising preliminary 

anti-fungal activity. The oxaborole scaffold is widely seen as a privileged scaffold due to the 

unique ability of boron to behave as a pharmacophore. The five-membered ring in the oxaborole 

scaffold also enhances the Lewis acidity of the boron. Our group has previously identified a 

synthetic route in obtaining a novel 3-monosubstituted oxaborole scaffold. Herein, we have 

developed a small library of compounds that were tested against a variety of fungal strains. 

Assaying the library at 25 ɛg/mL identified multiple hits that allowed the development of a 

preliminary structure activity relationship profile. Compounds containing electron withdrawing 

groups on the phenyl ring demonstrated higher anti-fungal activity. This phenomenon is explained 

due to the change in Lewis acidity of the compound. Incorporating electron withdrawing groups 



 
 

increases the overall Lewis acidity of the oxaborole scaffold, and therefore allowing for stronger 

covalent interactions in the active site. Increasing the length of the scaffold resulted in a drastic 

loss in activity, suggesting a smaller scaffold is a necessity. Compounds containing a 4-fluoro, 4-

chloro, 4-trifluoromethoxy, and 4-tetrafluoromethoxy were all compounds that consistently 

observed below 30% cell survival in the candida albicans, aspergillus niger, metarhizium 

anisopliiae, aspergillus flavus, penicillum chrysogenum, and saccharomyces cerevisiae fungal 

assays. To further explore the promising potential of the new scaffold, minimum inhibitory 

concentrations for our lead compounds will be conducted in the future.  

  



 
 

Selective Borylations of Carbon-Carbon pi-Bonds 

Connor Szwetkowski 

GENERAL AUDIENCE ABSTRACT 

 Boron-containing compounds are prevalent in a multitude of chemical reactions. Due to 

the versatility of organoborons in chemical transformations, the development for new chemical 

reactions that install boron is vital. Of great importance in the installation is the ability to perform 

the reactions under mild conditions and low cost under environmentally friendly fashion. Boron-

containing drugs are also a unique scaffold due to the ability boron has in its ability to act as a 

drug. Boron is able to covalently bind to molecules in the active site, creating an ñanchorò that can 

then therefore deliver the respective therapeutic effect. This dissertation discusses two reactions 

that install boron in a selective fashion on challenging substrates. The first chapter discusses the 

installation of boron on a challenging allene scaffold. The focus of the installation is to maintain 

selectivity of where the boron ends up on the resulting product which we were successful in. The 

following chapter discusses the installation of both boron and phosphorous in a one-step fashion. 

Previous methods would require more steps, harsher conditions, and lower overall yields while we 

can now circumnavigate these challenges in our new method. The third part of my dissertation will 

discuss the discovery of a novel boron-containing drug scaffold that has promising anti-fungal 

activity. Anti-fungal drugs are usually difficult to come by, allowing for our scaffold to shine in a 

challenging field. We have identified multiple hits in our preliminary assays and we can show that 

manipulating the potential reactivity of the boron can result in greater or lesser anti-fungal activity.
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Chapter 1: Regio- and stereoselective copper-catalyzed Ŭ,b-protoboration of allenoates: 

access to Z-ɓ,ɔ-unsaturated ɓ-boryl esters 

 

1.1 Contributions 

Connor Szwetkowski discovered the transformation, conducted optimization of reaction 

conditions, synthesized all substrates, and synthesized all of the products. Dr. Carla Slebodnick 

was responsible for X-ray diffraction experiments and the crystal structure for 1.31. Prof. Webster 

Santos served as an advisor and provided necessary guidance and input, as well as the preparation 

and editing of the manuscript. The final manuscript was prepared in collaboration between Connor 

Szwetkowski and Webster L. Santos. This work has been published in Organic and Biomolecular 

Chemistry. Reprinted (adapted) with permission from (Szwetkowski, C.; Slebodnick, C.; Santos, 

W.L.) DOI:org/10.1039/D2OB00423B) 
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1.2 Abstract 

A highly efficient regio- and stereoselective method for allenoate borylation has been 

developed. Using CuCl and bis(pinacolato)diboron in methanol, a variety of allenoates 

underwent ɓ-boration, Ŭ-protonation to afford the corresponding Z-ɓ,ɔ-unsaturated ɓ-boryl 

esters under mild conditions with up to 81% yields. A plausible mechanism involving pre-

activation of the boron species to then undergo ɓ-borylation is discussed. 
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1.3 Organoboron compounds in synthetic and medicinal chemistry 

Organoboron compounds are ubiquitous in organic chemistry, with applications ranging 

from synthesis, materials, and medicinal chemistry. Most famously, organoboron compounds are 

critical in the Suzuki-Miyaura reaction, permitting relatively facile formation of new carbon-

carbon bonds.1 The empty p-orbital in sp2-hybridized boron can interact with a variety of Lewis 

bases and nucleophiles to become anionic with sp3-hybridized geometry, the reaction of which is 

reversible.2  

After the discovery of the Suzuki-Miyaura cross-coupling (1.2), significant progress has 

been made towards new reactions reliant on boronôs Lewis acidity (Scheme 1.1). In 1993, Petasis 

reported the multicomponent reaction for the formation of substituted amines using an amine, a 

carbonyl containing compound, and a boronic acid (1.3).3 The Petasis reaction can therefore 

generate various amino acids and allyl amines that are otherwise challenging to synthesize.4 In 

1998 Chan5, Evans6 and Lam5 both published new methodology towards synthesizing 

functionalized amines and ethers using various phenols, amines, and a boronic acid (1.4). The 

Chan-Evans-Lam coupling reaction has expanded to include the synthesis of sulfonamides, 

carbamates, ureas, and imides.7 Carbonylative cross-coupling of organic halides with organoboron 

compounds have also been reported (1.5).8 This entails the insertion of carbon monoxide into the 

aryl-palladium bond to produce the desired ketone under mild conditions. Boronic acids can be 

oxidized under mild conditions using NaOH or H2O2 to create the corresponding alcohols (1.6).9 

Other reagents are now available that achieve oxidation of boronic acids, including sodium 

perborate10 and oxone.11   
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Scheme 1.1 Commonly utilized organoboron reactions 

Organoboron chemistry maneuvered into medicinal chemistry in the 1980s and has become 

an important pharmacophore, as exemplified by five FDA-approved drugs reliant on boronôs 

Lewis acidity to deactivate enzymes implicated in human disease (Figure 1.1). FDA-approved 

drugs containing boron hit the market in 2003 with the discovery of Bortezomib (1.7) and has had 

recent FDA approval in 2016 with the drug Crisaborole (1.10).   

 

Figure 1.1 FDA-approved organoboron drugs 
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Bortezomib provided the initial foundation for boron-based drugs, providing a treatment 

for multiple myeloma, which is a rare and aggressive blood cancer. Bortezomib targets the catalytic 

site of the 26S proteasome active site and acts as an inhibitor through the interactions with the 

Thr1 present (Fig. 1.2).12 Inhibition of the proteasome leads to retention of pro-apoptotic 

transcription factors that initiate a signaling cascade leading to cancer cell death.13 The Lewis 

acidity of the boron is crucial for activity, as observed when the boronic acid was substituted with 

a corresponding aldehyde that reduced efficacy.14 To improve upon Bortezomib, Ixazomib (1.8) 

was developed and improved to provide an orally available drug that is therefore able to bypass 

the hurdle of needing an IV injection that is required in Bortezomib to meet a greater patient 

compliance. 

 

Figure 1.2 Bortezomib bound to yeast 20S proteasome site15 

 To exploit the Lewis acidity of boron, knowing this is the crucial characteristic that allows 

boron-based drugs to behave as good pharmacophores, newer scaffolds were therefore explored. 

The cyclic benzoxaborole moiety has therefore garnered significant interest due to the success of 

the FDA approved drugs Tavaborole (1.9) in 2008 and Crisaborole (1.10) in 2016. Both drugs 

again rely on the covalent interaction that is unique to boron, but have vastly different biological 
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targets, demonstrating the potential for the benzoxaborole scaffold to be used towards a wide 

variety of targets. Tavaborole was approved as a topical treatment to treat onychomycosis, which 

is a fungal infection affecting roughly 10% of the United States population.16 Tavaborole acts as a 

leucyl tRNA synthetase inhibitor. The crystal structure of Tavaborole in the editing site of the 

leucyl-tRNA synthetase shows the formation of the tetrahedral spiroborate structure with the 

benzoxaborole forming an adduct with the 2ô and 3ô oxygen atoms on the terminal adenosine on 

the tRNA.17 Substitution of the boron with a corresponding carbon, as well as replacing the 

oxaborole ring with the boronic acid showed minimal inhibition. To meet the demand of 

performing a wide variety of synthetic reactions and identifying potential drug candidates, the 

installation of boron on new and challenging scaffolds is necessary.  

1.4 Hydroboration and Borylation of Allenes 

Allenes and similar scaffolds were initially viewed as a challenge in hydroboration and 

other borylation reactions. Due to reactivity issues, maintaining regio- and stereoselectivity 

provided multiple hurdles to overcome. The allene functional, however, has emerged as an 

important commodity in generating diverse products. In 1999, Miyaura reported a platinum-

catalyzed hydroboration of allenes with pinacolborane (HBpin) (Scheme 1.2).18 In this case, Bpin 

added to the terminal alkene affording the allyl boronic acid derivative (1.13). The reaction 

suffered from a narrow substrate scope and a mixture of isomers. 

 

Scheme 1.2 First reported allene borylation 

To demonstrate the advancements of hydroboration of allenes, Zhan  (Scheme 1.3a) 

reported in 2021 the ability to control the regioselectivity of the reaction by using either a nickel 
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catalyst or a cobalt catalyst.19 In the nickel-catalyzed hydroboration, the nickel is reduced to form 

a Ni(0) that can then undergo an oxidative addition with HBpin. The nickel can then undergo a 

migratory insertion to the allene followed by borylmetalation and finally reductive elimination to 

afford the vinyl borane product 1.15. When the reaction is run using the cobalt catalyzed 

conditions, the cobalt is initially activated by HBpin to generate a Co-B species that can undergo 

migratory insertion to the allene followed by borylmetalation to generate the ˊ-allyl intermediate. 

The intermediate then reacts with another equivalent of HBpin to produce the vinyl boronate 1.16 

and regenerate the catalyst. Tsuji (Scheme 1.3b), similarly was able to afford regioselective 

products from allene borylations, in which their reported method was dependent on the ligand 

choice and the temperature the reaction was performed under.20 Using a bulkier N-heterocyclic 

carbene, the reaction ultimately produced 1.15 in modest yields, while reverting to less bulky N-

heterocyclic carbene ligands at lower temperatures afforded 1.16. The resulting method provided 

a wide substrate scope having various alkyl, electron donating and electron withdrawing groups 

and maintained the selectivity using the respective conditions. 

 

Scheme 1.3 Recent developments in allene borylation 
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A region that is less explored is the methodology towards direct borylation of acylated or 

electron deficient allenes. Fernández and co-workers (1.18, Scheme 1.4) developed a base-

catalyzed, transition metal-free borylation of allenamides to produce the corresponding (Z)-

enamide, exclusively. The reported procedure did not come without its drawbacks though, with 

the reaction bearing a limited substrate scope and requiring para electron donating groups on the 

aryl ring.21 Interestingly, hydroboration occurred on the terminal alkene, affording the ɓ-boryl, ɓ-

methyl acetamides. Our group previously reported the copper-catalyzed ɓ-borylation with 

pinacolato diisopropanolaminato (PDIPA), furnishing ɓ-ɔ-unsaturated b-boryl esters (1.20, 

Scheme 1.4).22 Unfortunately, this reaction had limited substrate scope, low yields, and was 

susceptible to isomerization to the Ŭ,ɓ-unsaturated b-boryl esters. However, this previous report 

indicated the preactivation using a sp3-sp2 diboron species was necessary for the reaction to occur. 

With electron deficient allenamides, Ma and co-workers reported a regio- and stereoselective 

borylation using a copper (I) catalyst to produce Z-ɓ-borylated ɓ,ɔ-unsaturated enoamides (1.22, 

Scheme 1.4).23 In this particular case, a net hydroboration resulted from 1,4-conjugate addition. 
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Scheme 1.4 Electron deficient allene borylations 

In this dissertation, we developed a copper-catalyzed method for the sequential borylation-

protonation of allenoates to generate Z-ɓ,ɔ-unsaturated ɓ-boryl esters exclusively (Scheme 1.5). 

The ɓ-borylation proceeds on the under mild reaction conditions without the necessity for 

additional copper ligand and use of base additive. 

 

Scheme 1.5 Ligand and base-free allenoate borylation 

 

1.5 Results and Discussion 

We began our optimization using B2pin2 and CuCl in THF at 50 ̄C (Table 1.1, entry 1). 

Interestingly, we exclusively observed reactivity on the Ŭ,ɓ-double bond to produce 1.26 in modest 

yield and unreacted starting material. Switching the catalyst to CuI or Cu2+ source resulted in no 

reaction (entries 2-3). Use of PBu3 an organocatalyst was equally inefficient (entry 4).24 A survey 

of solvents revealed that toluene gave similar selectivity and yield as THF (entries 5-7) while 

increasing the reaction temperature up to 80 ̄C indicated 60 ̄ C as optimal due to the 

protodeborylation occurring (entries 8-10). Interestingly, methanol as an additive improved yield 

to 45% and switching the solvent to methanol gave product 1.26 in 75% yield with exclusive Z-

selectivity (entries 11-12). Additives such as tert-butoxide, which was used in the hydroboration 

of allenamides, resulted in a mixture of E/Z isomers while ethanol or n-butanol decreased product 

yield (entries 13-15). Removal of CuCl resulted in no reaction, suggesting the critical role of 
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copper in catalyzing the reaction. Finally, the stereochemistry of 1.26 was established using 

nuclear Overhauser effect NMR studies.  

Table 1.1 Optimization of Reaction Conditions for Allenoate Borylationa 

 

Entry Catalystb Solvent Temp. (̄C) E:Z Yieldc 

1 CuCl THF 50 1:>99 35 

2 CuI THF 50 - trace 

3 CuCl2 THF 50 - 0 

4 PBu3 THF 50 - 0 

5 CuCl toluene 50 1:>99 34 

6 CuCl CH2Cl2 50 1:>99 55 

7 CuCl MeCN 50 1:>99 23 

8 CuCl toluene 60 1:>99 40 

9 CuCl toluene 70 1:>99 38 

10 CuCl toluene 80 1:>99 30 

11d CuCl toluene 60 1:>99 45 

12 CuCl MeOH 60 1:>99 76 

13e CuCl MeOH 60 19:81 74 

14 CuCl EtOH 60 1:>99 39 

15 CuCl n-BuOH 80 1:>99 42 

16 - MeOH 60 - 0 

aPremix B2pin2 (0.85 mmol) and CuCl (0.085 mmol) in solvent for 20 min followed by allenoate 
1a (0.80 mmol) at indicated temp. b 0.1 equiv. used. c Isolated yields. d MeOH (2 equiv.). e KOtBu 
(0.1 equiv.) 
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With the optimized conditions in hand, e.g., using B2pin2 (1.1 equiv) and CuCl (0.1 equiv.) 

in methanol at 60 ̄C (Table 1, entry 12), we evaluated the scope and limitations of the method 

(Scheme 2). We focused our initial studies to explore the functional group tolerance on the phenyl 

ring. Thus, treatment of 1.25a under standard conditions afforded 1.26a in 76% yield. To 

demonstrate scalability, we performed a large scale synthesis of the reaction with substrate 1.25a 

(6.3 mmol) and isolated 1.24 g of product 1.26a in 66% yield. para-Methyl substituted aryl ring 

(1.26b) was likewise well tolerated (69% yield) whereas the corresponding ortho substitution 

(1.26c) gave 29% yield, suggesting the sensitivity of the reaction to steric effects. Electron 

donating groups such as methoxy (1.26d) or benzyloxy (1.26e) were afforded in 73% and 79% 

yields, respectively. Electron withdrawing groups such as fluorine or chlorine were well tolerated 

at the ortho or para position (1.26f-1.26i). Moreover, a trifluoromethyl group in 1.26j  was 

generated in 65% yield. Disubstitution with fluorine at the meta and para positions gave product 

1.26k in excellent yield. However, 2,6-difluoro derivative 1.26l resulted in a lower yield of 59% 

and in combination with a low yield in 1.26m, which required 30 mol% copper catalyst and longer 

reaction time, further indicates sensitivity to steric effects. We next investigated whether alkyl 

groups were efficient substrates. Cyclopentyl bearing allenoate afforded product 1.26n in 66% 

with exclusive Z selectivity. Linear chain alkyl groups ranging from pentyl to heptyl groups were 

also efficiently converted to the corresponding Z-ɓ,ɔ-unsaturated ɓ-boryl esters (1.26o-1.26q) 

albeit in slightly reduced stereoselectivity.  
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Scheme 1.6  Scope of phenyl substituted allenes. Isolated yields reported and 

>99:1 E/Z unless otherwise noted. Stereoselectivity determined by GC of the crude 

reaction mixture. a With 0.3 equiv. CuCl for 72 hrs. bE:Z = 2:98, c E:Z = 3:97. d E:Z = 

6:94. e E:Z = 5:95. 

Next, we investigated the effect of the ester substituent of the allenoate (Scheme 1.7). 

Increasing the alkyl group from ethyl, n-propyl, isopropyl to tert-butyl afforded the corresponding 

products (1.26r-1.26u) in good yields. Benzyl (1.26v) or phenyl (1.26w) esters were also efficient 

substrates. Lastly, introduction of (2E,4E)-hexa-2,4-dienyl ester gave the corresponding borylated 
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product 1.26x in 74% yield. This is notable because copper-catalyzed borylation of 1,3-dienes 

have been reported and highlights the chemoselectivity of our reaction conditions.25  

 

 Scheme 1.7 Scope of ester substituted allenes. Isolated yields reported and >99:1 E/Z as 
determined by GC of the crude reaction mixture.  

1.6 Mechanistic studies 

A plausible catalytic cycle is shown in Scheme 1.8. In the presence of methanol, B2pin2 and CuCl 

at elevated temperature, boryl-copper species 1.27 is generated, which undergoes boryl-cupration 

to intermediate 1.28 with the steric interaction between the phenyl ring and incoming boron 

complex 1.27 driving the stereoselectivity of the reaction. In the presence of methanol, the C- or 

O-bound copper complex becomes protonated to yield Z-ɓ,ɔ-unsaturated ɓ-boryl ester 1.26. The 

resulting copper-alkoxide undergoes transmetallation with B2pin2 to regenerate the active catalyst 

1.27. Deuteration studies confirm that methanol is the proton source on the alpha carbon of 1.26y 

(equation 1).  
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Scheme 1.8 Plausible Catalytic Cycle 

1.7 Applications 

With the protoboration protocol established, we set out to demonstrate the application of the 

products (Scheme 1.9). Treatment of 1.26a with 3-iodoanisole under Suzuki-Miyaura cross-

coupling conditions generated compound 1.29 in 81% yield whereas boron protecting group 

interconversion from pinacol to a trifluoroborate 1.30 proceeded in 78% yield.26 Oxidation of 

1.26a using sodium perborate produced ɓ-ketoester 1.31 in 71% yield. ɓ-Ketoesters are essential 

synthetic intermediates in drug discovery, allowing for a simple and high yielding method towards 

medicinal drugs.27 Conversion of 1.26a to a primary amide with ammonia occurred in 78% yield 

with concomitant isomerization to the iminooxaborole 1.32. Single crystal X-ray diffraction 

studies unambiguously establish the structure of 1.32 with E geometry and a five membered ring 

sp3 hybridized boron atom coordinating to the carbonyl oxygen. Finally, we attempted a 

protodeboration procedure in the presence of AgF. To our surprise, we isolated allenoate 1.25a in 
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68% yield. To the best of our knowledge, this is the first example of a vinylboronic acid derivative 

transformation to an allene. 

 

Scheme 1.9 Synthetic transformation of 1.26a 

1.8 Conclusions 

In conclusion, an efficient, ligand- and base-free copper-catalyzed regio- and 

stereoselective borylation of allenoates was developed. The utility of the resulting b-borylated b,ɔ-

unsaturated esters is demonstrated in a multitude of functional group transformations. 
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Chapter 2: Organocatalytic cis Phosphinoboration of 1,3-Diynes 

 

2.1 Contributions 

Connor Szwetkowski discovered the transformation, conducted optimization of reaction 

conditions, and supervised Daniel Foster. In addition, Connor Szwetkowski synthesized 

substrates 2.13a-k,n-x,z-ab and products 2.14a-k,n-x,z-ab and 2.15a-d Daniel Foster 

synthesized substrates 2.13l,m,y and products 2.14l,m,y. Dr. Carla Slebodnick was responsible 

for X-ray crystallography of products 2.14a,s,t and 2.15a.  Prof. Webster Santos served as an 

advisor and provided necessary guidance and input, as well as the preparation and editing of the 

manuscript. This work is in the process of submission to Angew. Chem., Int. Ed.  
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2.2 Abstract  

We report the first cis phosphinoboration of 1,3-diynes employing a phosphine catalyst and the 

phosphinoborate Ph2P-Bpin to afford the corresponding (E)-1-boryl-2-phosphino-1,3-enyne 

products in a regio- and stereoselective fashion. The reaction proceeds under mild conditions and 

is tolerant of a variety of substrates including (hetero)aryl substitutions as well as alkyl 

functional groups. X-ray crystallographic studies were used to unambiguously assign 

stereochemistry. 
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2.3 The Phosphinoboration Reaction 

With the ever increasing applications of boron in organic chemistry, novel and efficient 

synthetic strategies must be pursued. Originally, borylation reactions occur though hydroboration 

of C-C or C-heteroatom ˊ-bonds.1 An avenue that has garnered recent focus is the 

difunctionalization of a ˊ-bond using a B-X reagent. Previously reported procedures use X = B2-4, 

N5-8, O9-11, Si12-15, or Se16-17 to afford unique difunctionalized products with further capability of 

transformations. An area of difunctionalized reactions that has only received limited attention thus 

far but has the potential for high impact applications such as the newly implemented Phospha-

Bora-Wittig reaction,18 is the phosphinoboration reaction. 

The phosphinoboration reaction uses phosphinoboronate (PB) that reacts with a ˊ-bond to 

incorporate both the boron and phosphorous moieties in a single step. The resulting products from 

the phosphinoboration reaction have potential in ligand development,19 frustrated Lewis pair (FLP) 

chemistry,20-24 and tools for biological studies.25-26 Regio- and stereoselectively incorporating 

phosphorous and boron groups on substrates is desirable, and reported procedures of 

phosphinoborations are still underdeveloped. Initial X-ray diffraction reports of the P-B bond in 

Ph2P-BMes2 indicated strong ˊ-bond character (P-B bond length = 1.859 Å).27 The physical 

properties of phosphaboradibenzofulvene (P-B bond length = 1.988 Å) in contrast suggest single 

bond characteristics of the B-P bond.28 In contrast, Westcott and co-workers characterized Ph2P-

Bpin (PB) using X-ray diffraction, which interestingly has predominantly single bond character 

(P-B bond length = 1.927 Å),29  likely due to donation of electron density from oxygen atoms 

neighboring boron. The new PB reagents can thus be activated under mild conditions to produce 

a more nucleophilic phosphorous to promote phosphinoboration more swiftly as compared to 

previously reported B-X difunctionalization reactions.   
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There are limited reports of phosphinoboration protocols, including the phosphinoboration 

of carbodiimides, isocyanates, and CO2.
30 In Westcott and co-workersô initial discovery, it was 

found that the PB reagent reacted with aldehydes, ketones, or aldimines at room temperature to 

afford the 1,2-addition product, (2.2, Scheme 2.1). Using Ŭ,ɓ-unsaturated ketones with their PB 

reagent afforded the 1,2-addition or the 1,4-addition product (2.4, Scheme 2.1) primarily driven 

by a solvent and temperature effects. Similarly, the PB reagent reduced N-heterocycles, such as 

pyridine, to afford the 1,4-addition aminophosphine product (2.7, Scheme 2.1). A recent report 

includes the phosphinoboration of acyl chlorides to form the acyl phosphine that can undergo a 

second phosphinoboration to form the diphosphine product without a catalyst (2.10, Scheme 2.1). 

Our group previously reported the first transition metal-free catalyzed phosphinoboration of a C-

C ˊ-bond using a tributylphosphine catalyst (2.12, Scheme 2.1).31 The reported method involves a 

similar mechanism as the trans-hydroboration of alkynoates afforded the E-phosphinoboryl 

acrylate products in moderate to good yields.  

 

Scheme 2.1 Previous Phosphinoboration Strategies Utilizing Ph2P-Bpin.29-31 
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We wished to expand upon the phosphinoboration reaction of other C-C ˊ-bonds in the 

development of unique enyne scaffolds that could have the potential for future ligand development 

and frustrated Lewis pair reactivity. The enyne scaffold as well has garnered much attention, 

demonstrating strong biological activity,32-34 as well as being an useful intermediate in developing 

otherwise difficult ring closure mechanisms such as the ring closing enyne metathesis.35-36  

2.4 Results and Discussion 

We began optimization of reaction conditions similar to previously reported ynoate 

hydroboration protocols37-39 (Table 2.1) and were delighted to isolate the cis-phosphinoboration 

product in 21% yield (entry 1). Increasing reaction temperature afforded 2.14a in increased yield 

(entry 2) but starting material was not completely consumed. Increasing the stoichiometry of the 

PB reagent provided a slight increase in yield, but again was not achieving full conversion (entry 

3). Screening different aprotic solvents provided a range of yields and, to our delight, using 

dichloromethane as the solvent increased the yield (entry 4) and adding excess PB reagent resulted 

in full conversion and high yield (entry 5). Exploring other aprotic solvents such as toluene and 

acetonitrile in similar and elevated temperatures resulted in a decreased yield (entries 7-8). Next, 

we tested different phosphines catalysts. Trimethyl phosphine was an ineffective catalyst that 

afforded 2.14a only a trace amount of yield (entry 9). Further exploration of catalysts using 

tricyclohexylphosphine and triphenylphosphine led to minimal or no conversion of 2.14a (entries 

10-11). Using stoichiometric catalyst resulted in a slightly decreased yield, suggesting that 

catalytic phosphine is optimal (entry 12). Lastly, we performed the reaction without catalytic 

phosphine (entry 13) and did not observe product formation suggesting the key role of the catalyst 

in the reaction.  



25 
 

With optimized conditions in hand (Table 2.1, entry 5), we evaluated the substrate scope 

of our method. Treatment of 2.13a under standard conditions afforded 2.14a in a 75% yield. 

Methyl groups in the ortho (2.13b) or meta (2.13c) position on the phenyl rings were tolerated as 

2.14b and 2.14c were collected in 62% and 64% yield, respectively. Changing the position of 

functional groups had a clear effect on stereoselectivity. 2.14b and 2.14c both were reduced to 

95:5 E:Z selectivity while 2.14d having the ethyl alkyl functional group reverted back to high 

selectivity. The corresponding para-ethyl substitution (2.14d) gave a 27% yield, suggesting the 

positioning of functional groups can aid or hinder the phosphine catalyst addition to the diyne. 

Increasing the alkyl length to a para-propyl group (2.13e) was tolerable, delivering 2.14e in 65% 

yield. Bulkier groups on the phenyl ring (2.13f-2.13g) again was isolated a reduced yield and as 

well in reduced selectivity.  
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Table 2.1 Screening of phosphinoboration reaction of 1,3-diynes 

 

Entry Solvent PB (equiv.) Temp (Ј# Catalysta Yieldb 

1 THF 1.1 rt PBu3 21 

2 THF 1.1 40 PBu3 34 

3 THF 1.3 50 PBu3 40 

4 CH2Cl2 1.1 40 PBu3 50 

5 CH2Cl2 1.3 40 PBu3 75 

6 CH2Cl2 2.0 40 PBu3 69 

7 Toluene 1.3 40 PBu3 18 

8 MeCN 1.3 40 PBu3 28 

9 CH2Cl2 1.3 40 PMe3 Trace 

10 CH2Cl2 1.3 40 PCy3 Trace 

11 CH2Cl2 1.3 40 PPh3 0 

12 CH2Cl2 1.3 40 PBu3
c 65 

13 CH2Cl2 1.3 40 - 0 
a 0.1 equiv. used. b Isolated yield (>99:1 E:Z, determined through GC). c 1.0 equiv. used. 
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Scheme 2.2. Substrate scope with aryl functional groups. General reaction conditions: Table 2.11, 

entry 5. Isolated yields are reported. a Reaction was stirred overnight (16 hours). E:Z ratio 

determined by 31P NMR. 

Chlorinated phenyl rings demonstrated comparable yields but differing selectivity 

dependent of their positioning (Scheme 2.3, 2.14h-2.14j). Increasing the halogen size resulted in 

reduced yields and longer reaction times, with the brominated phenyl ring (2.13l) resulting in a 

36% yield. Ortho-fluoro substituted phenyl ring (2.13m) was more tolerated compared to the 

ortho-chloro, affording the product 2.14m in a 70% yield. Electron donating groups such as the 

methoxy (2.14n), phenoxy (2.14o), and the thioether (2.14p), were isolated in reduced yields of 

18%-39% while also requiring a longer reaction time.  
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Scheme 2.3. Substrate scope with aryl halogenated and electron donating groups. General reaction 

conditions: Table 2.1, entry 5. Isolated yields are reported. a Reaction was stirred overnight (16 

hours). E:Z ratio determined by 31P NMR. 

 Electron withdrawing groups such as using ketone (2.13q), ester (2.13r), and nitrile 

(2.13s) were transformed to the corresponding phosphinoborylate products in great yields ranging 

from 60%-72% (Scheme 2.4). Highly electron withdrawing groups such as trifluoro methyl 

phenyl, trifluorometoxy phenyl, and tetrafluoro methoxy phenyl (2.13t-2.13v) resulted in 

moderate yields of 55%-67%. Incorporating the biphenyl ring (2.14w) and a napthyl group (2.14x) 

resulted in mixed yields with a 65% and 34%. Heterocycles (2.14y) were well tolerated with the 

thiophene substrate resulting in a 70% yield. Alkyl functional groups were efficient substrates with 
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the cyclopropyl group 2.14z and cyclohexene 2.14aa product isolated in a 34 and 53% yield 

respectively and in excellent stereoselectivity with both substrates yielding exclusively the E 

isomer. Lastly, asymmetrical diynes were also tested using our method. Unfortunately, poor 

regioselectivity was observed resulting in a 56:44 mixture of 2.14ab seen in HMBC experiments.  

 

Scheme 2.4 Substrate scope with aryl, alkyl, and heterocycle groups. General reaction conditions: 

Table 1, entry 5. Isolated yields are reported. aReaction was stirred overnight (16 hours). E:Z ratio 

determined by 31P NMR. 

The cis selectivity of the reaction was confirmed by the X-ray structure of 2.14s where the 

orientation of phosphorous (P1) and boron (B1) are observed in the cis fashion (Figure 2.1).  
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Figure 2.1 Crystal structure of 2.14s (CCDC 2159113) drawn at the 50% probability level 

2.5 Mechanism 

A proposed catalytic cycle is shown in Scheme 2.5. Tributylphosphine initially adds to 

the diyne to form intermediate 2.15.40 The anionic carbon in 2.15 complexes and activates the PB 

reagent to form 2.16. The activated boron species undergoes a 1,2-phosphine shift to form ylide 

2.17 that isomerizes to form boraspiro complex41 2.18, which collapses to form the anionic 

carbon seen in 2.19. Due to the steric clash of the diphenyl phosphine and aryl functional group 

on the adjacent carbon, we propose a rotation to alleviate steric stress. This will result in the Bpin 

and PPh2 in the same plane and the E isomer observed in 2.14 once the carbanion reforms the 

double bond and expels tributyl phosphine. 

2.6 Application 

We next set out to determine the applicability of the phosphinoboron products described 

above to known reactions involving phosphorous and/or boron. Oxidation with iodine in a 

mixture of tetrahydrofuran and water yielded a five-membered heterocycle containing  

phosphorous, oxygen, and boron (2.14a). 
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Scheme 2.5 Proposed catalytic cycle 

In a triphenylphosphine oxide crystal structure the P=O bond length is 1.50 Å,42 but the P-O 

bond in a X-ray crystal structure of 2.20a is 1.63 Å (Figure 2.2). The longer phosphorous-oxygen 

bond length is due to the oxygen forming a covalent bond with the nearby boron. The 11B 

chemical shift in the heterocycle is significantly more shielded with a chemical shift around 15 

ppm. The boron in 2.14a is sp3-hybridized whereas in 2.20a it is sp2-hybridized. The oxidation 

method was reproduced in moderate to good yields with other substrates (2.20b-2.20d). 
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Scheme 2.6 Oxidation of PB products 

 

Figure 2.2 Crystal structure of 2.20a  
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2.7 Conclusions 

In conclusion, we have developed a novel organocatalytic phosphinoboration of 1,3-diynes 

that regio- and stereoselectively installs phosphorous and boron affording the (E)-en-ynes in good-

to-excellent yield with mild, transition metal-free conditions. Oxidation of the products identified 

B-O-P heterocyclic moiety. The corresponding phosphinoboranates have the potential to be used 

as an excellent intermediate for further applications in Suzuki-Miyaura coupling and as well as 

ligands. 
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Chapter 3 Discovery of novel 3-monosubstituted oxaboroles as promising antifungal agents 

 

3.1 Contributions 

Dr. Russel Fritzemeier discovered the transformation. Connor Szwetkowski synthesized 

substrates 3.46a-u. Rose Nelson was responsible for conducting all antifungal assays. Dr. Emily 

Mevers provided guidance to both Rose Nelson and Connor Szwetkowski. Dr. Webster Santos 

served as an advisor and provided necessary guidance and input. This work is currently ongoing 

and will be published in due course. 
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3.2 Abstract 

We report the synthesis and biological activity of 21 compounds containing a novel 3-substituted 

1,2-oxaborol-2(5H)-ol ring. This series of compounds represents a promising class of boron-

containing anti-fungals with fungal cell inhibition as low as 8 ɛg/mL.  Our new scaffold 

provided hits against multiple fungal strains, showing activity in candida albicans, aspergillus 

niger, metarhizium anisopliiae, aspergillus flavus, penicillum chrysogenum, and saccharomyces 

cerevisiae. A preliminary structure activity relationship (SAR) can be observed from our 

constructed library. Using electron withdrawing groups to increase the Lewis acidity of the 

boron, heightened anti-fungal activity is then observed. From the preliminary results, 

construction of future libraries will be revolved around manipulating the Lewis acidity further to 

achieve higher therapeutic effects.  
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3.3 Synthesis and Biological Activity of Oxaboroles 

Tavaborole (3.1) and Crisaborole (3.2) are two FDA-approved drugs containing an 

oxaborole pharmacophore reliant on the increased Lewis acidity, relative to boronic acid, of the 

strained sp2-hybridized boron (Figure 3.1).1 The Lewis acidity of boron is commonly 

characterized by the pKa of the corresponding conjugate acid (see Scheme 3.1). The standard 

phenyl boronic acid (3.4) has a pKa of 8.83, whereas the pKa of benzoxaboroles/oxaboroles is 

typically within the range of 7.2-7.5.2 The 10-fold increase in Lewis acidity of the benzoxaborole 

increases the concentration of the tetrahedral borate (3.8, 3.11) at physiological pH. 

 

Figure 3.1 Structure of Tavaborole and Crisaborole 

 

Scheme 3.1 Reported pKa and calculated pKa values of boronic acid and boroles as a measure of 

Lewis acidity at physiological pH 
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The increased Lewis acidity of boron in boroles is a result of ring strain. The C-C-C bond angles 

are at 108º in cyclopentane, whereas the O-B-C bond angles in the sp2-hybridized boron of 

boroles is about 120º. Boron becomes sp3-hybridized upon nucleophilic attack by water or 

nucleophilic atoms in the physiological milieu resulting in bond angles closer to 109.5º and a 

more stable five-membered ring.  This phenomenon is observed in crystal structures of proteins 

bound by drugs containing an oxaborole moiety.3-5 Furthermore, the tetrahedral structure 

increases the solubility of the drug, overcoming the challenge of having to increase the dosage 

due to a low aqueous solubility, thus improving the pharmacokinetics of oxaboroles compared to 

boronic acids.6     

 The FDA-approval of tavaborole and crisaborole revealed the borole as a privileged 

scaffold in medicinal chemistry.7-13  The prominent factor for the increased biological activity is 

that the Lewis acidity of the boron can be fine-tuned through the addition of electron withdrawing 

and electron donating groups on the benzene ring. Similar to arylboronic acids, the pKa of 

benzoxaboroles increases or decreases with the addition of electron donating or withdrawing 

groups to the aryl ring, respectively (Figure 3.2). For example, fluorine or trifluoromethyl 

substitutions on the aryl ring result in a pKa in the range of 6.3-6.7, which favors the anionic, 

tetrahedral boron center.  For example, Tavaboroleôs (3.14) mechanism of action relies on its 

increased Lewis acidity to bind cis-diol in the editing site of tRNA-leucyl synthetase, thereby 

inhibiting protein synthesis.5  

 

Figure 3.2 pKa values of benzoxaboroles2 



43 
 

Multiple synthetic routes have been established to achieve a variety of substitutions on the 

benzene ring of the benzoxaborole ring (Scheme 3.2).14  The most common method is sodium 

borohydride reduction of (2-formylphenyl)-boronic acid as observed in the reaction yielding 

3.23.15 This method was used to produce the drugs Tavaborole and Crisaborole on industrial scale. 

Other products are formed by a nucleophilic amine, followed by the formation of the oxaborole to 

produce 3.21 and 3.22.  Other 3-substituted benzoxaboroles can be synthesized using a Bayliss-

Hillman reaction16 to produce 3.19, as well as the synthesis of indolyl-substituted benzoxaboroles 

observed in 3.20.  

 

Scheme 3.2 Synthetic routes for producing benzoxaboroles14   
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While available synthetic routes allow access to a variety of benzoxaboroles, syntheses of 

the isolated oxaboroles are scarce.  Oxaboroles have similar biological activity due to the same 

Lewis acidic properties, but allow for new substitution patterns, e.g., mono-, di-, or tri-substituted 

and a rotatable bond.   

 A disubstituted oxaborole ring (Scheme 3.3) has a predicted pKa of 7.6, indicating the 

Lewis acidity of boron is likely similar to a benzoxaborole.  A patent in 2014 was published on 

the synthesis of disubstituted oxaboroles as potential anti-fungals and novel microbiocides.17 After 

applying the oxaborole candidates to various plant species infected by mold strains such as 

phytophthora infestans and plasmopara viticola, which are a tomato and grape plant mold strain, 

respectively, the plants were monitored for possible degradation.  Ultimately, the oxaboroles 

demonstrated efficacy as a pesticide and showed the potential towards pesticidal application in 

agriculture.  

 To synthesize the disubstituted benzoxaboroles, a Grignard reaction (Scheme 3.3) proceeds 

by deprotonation of the terminal alcohol with phenyl magnesium bromide, after which a second 

equivalent of the Grignard reagent attacks the alkyne to form a five-membered organomagnesium 

intermediate. The addition of the borate ester allows for the formation of the oxaborole product 

3.27.17  In the second reaction, tartaric acid is used to generate a more Lewis acidic boronic ester 

intermediate, which covalently binds to the terminal alcohol.  Once the B-O bond is formed, a 

hydride transfer occurs, followed by a borylation and subsequent hydrolysis to produce the 

oxaborole 3.29.18 
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Scheme 3.3 1) Grignard reaction to produce disubstituted oxaboroles 

                                         2) Anti-carboration of alkynes to make disubstituted benzoxaboroles 

 

The pKa of trisubstituted oxaboroles (Scheme 3.4) is calculated to be 7.5, suggesting that 

the Lewis acidity of oxaboroles with any substitution pattern is similar.  In the same patent as the 

disubstituted oxaboroles, new trisubstituted oxaboroles were made to test again for anti-fungal and 

microbiocidal use, showing potential activity against fungi on plants.17  Other tri-substituted 

oxaboroles synthesized by Uchiyama demonstrated a unique blue fluorescence,19 which may serve 

as fluorescent probes.    

  The synthesis of tri-substitued oxaboroles (3.31) is similar as that shown in Scheme 3.3 

with the exception of the substrate bearing a secondary alcohol (3.30).  

 

 

Scheme 3.4 Trisubstituted oxaborole synthesis tested for microbiocidal activity 
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Predating the patent, however, Uchiyama initially developed a base-catalyzed diboration 

procedure to synthesize trisubstituted oxaborole rings with a pinacol boron ester attached (Scheme 

3.5). Uchiyama demonstrated the ability to create multiple high yielding derivatives in the 3 or 5 

position of the oxaborole ring 3.33.20 Following his diboration procedure, Uchiyama developed an 

alkynylboration procedure similar to his diboration procedure but instead used an alkynylboron 

instead of the diboronic ester moiety.19  Using a base to deprotonate the tertiary alcohol, the oxygen 

can then attack the alkynylboron, resulting in the formation of the trisubstituted oxaborole ring 

3.35. In 2018, however, a method utilizing the formation of trans-hydroborated products using a 

catalytic copper species was published. After the formation of the resulting hydroborated ester, a 

sodium borohydride reduction produces the oxaborole ring 3.37, which is currently the most 

efficient method for synthesizing oxaboroles.21  

 

Scheme 3.5 Recent developments in trisubstituted oxaboroles 

Synthetic methodology towards monosubstituted oxaboroles is warranted. 

Monosubstituted oxaborole rings provide a similar pKa range as the benzoxaborole scaffold, while 

also introducing new degrees of functionality to influence the Lewis acidity of the boron and to 

enhance the drug candidateôs therapeutic effects.  4-Monosubstituted oxaboroles are accessible via 
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a Grignard method similar to that mentioned above for disubstituted and trisubstituted oxaboroles 

(Scheme 3.6).  For example, cross-coupling 4-monosubstituted oxaboroles (3.40) with halogenated 

phenyl rings produces high yielding allyl alcohols (3.41).22 Additionally, 4-monosubstituted 

oxaboroles have been patented as potential anti-fungal and microbicidal reagents.17 

 

Scheme 3.6 4-monosubstituted oxaborole followed by Suzuki-Miyaura 

The Santos group recently published the hybroboration of alkynoate esters to yield the 

respective ɓ-boryl acrylates.23 The esters can be reduced with sodium borohydride to yield the 

respective 3-monosubstituted oxaborole 3.46. Herein a facile, and high yielding synthetic method 

to produce new and potentially bioactive targets is described.   

3.4 Assay Description and Fungal Strains 

Two assays were used to test the biological activity oxaborole compounds, one being a 

liquid assay to test for Saccharomyces cervisiae and Candida albicans and a solid assay to test for 

Aspergillus flavus, and Metarhizium anisopliae. In all of the assays, each of the pathogen cultures 

were initially prepared and allowed to incubate at 37 ºC overnight followed by a serial dilution of 

1:500. The diluted culture was then pipetted into an assay well followed by the addition of the 

targeting compound at a specific concentration (125 µg/mL, 25 µg/mL, 8 µg/mL). Once the test 

compounds were added to the well plate, the cultures were then incubated at 30 ºC overnight. The 

absorbance at 600 nm was then measured to obtain a relative cell density in comparison to the 

positive control used. For each pathogen culture, two concentrations of the test compound were 
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chosen. At different concentrations, the activity of each compound should also be varying. At 

higher concentrations, higher anti-fungal activity should be observed, while lowering the 

concentration gives a minimal concentration needed to achieve activity. This trend being observed 

supports that it is because of the compound and the varying amount added is causing the anti-

fungal activity.  

The fungal strains above were chosen due to their general ubiquity, but inhibiting these 

strains can lead to newfound knowledge on whether the scaffold should be pursued in cancer 

research, pesticide treatment, or as a disinfectant. Saccharomyces cervisiae is a common fungal 

strain found in most baked and brewed goods. Due to the yeast sharing the same cell division 

process as humans, Saccharomyces cervisiae has been heavily studied in cancer research 

applications.24 Saccharomyces cervisiae as well is grown and found very ubiquitously making it 

is typically used as a general model for drug susceptibility.25 Candida albicans is an opportunistic 

pathogen that can cause candidiasis. Candidiasis presents itself as a cutaneous organ infection26 

that most recently is linked to the advancement in medical technology.27 Due to the increased 

number of immunocompromised patients acquiring candidiasis, the resulting Candida albicans 

strain has become a model organism for studying fungal pathogens.28 

Aspergillus flavus is a common pathogen found on crops. Aspergillus flavus has the 

capability of producing aflatoxin, a known carcinogen, as a secondary metabolite in the seeds of 

crops.29 Not only does the secondary metabolite kill crops but can also prevent certain crops to be 

used as feed on dairy farms due to the carcinogen being transferred to the milk of the dairy cows.30 

To prevent the buildup of the metabolite, Aspergillus flavus must be pursued as a drug target. 

Aspergillus niger is a common pathogen found on crops that causes the food spoilage disease, 

black mold. Aspergillus niger is also one of the most common fungal infections that can cause 
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otomycosis in humans.31 Otomycosis is a common infection of the outer ear that can cause 

headaches, discharge from the ear, severe headaches, and hearing loss.32 With otomycosis being a 

commonly occurring disease, desire for new treatments must be pursued. Metarhizium anisopliae 

is a golden standard as a biological agent and has a high kill speed on pests that kill crops.33 In 

1997, however, Metarhizium anisopliae was reported to be the cause of keratitis and has been 

reported to cause infection in immunocompromised patients.34 As the number of 

immunocompromised patients keeps increasing, the protection and safety of this class of people 

remains a priority.  

3.5 Results 

The oxaboroles reported herein are synthesized in 3-4 steps, typically starting with a 

Finkelstein reaction to convert aryl bromides to aryl iodides (3.43),35-36 which was necessary for 

the efficient synthesis of 3-aryl propiolates (3.44) using Sonogashira conditions with aryl iodides 

and methyl propiolate (Scheme 3.7). Aryl propiolates were subjected to phosphine-catalyzed 

hydroboration,23, 37 affording ɓ-boryl acrylates (3.45) that were then reduced to 3-substituted 

oxaboroles via sodium borohydride reduction (3.46).  

 

Scheme 3.7 Synthesis of novel 3-monosubtituted oxaboroles 
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The synthetic strategy described in Scheme 3.7 was used to produce a library of 21 

compounds with varying Lewis acidity based on aryl substitution. Similar to the structure-activity 

relationship studies described for boronic acids and benzoxaboroles, we hypothesized that 3-

phenyl oxaboroles substituted with electron withdrawing groups on the aryl ring would yield 

potent antifungal activity due to increased Lewis acidity, i.e., a lower pKa.   

 

Figure 3.3 Oxaborole Library 
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In this preliminary investigation, several active compounds were identified when tested 

against the Candida albicans (Figure 3.4), e.g., <50% cell survival was observed when cells were 

treated with compounds containing electron withdrawing groups such as tetrafluoromethoxy, 

fluoro, trifluormethoxy, chloro and bromo (3.46a, 3.46d, 3.46h, 3.46k, 3.46l, 3.46o, 3.46r ), thus 

strongly suggesting increasing the Lewis acidity of the boron increases biological activity of these 

compounds. In addition, some compounds containing electron donating groups such as tert-butyl 

and methyl groups (3.46b, 3.46f, 3.46s) as well resulted in under 50% cell survival. Due to the 

lowest concentration being set at 25ɛg/mL revealing multiple hits, further tests at lower 

concentrations are required to verify the structure activity relationship (SAR). Thiophene 

containing compound 3.46u exhibited moderate biological activity and compounds containing 

bulkier groups (3.46e, 3.46p, 3.46t) did not inhibit cell growth.    

 

Figure 3.4 Cell survival data of Candida albicans treated with oxaboroles. 

 Next, our oxaborole library was tested against the Aspergillus niger and Metarhizium 

anisopliiae fungal strains (Figure 3.5) and, in comparison to the Candida albicans, similar trends 

in cell survival were observed. Oxaboroles bearing an aryl ring containing an electron withdrawing 
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group (3.46a, 3.46d, 3.46h, 3.46k, 3.46l, 3.46o, 3.46r ) induced cell death to a greater extent than 

those bearing electron donating and sterically bulky compounds. We were delighted of the 

continued confirmation of our hypothesis that increasing the Lewis acidity of the boron would 

produce more potent compounds. 

 

Figure 3.5 Oxaborole library tested against aspergillus niger (top) and metarhizium anisopliae 

(bottom) 
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We also tested the oxaborole library against the aspergillus flavus fungal strain (Figure 

3.6). Most compounds induced cell death as observed by <20% cell survival at 25 ɛg/mL. This 

would mean that even at the lowest performed concentration the cell density was reduced by 80% 

due to the addition of our compounds. Compound 3.46e was the least active compound due to 

bulky alkyl substituents attached to the phenyl ring. We are currently performing similar assays to 

determine the MIC50 of lead compounds in this library.   

 

Figure 3.6 Oxaborole library tested against aspergillus flavus 

Testing against the penicillum chrysogenum fungal strain (Figure 3.7) provided multiple 

hits as well. The same trend observed in the other strains was again seen here. Increasing the Lewis 

acidity of the scaffold provided us with more potent compounds (3.46a, 3.46h, 3.46l, 3.46o, 3.46r ) 

while decreasing the Lewis acidity and increasing the size of the compound saw a decrease in 

activity (3.46c, 3.46e). The thiophene containing oxaborole (3.46u) as well again exhibited 

excellent biological activity. The preliminary results of our scaffold provided an immense amount 

of optimism for the continued development of these compounds. Within the preliminary assays, 
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concentrations were set at the lowest of 25 ɛg/mL to provide a rapid outlook on the overall 

scaffold. Lowering the concentration would not only provide us with further optimism but would 

provide a much clearer structure activity relationship. 

We next tested each compound at a concentration of 8 ɛg/mL to explore the limit of 

inducing cell death in Saccharomyces cerevisiae (Figure 3.8). More Lewis acidic compounds, such 

as 3.46a, 3.46d, 3.46h, and 3.46o induced cell death with <25% cell survival in S. cerevisiae. To 

our surprise, compounds with alkyl substituents on the aryl ring (3.46j, 3.43m) reported <20% cell 

survival. Similar results were observed when the phenyl ring was replaced with a thiophene 

(3.46u) or a cyclohexene (3.46n), which will guide future diversification of this oxaborole library. 

With more hit compounds bearing electron withdrawing groups at lower concentrations, our major 

takeaway thus far is that increasing the Lewis acidity provides a positive impact on the anti-fungal 

activity. 

 

Figure 3.7 Oxaborole library tested against penicillum chrysogenum 
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Testing at lower concentrations provided further illumination on the development of potential lead 

compounds. 3.46a, 3.46d, 3.46h, and 3.46o all caused near complete cell death and supports the 

hypothesis that increasing the Lewis acidity of the boron will increase biological activity. Alkyl 

functional groups on the phenyl ring (3.46j and 3.46m) as well caused near complete cell death, 

allowing for the further exploration of phenyl alkyl containing oxaborole in future work.   

 

Figure 3.8 Oxaborole library tested against Saccharomyces Cerevisiae  

3.6 Conclusions 

 In conclusion, a novel 3-monosubstituted oxaborole scaffold was synthesized and tested 

for their biological activity against fungal strains. Compounds containing an electron withdrawing 

groups on the aryl ring were more effective at inducing cell death, likely due to increased Lewis 

acidity. Multiple hit compounds were identified, such as 3.46a, 3.46d, 3.46h and 3.46o, and studies 

are underway to characterize the MIC50 of these compounds. This initial oxaborole library revealed 
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several promising scaffolds that will be diversified to identify more potent anti-fungal compounds 

containing a 3-substituted oxaborole. 
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Chapter 4. Experimental  

4.1. Materials and Methods 

Reactions were performed using Schlenk technique under Argon or Nitrogen atmosphere. 

Chemicals were obtained from commercial sources unless otherwise noted. THF, PhCH3, CH2Cl2 

and CH3CN were dried using the Innovative Technology Pure SolvMD solvent purification 

system. Column chromatography was performed using SiliaFlash P60 40-63 ɛm, 60 ¡. TLC 

analyses were performed using Silicycle aluminum backed silica gel F-254 plates. 

4.2. Instrumentation 

NMR spectroscopic experiments were performed using an Agilent 400-MR 400 MHz, an Agilent 

U4-DD2 400 MHz, or a Bruker Avance II 500 MHz spectrometer. Chemical shifts are reported in 

ŭ ppm and 1H and 13C NMR are referenced to an internal standard (CDCl3, CD3OD, DMSO, TMS, 

or acetone-d6). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, tt 

= triplet of triplets, ddt = doublet of doublet of triplets, m = multiplet), coupling constants (Hz), 

and integration. ESI-HRMS were obtained on an Agilent 6220 accurate mass TOF LC/MS. 

4.3. Synthetic Procedures and Characterizations for Compounds in Chapter 1 

All allenoates were prepared in accordance with previous literature1 and references for the spectra 

of previously known allenoates are provided in Table 4.31.  
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Example Procedure for Preparing Allenoates 

Procedure 4.31 A round bottom flask fixed with a stir bar was charged with methyl 2-(triphenyl-

l5-phosphaneylidene)acetate (3.88 mmol), TEA (4.27 mmol), and DCM (4 mL). A suspension of 

2-phenylacetyl chloride (3.88 mmol) in DCM (2 mL) was added to the round bottom flask 

dropwise (1 drop every 5 seconds) at room temperature and the reaction was stirred overnight. The 

reaction mixture was concentrated in vacuo and the product purified via silica gel chromatography 

(5% ethyl acetate in hexanes) to afford the product as a yellow oil. 

Table 4.31. References for Allenoate Substrates 

Substrate R1 R2 Reference 

1.25a H CH3 Organic Syntheses. 

1984, 62, 202. 

1.25h 4-Cl CH3 Journal of Organic 

Chemistry. 2009, 74, 

3997. 

 

Characterization of Allenoates 

methyl 4-(p-tolyl)buta-2,3-dienoate (1.25b) 

Prepared according to Procedure 4.31. Yellow oil (105 mg, 0.558 

mmol, 27%). 1H NMR (CDCl3, 400MHz) d 7.20 (d, J = 8.0 Hz, 2H), 

7.15 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 8.0 Hz, 1H), 6.01 (d, J = 8.0 Hz, 1H), 3.76 (s, 3H), 2.35 (s, 

3H). 13C NMR (CDCl3, 100 MHz) d 214.9, 165.8, 138.3, 129.7, 128.1, 127.6, 98.7, 91.6, 52.3, 

21.4. HRMS (ESI-TOF) m/z [M+Na]+ Calcd for C12H12NaO2, 211.0730; Found 211.0729. 
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methyl 4-(o-tolyl)buta-2,3-dienoate (1.25c) 

Prepared according to Procedure 4.31. Yellow oil. 1H NMR (CDCl3, 

400 MHz) d 7.18 ï 7.17 (m, 4H), 6.81 (d, J = 6.4 Hz, 1H), 5.99 (d, J = 

6.4 Hz, 1H), 3.77 (s, 3H), 2.39 (s, 3H). 13C NMR (CDCl3, 100 MHz) d 168.8, 140.4, 131.9, 129.3, 

128.2, 125.4, 96.2, 90.7, 52.6, 26.6. HRMS (ESI-TOF) m/z [M]+ Calc for C12H12O2 188.0837; 

Found 188.088. 

methyl 4-(4-methoxyphenyl)buta-2,3-dienoate (1.25d) 

Prepared according to Procedure 4.31. Yellow oil (101 mg, 1.08 

mmol, 45%). 1H NMR (CDCl3, 400MHz) d 7.23 (d, J = 8.0 Hz, 

2H), 6.87 (d, J = 8.0 Hz, 2H), 6.59 (d, J = 8.0 Hz, 1H), 6.00 (d, J = 8.0 Hz, 1H), 3.81 (s, 3H), 3.76 

(s, 3H). 13C NMR (CDCl3, 100 MHz) d 214.7, 165.7, 159.6, 133.2, 128.7, 123.1, 114.4, 113.8, 

98.2, 91.5, 55.3, 52.2. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C12H13O3, 205.0859; Found 

205.0866.  

methyl 4-(4-(benzyloxy)phenyl)buta-2,3-dienoate (1.25e) 

Prepared according to Procedure 4.31. Yellow oil (153 

mg, 0.546 mmol, 24%). 1H NMR (CDCl3, 400MHz) d 7.43 

ï 7.36 (m, 5H), 7.23 (d, J = 8.0 Hz, 2H), 6.95 (d, J = 8.0 

Hz, 2H), 6.59 (d, J = 8.0 Hz, 1H), 6.00 (d, J = 8.0 Hz, 1H), 5.07 (s, 2H), 3.76 (s, 3H). 13C NMR 

(CDCl3, 100 MHz) d 214.7, 165.6, 158.8, 136.7, 133.2, 128.8, 128.6, 128.1, 127.4, 123.4, 115.4, 

114.8, 98.2, 91.5, 70.06, 52.18. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C18H17O3, 281.1172; 

Found 281.1172. 
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methyl 4-(4-fluorophenyl)buta-2,3-dienoate (1.25f) 

Prepared according to Procedure 4.31. Yellow oil (101 mg, 1.08 

mmol, 45%). 1H NMR (CDCl3, 400MHz) d 7.30 ï 7.26 (m, 2H), 7.03 

(t, J = 20.0 Hz, 2H), 6.60 (d, J = 8.0 Hz, 1H), 6.02 (d, J = 8.0 Hz, 1H), 3.77 (s, 3H). 13C NMR 

(CDCl3, 100 MHz) d 214.7, 165.6, 162.7 (d, J = 248.0 Hz), 129.3 (d, J = 8.2 Hz), 127.1 (d, J = 3.4 

Hz), 116.1 (d, J = 22.0 Hz), 98.0, 91.9, 52.4. HRMS (ESI-TOF) m/z [M+Na]+ Calcd for 

C11H9FNaNO2, 215.0479; Found 215.0482 

methyl 4-(2-fluorophenyl)buta-2,3-dienoate (1.25g) 

Prepared according to Procedure 4.31. Yellow oil (263 mg, 1.37 mmol, 

44%). 1H NMR (CDCl3, 400MHz) d 7.34 (t, JHF = 16.0 Hz, 1H), 7.24 

(q, J = 20.0 Hz, 1H), 7.13 ï 7.04 (m, 2H), 6.83 (d, J = 8.0 Hz, 1H), 6.04 (d, J = 8.0 Hz, 1H), 3.77 

(s, 3H). 13C NMR (CDCl3, 100 MHz) d 215.2, 165.4, 159.8 (d, J = 251.3 Hz), 129.7 (d, J = 8.2 

Hz), 128.9 (d, J = 3.0 Hz), 124.4 (d, J = 3.6 Hz), 118.9 (d, J = 12.2 Hz), 115.8 (d, J = 21.2 Hz), 

91.5, 52.3. HRMS (ESI-TOF) m/z [M+Na]+ Calcd for C11H9FNaO2, 215.0479; Found 215.0482. 

methyl 4-(2-chlorophenyl)buta-2,3-dienoate (1.25i) 

Prepared according to Procedure 4.31. Yellow oil (256 mg, 1.230 

mmol, 39%). 1H NMR (CDCl3, 400MHz) d 7.34 (td, J = 4.0 Hz, 7.6 Hz, 

1H), 7.28 ï 7.22 (m, 1H), 7.12 (dd, J = 1.0 Hz, 8.0 Hz, 1H), 7.06 (m, 1H), 6.83 (d, J = 8.0 Hz, 1H), 

6.04 (d, J = 8.0 Hz, 1H), 3.77 (s, 3H). 13C NMR (CDCl3, 100 MHz) d 215.8, 165.8, 133.1, 130.4, 

129.7, 129.7, 129.5, 127.5, 95.7, 92.3, 52.8. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C11H10ClO2 

209.0364; Found 209.0359. 
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methyl 4-(4-(trifluoromethy l)phenyl)buta-2,3-dienoate (1.25j)  

Prepared according to Procedure 4.31. Yellow oil (58 mg, 0.24 

mmol, 11%). 1H NMR (CDCl3, 400 MHz) d 7.59 (d, J = 8.2 Hz, 

2H), 7.41 (d, J = 8.2 Hz, 2H), 6.66 (d, J = 6.4 Hz, 1H), 6.09 (d, J = 6.3 Hz, 1H), 3.78 (s, 3H). 13C 

NMR (CDCl3, 100 MHz) d some peaks are not visible 127.8, 125.9 (q, J = 3.8 Hz), 98.0, 92.3, 

52.7. HRMS (ESI-TOF) m/z [2M+H]+ Calcd for C24H19F6O2 485.1188; Found 485.1126. 

methyl 4-(3,4-difluorophenyl)buta-2,3-dienoate (1.25k) 

Prepared according to Procedure 4.31. Yellow oil (132 mg, 0.619 

mmol, 39%). 1 HNMR (CDCl3, 400 MHz) d 7.14 ï 7.09 (m, 2H), 

7.04 ï 7.00 (m, 1H), 6.56 (d, J = 6.4 Hz, 1H), 6.05 (d, J = 7.5 Hz, 1H), 3.78 (s, 3H). 13C NMR 

(CDCl3, 100 MHz) d 214.5, 165.2, 150.78 (dd, J = 248.2, 12.6 Hz), 150.31 (d, J = 237.4 Hz), 123.8 

(dd, J = 6.4, 3.5 Hz), 117.9 (d, J = 17.6 Hz), 116.2 (d, J = 18.5 Hz), 97.5 (t, J = 1.9 Hz), 92.3, 52.5. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C11H9F2O2 211.0564; Found 211.0562. 

methyl 4-(2,6-difluorophenyl)buta-2,3-dienoate (1.25l) 

Prepared according to Procedure 4.31. Yellow oil (202 mg, 0.961 mmol, 

37%). 1H NMR (CDCl3, 400 MHz) d 7.21 (td, J = 4.0 Hz, 12.0 Hz, 1H), 

6.89 (t, J = 16.0 Hz, 2H), 6.76 (dt, J = 2.8 Hz, 8.0 Hz, 1H), 5.97 (dd, J = 

0.80 Hz, 8.0 Hz, 1H), 3.77 (s, 3H). 13C NMR (CDCl3, 100 MHz) d 216.8, 165.5, 160.5 (dd, J = 

7.0 Hz, 253.8 Hz), 129.2 (t, J = 10.4 Hz), 111.6 (d, J = 5.8 Hz), 111.4 (d, J = 5.8 Hz), 109.1 (t, J 

= 12.0 Hz), 89.9, 85.3 (t, J = 10.0 Hz), 52.3. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C11H9F2O2 

211.0564; Found 211.0563. 
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methyl 4-(naphthalen-2-yl)buta-2,3-dienoate (1.25m) 

Prepared according to Procedure 4.31. Yellow oil (132 mg, 0.589 

mmol, 48%). 1H NMR (CDCl3, 400 MHz) d 8.39 (d, J = 8.3 Hz, 1H), 

7.83 (t, J = 8.9 Hz, 2H), 7.68 (d, J = 7.0 Hz, 1H), 7.54 (dt, J = 25.3, 8.0 

Hz, 3H), 7.44 ï 7.38 (m, 1H), 3.83 (s, 3H), 3.68 (s, 2H). 13C NMR (CDCl3, 100 MHz) d 215.8, 

168.9, 133.7, 133.3, 130.5, 128.8, 128.3, 126.9, 126.5, 126.4, 125.3, 120.7, 86.0, 81.9, 52.9, 26.9. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C15H12O2 225.0910; Found 225.0909. 

methyl 4-cyclopentylbuta-2,3-dienoate (1.25n) 

Prepared according to Procedure 4.31. Yellow oil (316 mg, 1.90 mmol, 

58%). 1H NMR (CDCl3, 400 MHz) ŭ 5.68 ï 5.64 (m, 1H), 5.60 (dd, J = 

6.1, 2.9 Hz, 1H), 3.73 (s, 3H), 2.66 ï 2.55 (m, 1H), 1.92 ï 1.76 (m, 2H), 1.73 ï 1.64 (m, 2H), 1.62 

ï 1.53 (m, 2H), 1.49 ï 1.37 (m, 2H). 13C NMR (CDCl3, 100 MHz) ŭ 211.8, 166.9, 100.4, 88.7, 

52.1, 38.3, 32.7, 32.7, 24.8, 24.8. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C10H15O2 167.1067; 

Found 167.1047. 

methyl nona-2,3-dienoate (1.25o) 

Prepared according to Procedure 4.31. Yellow oil (96 mg, 0.49 mmol, 

39%). 1H NMR (CDCl3, 400 MHz) ŭ 5.65 ï 5.54 (m, 1H), 3.74 (d, J = 

0.9 Hz, 3H), 3.26 (t, J = 2.4 Hz, 1H), 2.24 ï 2.06 (m, 2H), 1.55 ï 1.40 (m, 2H), 1.40 ï 1.25 (m, 

4H), 0.96 ï 0.82 (m, 3H). 13C NMR (CDCl3, 100 MHz) ŭ 212.5, 166.9, 95.6, 88.0, 52.1, 31.3, 

28.5, 27.6, 22.5, 14.2. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C10H17O2 169.1229; Found 

169.1225. 
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methyl deca-2,3-dienoate (1.25p) 

 Prepared according to Procedure 4.31. Yellow oil (201 mg, 1.02 mmol, 

67%). 1H NMR (CDCl3, 400 MHz) ŭ 5.65 ï 5.56 (m, 1H), 3.73 (s, 3H), 

3.26 (t, J = 2.5 Hz, 1H), 2.22 ï 2.09 (m, 2H), 1.52 ï 1.39 (m, 2H), 1.38 ï 1.23 (m, 6H), 0.92 ï 0.85 

(m, 3H). 13C NMR (CDCl3, 100 MHz) ŭ 212.5, 166.9, 95.6, 88.0, 52.1, 31.7, 28.8, 27.6, 22.7, 

18.9, 14.2.  HRMS (ESI-TOF) m/z [M+H]+ Calcd for C11H19O2 183.1385; Found 183.1383. 

methyl undeca-2,3-dienoate (1.25q) 

 Prepared according to Procedure 4.31. Yellow oil (126 mg, 1.41 mmol, 

43%). 1H NMR (CDCl3, 400 MHz) ŭ 5.63 ï 5.55 (m, 1H), 3.73 (d, J = 

1.1 Hz, 3H), 3.26 (td, J = 2.4, 1.0 Hz, 1H), 2.23 ï 2.07 (m, 2H), 1.55 ï 1.40 (m, 2H), 1.40 ï 1.20 

(m, 8H), 0.92 ï 0.83 (m, 3H).13C NMR (CDCl3, 100 MHz) ŭ 212.5, 166.7, 95.6, 88.0, 52.1, 31.9, 

29.0, 28.8, 27.6, 22.8, 18.9, 14.2. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C12H21O2 197.1542; 

Found 197.1533. 

ethyl 4-phenylbuta-2,3-dienoate (1.25r)  

Prepared according to Procedure 4.31. Yellow oil (120 mg, 0.638 mmol, 

14%). 1H NMR (CDCl3, 400MHz) d 7.36 ï 7.27 (m, 5H), 6.62 (d, J = 

8.0 Hz, 1H), 6.01 (d, J = 8.0 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 16.0 Hz,  3H). 13C 

NMR (CDCl3, 100 MHz) d 214.6, 165.1, 131.8, 131.2, 128.8, 128.2, 128.1, 127.5, 98.7, 91.9, 61.1, 

14.2. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C12H13O2 189.0910; Found 189.0906. 
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propyl  4-phenylbuta-2,3-dienoate (1.25s) 

Prepared according to Procedure 4.31. Yellow oil. 1H NMR (CDCl3, 

400 MHz) d 7.31 ï 7.20 (m, 5H), 6.57 (d, J = 8.0 Hz, 1H), 5.97 (d, J = 

8.0 Hz, 1H), 4.08 (m,  2H), 1.68 ï 1.58 (m, 2H), 0.89 (t, J = 7.5 Hz, 3H). 13C NMR (CDCl3, 100 

MHz) d 214.7, 165.2, 131.8, 131.3, 129.0, 128.2, 127.6, 98.7, 91.9, 66.7, 26.8, 22.0, 10.4. HRMS 

(ESI-TOF) m/z [M+H]+ Calcd for C13H15O2 203.1067; Found 203.1069.  

isopropyl 4-phenylbuta-2,3-dienoate (1.25t) 

Prepared according to Procedure 4.31. Yellow oil (50 mg, 0.25 mmol, 

10%). 1H NMR (CDCl3, 400MHz) d 7.34 ï 7.26 (m, 5H), 6.59 (d, J = 

8.0 Hz, 1H), 5.97 (d, J = 8.0 Hz, 1H), 5.12 ï 5.03 (m, 1H), 1.27 ï 1.22 (m, 6H). 13C NMR (CDCl3, 

100 MHz) d 214.5, 164.6, 131.7, 131.3, 128.8, 128.0, 127.5, 98.6, 92.3, 68.6, 21.8. HRMS (ESI-

TOF) m/z [M+NH4]
+ Calcd for C13H18NO2 220.1332; Found 220.1329. 

tert-butyl  4-phenylbuta-2,3-dienoate (1.25u) 

Prepared according to Procedure 4.31. Yellow oil (150 mg, 0.694 

mmol, 18%). 1H NMR (CDCl3, 400 MHz) d 7.33 ï 7.26 (m, 5H), 6.56 

(d, J = 8.0 Hz, 1H), 5.01 (d, J = 8.0 Hz, 1H), 1.47 (s, 9H). 13C NMR (CDCl3, 100 MHz) d 214.1, 

164.3, 131.7, 131.5, 128.8, 128.1, 128.0, 127.4, 98.4, 93.4, 81.3, 28.1. HRMS (ESI-TOF) m/z 

[2M+K] + Calcd for C28H32KO4 471.1932; Found 471.1930. 

benzyl 4-phenylbuta-2,3-dienoate (1.25v) 

Prepared according to Procedure 4.31. Yellow oil (440 mg, 1.76 

mmol, 45%). 1H NMR (CDCl3, 400MHz) d 7.39 ï 7.27 (m, 10H), 
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6.65 (d, J = 8.0 Hz, 1H), 6.07 (d, J = 8.0 Hz, 1H), 5.22 (s, 2H). 13C NMR (CDCl3, 100 MHz) d 

215.0, 164.9, 135.9, 131.8, 131.0, 128.9, 128.6, 128.5, 128.3, 128.2, 128.1, 128.0, 127.5, 98.9, 

91.7, 81.3, 66.7. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C17H15O2, 251.1067; Found 251.1064.   

phenyl 4-phenylbuta-2,3-dienoate (1.25w) 

Prepared according to Procedure 4.31. Yellow oil (613 mg, 3.88 

mmol, 67%). 1H NMR (CDCl3, 400MHz) d 7.30 ï 7.26 (m, 5H), 7.22 

ï 7.17 (m, 2H), 7.15 - 7.11 (m, 1H), 7.05 (d, J = 8.0 Hz, 2H), 6.63 (d, 

J = 8.0 Hz, 1H), 6.11 (d, J = 8.0 Hz, 1H). 13C NMR (CDCl3, 100 MHz) d 215.6, 165.6, 163.3, 

150.6, 131.6, 130.5, 129.2, 128.7, 128.1, 127.4, 125.7, 121.3, 98.9, 91.3. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C16H13O2, 237.0910; Found 237.0907. 

(2E,4E)-hexa-2,4-dien-1-yl 4-phenylbuta-2,3-dienoate (1.25x) 

Prepared according to Procedure 4.31. Yellow oil (128 mg, 

0.533 mmol, 13%). 1H NMR (CDCl3, 400MHz) d 7.36 ï 7.27 

(m, 5H), 6.63 (d, J = 8.0 Hz, 1H), 6.25 (q, J = 8.0 Hz, 1H), 6.08 ï 6.01 (m, 2H), 5.80 ï 5.61 (m, 

2H), 4.67 (d, J = 8.0 Hz, 2H), 1.76  (d, J = 8.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz) d 214.8, 

164.8, 135.4, 134.9, 131.8, 131.3, 131.1, 130.4, 128.8, 128.1, 127.5, 123.5, 98.7, 91.8, 65.5, 18.1. 

HRMS (ESI-TOF) m/z [2M+NH4]
+ Calcd for C32H36NO4, 498.2639; Found 498.2589. 

Example Procedure for Preparing (Z)-acrylates 

Procedure 4.32 Copper(I) chloride (7.62 mg, 0.0770 mmol) and B2pin2 (215 mg, 0.847 mmol) 

were added to a 2-dram vial and purged with N2 via Schlenk technique. MeOH (0.40 mL) was 

added and the suspension stirred for 15 min at 60 ºC, producing a light yellow/brown mixture. A 
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solution of the dienoate (0.770 mmol) in MeOH (0.30 mL) was added, then additional MeOH (0.10 

mL) was used to transfer any residual reagent. The reaction was stirred at 60 ºC and monitored by 

TLC until the starting material was consumed (16-20 hours). The crude mixture was concentrated 

in vacuo and purified by silica gel chromatography (eluted with 0-10% gradient ethyl acetate in 

hexanes) to afford the product as a yellow oil.  

Procedure 4.33 Copper(I) chloride (23.0 mg, 0.234 mmol) and B2pin2 (218 mg, 0.858 mmol) were 

added to a 2-dram vial and purged with N2 via Schlenk technique. MeOH (0.40 mL) was added 

and the suspension stirred for 15 min at 60 ºC, producing a light yellow/brown mixture. Methyl 4-

(naphthalen-2-yl)buta-2,3-dienoate (175 mg, 0.780 mmol) dissolved in MeOH (0.30 mL) was 

added, then additional MeOH (0.10 mL) was used to transfer any residual reagent. The reaction 

was stirred at 60 ºC and monitored by TLC until the starting material was consumed (72 hours). 

The crude mixture was concentrated in vacuo and purified by silica gel chromatography (eluted 

with 0-10% gradient ethyl acetate in hexanes) to afford the product as a yellow oil.  

Characterization of Z-acrylates 

methyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (1.26a) 

Prepared according to Procedure 4.32. Yellow oil (174 mg, 0.576 mmol, 

76%, >1:99 E/Z). 1H NMR (CD2Cl2, 400MHz) d 7.36 ï 7.33 (m, 3H), 7.30 ï 

7.26 (m, 3H), 3.65 (s, 3H), 3.37 (d, J = 1.30 Hz, 2H), 1.28 (s, 12H). 13C NMR 

(CD2Cl2, 100 MHz) d 173.2, 144.5, 137.5, 129.4, 128.9, 128.2, 84.3, 52.2, 35.4, 25.1. 11B NMR 

(CD2Cl2, 160 MHz) d 32.2. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C17H24BO4 303.1765; 

Found 303.1763.  
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Procedure 4.34: 1.09 g-scale reaction: Copper(I) chloride (62.0 mg, 0.626 mmol) and B2pin2 

(1.75 g, 6.88 mmol) were added to a 50 mL round bottom flask and purged with N2 via Schlenk 

technique. MeOH (3.00 mL) was added and the suspension stirred for 30 min at 60 ºC, producing 

a light yellow/brown mixture. Methyl 4-phenylbuta-2,3-dienoate (1.09 g, 6.26 mmol) dissolved in 

MeOH (2.00 mL) was added, washing once more with MeOH (1.00 ml), and the reaction was 

stirred at 60 ºC and followed by TLC until the starting material was consumed (typically 16-20 

hours). The contents were then concentrated by rotary evaporation and purified by silica gel 

chromatography (eluted with 0-10% gradient ethyl acetate in hexanes) to afford the product as a 

yellow oil in a 66% yield. 

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(p-tolyl)but -3-enoate (1.26b) 

Prepared according to Procedure 4.32. Yellow oil (115 mg, 0.364 mmol, 

69%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.36 (s, 1H), 7.19 (d, J = 

8.0 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 3.67 (s, 3H), 3.42 (d, J = 1.20 Hz, 2H), 

1.30 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 172.8, 142.2, 137.5, 134.0, 

128.9, 128.9, 83.7, 51.7, 35.0, 24.7, 21.2. 11B NMR (CDCl3, 160 MHz) d 30.3. HRMS (ESI-TOF) 

m/z [M+H]+ Calcd for C18H26BO4, 317.1922; Found 317.1917. 

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(o-tolyl)but -3-enoate (1.26c) 

Prepared according to Procedure 4.32. Yellow oil (63 mg, 0.20 mmol, 

29%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.40 (s, 1H), 7.19 ï 

7.08 (m, 4H), 3.65 (s, 3H), 3.24 (d, J = 1.20 Hz, 2H), 2.26 (s, 3H), 1.31 

(s, 12H). 13C NMR (CDCl3, 100 MHz) d 173.4, 144.3, 136.8, 136.8, 130.3, 129.1, 128.1, 125.9, 
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84.2, 52.1, 35.5, 25.2, 20.3. 11B NMR (CDCl3, 160 MHz) d 30.4. HRMS [M+H] + Calcd for 

C18H26BO4 317.1924; Found 317.1920. 

methyl (Z)-4-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-

enoate (1.26d) 

Prepared according to Procedure 4.32. Yellow oil (83 mg, 0.25 mmol, 73%, 

>1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.32 (s, 1H), 7.29 ï 7.23 (m, 2H), 

7.03 (t, J = 8.0 Hz, 2H), 3.67 (s, 3H), 3.37 (d, J = 1.20 Hz, 2H), 1.29 (s, 12H). 

13C NMR (CDCl3, 100 MHz) d 172.5, 142.9, 135.3, 133.5, 130.2, 128.5, 

127.9, 83.8, 51.8, 34.9, 24.7. 11B NMR (CDCl3, 160 MHz) d 30.4. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C18H26BO4, 333.1871; Found 333.1876. 

methyl (Z)-4-(4-(benzyloxy)phenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-

enoate (1.26e) 

Prepared according to Procedure 4.32. Yellow oil (140 mg, 0.334 mmol, 

79%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.45 ï 7.37 (m, 4H), 7.35 

ï 7.31 (m, 2H), 7.28 ï 7.25 (m, 2H), 6.95 (d, J = 8.0 Hz, 2H), 5.07 (s, 2H), 

3.68 (s, 3H), 3.43 (d, J = 1.20 Hz, 2H), 1.30 (s, 12H). 13C NMR (CDCl3, 

100 MHz) d 173.4, 158.8, 144.3, 137.3, 130.9, 130.2, 129.1, 128.5, 127.9, 

115.1, 84.12, 70.4, 52.2, 35.5, 25.2. 11B NMR (CDCl3, 160 MHz) d 30.4. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C24H30BO5, 409.2185; Found 409.2191 
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methyl (Z)-4-(4-fluorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26f) 

Prepared according to Procedure 4.32. Yellow oil (145mg, 0.453 mmol, 

75%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.33 (s, 1H), 7.29 ï 7.23 (m, 

2H), 7.03 (t, J = 16.0 Hz, 2H), 3.67 (s, 3H), 3.37 (d, J = 1.20 Hz, 2H), 1.29 (s, 

12H). 13C NMR (CDCl3, 100 MHz) d 172.8, 162.3 (d, J = 247.6 Hz), 143.2, 

133.1 (d, J = 3.0 Hz), 130.8 (d, J = 8.1 Hz), 115.4 (d, J = 21.4 Hz), 83.9, 51.9, 35.0, 24.9. 11B 

NMR (CDCl3, 160 MHz) d 30.4. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C17H23O4FB 

321.1673; Found 321.1701. 

methyl (Z)-4-(2-fluorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26g) 

Prepared according to Procedure 4.32. Yellow oil (160 mg, 0.500 mmol, 

81%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.32 (s, 1H), 7.23 (t, J = 

16.0 Hz, 2H), 7.10 ï 7.01 (m, 2H), 3.65 (s, 3H), 3.29 (s, 2H), 1.28 (s, 12H). 

13C NMR (CDCl3, 100 MHz) d 172.7, 160.1 (d, J = 248.1 Hz), 136.9 (d, J = 2.02 Hz), 130.6 (d, J 

= 3.4 Hz), 129.6 (d, J = 8.2 Hz), 124.7 (d, J = 15.0 Hz), 123.9 (d, J = 3.0 Hz), 115.7 (d, J = 22.1 

Hz), 83.9, 51.9, 35.6, 24.8. 11B NMR (CDCl3, 160 MHz) d 30.2. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C17H23O4FB, 321.1673; Found 321.1701. 
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methyl (Z)-4-(4-chlorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26h) 

Prepared according to Procedure 4.32. Yellow oil (67 mg, 0.200 mmol, 70% 

>1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.32 ï 7.29  (m, 3H), 7.22 (d, J = 

8.0 Hz, 2H), 3.68 (s, 3H), 3.36 (d, J = 1.20 Hz, 2H), 1.30 (s, 12H). 13C NMR 

(CDCl3, 100 MHz) d 172.8, 163.5, 161.1, 143.2, 133.1, 130.8, 130.7, 115.5, 

115.3, 83.9, 51.9, 35.0, 24.9. 11B NMR (CDCl3, 160 MHz) d 30.3. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C17H23BClO4, 337.1376; Found 337.1381. 

methyl (Z)-4-(2-chlorophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26i) 

Prepared according to Procedure 4.32. Yellow oil (165 mg, 0.448 mmol, 

66%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.41 ï 7.36 (m, 2H), 

7.24 ï 7.18 (m, 3H), 3.67 (s, 3H), 3.26 (d, J = 1.40 Hz, 2H), 1.30 (s, 12H). 

13C NMR (CDCl3, 100 MHz) d 172.7, 141.4, 135.5, 133.7, 130.5, 129.6, 129.0, 126.5, 84.0, 51.9, 

35.4, 24.9. 11B NMR (CDCl3, 160 MHz) d 30.3. HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C17H23BO4Cl, 337.1378; Found 337.1371. 

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(4-

(trifluoro methyl)phenyl)but-3-enoate (1.26j)  

Prepared according to Procedure 4.32. Yellow oil (8.0 mg, 0.0216 mmol, 

65%, >1:99 E/Z) 1H NMR (CDCl3, 400MHz) d 7.60 (d, J = 8.0 Hz, 2H), 7.38 

(d, J = 8.0 Hz, 3H), 7.10 ï 7.01 (m, 2H), 3.65 (s, 3H), 3.29(s, 2H), 1.28 (s, 

12H). 13C NMR (CDCl3, 100 MHz) d some peaks are not visible 172.4, 142.5, 
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129.0, 125.2 (q, J = 3.80 Hz), 84.0, 51.8, 34.9, 24.7. 11B NMR (CDCl3, 160 MHz) d 30.5. HRMS 

(ESI-TOF) m/z [M+H]+ Calcd for C18H23BF3O4 371.1641; Found 371.1673. 

methyl (Z)-4-(3,4-difluorophenyl) -3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-

enoate (1.26k)  

Prepared according to Procedure 4.32. Yellow oil (14 mg, 0.41 mmol, 

81%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.16 ï 7.09 (m, 3H), 7.02 

ï 7.00 (m, 1H), 3.69 (s, 3H), 3.36 (d, J = 1.20 Hz, 2H), 1.30 (s, 12H). 13C 

NMR (CDCl3, 100 MHz) d some carbons are not visible 172.6, 158.9, 

158.7, 142.3, 139.4, 84.3, 52.3, 35.2, 25.1. 11B NMR (CDCl3, 160 MHz) d 30.4.  HRMS (ESI-

TOF) m/z [M+Na]+ Calcd for C17H21BF2O4Na 361.1399; Found 361.1360. 

methyl (Z)-4-(2,6-difluorophenyl) -3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-

enoate (1.26l) 

Prepared according to Procedure 4.32. Yellow oil (187 mg, 0.553 mmol, 

59%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.25 ï 7.19 (m, 1H), 7.04 

(s, 1H), 6.88 (t, J = 16.0 Hz, 2H), 3.64 (s, 3H), 3.17 (d,  J = 1.20 Hz, 2H), 

1.30 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 172.3, 160.2 (dd, J = 249.3, 7.8 Hz), 129.9, 129.5 

(t, J = 10.3 Hz), 114.1 (t, J = 20.2 Hz), 111.5 (d, J = 6.6 Hz), 111.3 (d, J = 6.6 Hz), 84.1, 51.8, 

36.9, 24.9. 11B NMR (CDCl3, 160 MHz) d 30.0. HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C17H22BF2O4 339.1579; Found 339.1542. 
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methyl (Z)-4-(naphthalen-1-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26m) 

Prepared according to Procedure 4.33. Yellow oil (50 mg, 0.140 mmol, 

18%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.98 ï 7.95  (m, 1H), 

7.86 ï 7.84 (m, 2H), 7.79 (d, J = 8.3 Hz, 1H), 7.51 ï 7.47 (m, 2H), 7.46 

ï 7.43 (m, 1H), 7.33 (dt, J = 7.1, 1.2 Hz, 1H), 3.64 (s, 3H), 3.28 (d, J = 1.2 Hz, 2H), 1.36 (s, 12H). 

13C NMR (CDCl3, 100 MHz) d 173.8, 134.8, 133.9, 131.9, 128.8, 128.4, 126.6, 126.4, 126.4, 

125.7, 125.6, 84.3, 52.1, 35.8, 25.2. 11B NMR (CDCl3, 160 MHz) d 30.4. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C21H26BO4 353.1922; Found 353.1927. 

methyl (Z)-4-cyclopentyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate 

(1.26n) 

Prepared according to Procedure 4.32. Yellow oil (168 mg, 0.571 mmol, 66%, 

2:98 E/Z). 1H NMR (CDCl3, 400 MHz) d 6.35 (d, J = 9.3 Hz, 1H), 3.64 (s, 3H), 

3.20 (s, 2H), 2.76 ï 2.70 (m,1H) 1.83 ï 1.73 (m, 3H), 1.70 ï 1.64 (m, 2H), 1.59 

ï 1.52 (m, 3H), 1.25 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 173.2, 153.7, 

83.5, 51.7, 39.6, 33.3, 25.7, 25.2, 24.8. 11B NMR (CDCl3, 160 MHz) d 30.3. HRMS (ESI-TOF) 

m/z [M+H]+ Calcd for C16H28BO4 295.2081; Found 295.2062.  

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)non-3-enoate (1.26o) 

Prepared according to Procedure 4.32. Yellow oil (72 mg, 0.24 mmol, 43%, 

3:97 E/Z). 1H NMR (CDCl3, 400 MHz) d 6.45 (t, J = 7.1 Hz, 1H), 3.64 (s, 

3H), 3.21 ï 3.17 (m, 2H), 2.12 (q, J = 7.3 Hz, 2H), 1.42 ï 1.37 (m, 2H), 1.31 ï 1.27 (m, 4H), 1.25 

(s, 12H), 0.90 ï 0.86 (m, 3H). 13C NMR (CDCl3, 100 MHz) d 167.2, 148.9, 83.5, 51.8, 33.9, 31.7, 
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29.0, 28.6, 24.9, 22.7, 14.2. 11B NMR (CDCl3, 160 MHz) d 27.7. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C16H30BO4 297.2237; Found 297.2239. 

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dec-3-enoate (1.26p) 

Prepared according to Procedure 4.32. Yellow oil (102 mg, 0.329 mmol, 

60%, 6:94 E/Z). 1H NMR (CDCl3, 400 MHz) ŭ 6.44 (t, J = 7.2 Hz, 1H), 

3.64 (s, 3H), 3.18 (d, J = 1.2 Hz, 2H), 2.12 (q, J = 7.3 Hz, 2H), 1.42 ï 1.37 (m, 2H), 1.28 (d, J = 

10.6 Hz, 6H), 1.25 (s, 12H), 0.89 ï 0.85 (m, 3H). 13C NMR (CDCl3, 100 MHz) ŭ 173.0, 148.9, 

83.5, 51.7, 33.9, 31.9, 29.3, 29.1, 28.9, 24.8, 22.7, 14.2. 11B NMR (CDCl3, 160 MHz) ŭ 30.2. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C17H32BO4 311.2394; Found 311.2395. 

methyl (Z)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)undec-3-enoate (1.26q) 

Prepared according to Procedure 4.32. Yellow oil (98 mg, 0.30 mmol, 49%, 

4:96 E/Z). 1H NMR (CDCl3, 400 MHz) ŭ 6.43 (tt, J = 7.2, 1.3 Hz, 1H), 3.63 

(s, 3H), 3.17 (d, J = 1.3 Hz, 2H), 2.11 (q, J = 7.3 Hz, 2H), 1.43 ï 1.35 (m, 2H), 1.24 (s, 20H), 0.90 

ï 0.83 (m, 3H). 13C NMR (CDCl3, 100 MHz) ŭ 172.9, 148.9, 83.5, 51.7, 33.9, 31.9, 29.5, 29.3, 

29.0, 28.9, 24.8, 22.8, 14.2. 11B NMR (CDCl3, 160 MHz) ŭ 30.0. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C18H34BO4 325.2550; Found 325.2545. 

ethyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate (1.26r)  

Prepared according to Procedure 4.32. Yellow oil (108 mg, 0.510 mmol, 

65%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.40 (s, 1H), 7.34 ï 7.24 (m, 

5H), 4.15 (q,  J = 7.2 Hz, 2H), 3.40 (d, J = 1.20 Hz, 2H), 1.31 (s, 12H), 1.26 

(t, J = 12.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz) d 172.5, 144.2, 137.1, 129.0, 128.3, 127.7, 83.8, 
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60.6, 35.3, 24.8, 14.4. 11B NMR (CDCl3, 160 MHz) d 30.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd 

for C18H26BO4 317.1922; Found 317.1920.  

propyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (1.26s) 

Prepared according to Procedure 4.32. Yellow oil (138 mg, 0.418 mmol, 

65%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.36 (s, 1H), 7.32 ï 7.20 

(m, 5H), 4.02 (t, J = 6.7 Hz, 2H), 3.37 (d, J =1.40 Hz, 2H), 1.62 (h, J = 7.2 

Hz, 2H), 1.27 (s, 12H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz) d 172.6, 144.3, 

137.0, 131.8, 129.0, 128.4, 127.7, 83.8, 66.2, 35.2, 24.8, 22.1, 10.5. 11B NMR (CDCl3, 160 MHz) 

d 30.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C19H28BO4 331.2081; Found 331.2095. 

isopropyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate (1.26t) 

Prepared according to Procedure 4.32. Yellow oil (27 mg, 0.082 mmol, 

61%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.37 (s, 1H), 7.34 ï 7.22 

(m, 5H), 5.06 ï 4.96 (m, 1H), 3.34 (d, J = 1.20 Hz, 2H), 1.29 (s, 12H), 1.22 

(d, J = 8.0 Hz, 6H). 13C NMR (CDCl3, 100 MHz) d 172.5, 144.6, 137.5, 129.4, 128.7, 128.0, 84.2, 

68.2, 35.9, 25.2, 22.3. 11B NMR (CDCl3, 160 MHz) d 30.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd 

for C19H28BO4, 331.2079; Found 331.2077. 

tert-butyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -3-enoate (1.26u) 

Prepared according to Procedure 4.32. Yellow oil (25 mg, 0.073 mmol, 

60%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.36 ï 7.28 (m, 6H), 3.31 

(d, J = 1.20 Hz, 2H), 1.45 (s, 9H), 1.31 (s, 12H). 13C NMR (CDCl3, 100 

MHz) d 171.9, 143.8, 137.3, 129.1, 128.3, 127.6, 83.8, 80.4, 36.4, 28.2, 24.9. 11B NMR (CDCl3, 
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160 MHz) d 30.3. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C20H30BO4 345.2237; Found 

345.2253. 

benzyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (1.26v) 

Prepared according to Procedure 4.32. Yellow oil (69 mg, 0.18 mmol, 

59%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.40 (s, 1H), 7.37 ï 

7.24 (m, 10H), 5.13 (s, 2H), 3.46 (d, J = 1.20 Hz, 2H), 1.25 (s, 12H). 

13C NMR (CDCl3, 100 MHz) d 172.4, 144.6, 137.0, 136.3, 129.0, 128.6, 128.4, 128.2, 128.1, 

127.8, 83.9, 66.4, 35.2, 24.8. 11B NMR (CDCl3, 160 MHz) d 30.5. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C23H28BO4 379.2079; Found 379.2090.  

phenyl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enoate (1.26w) 

Prepared according to Procedure 4.32. Yellow oil (189 mg, 0.519 mmol, 

78%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.52 (s, 1H), 7.41 ï 7.38 

(m, 6H), 7.37 ï 7.36 (m, 1H), 7.34 ï 7.29 (m, 1H), 7.26 (ddt, J = 7.9, 6.9, 

1.2 Hz, 1H), 7.14 ï 7.10 (m, 1H), 3.68 (d, J = 1.20 Hz, 2H), 1.34 (s, 12H). 13C NMR (CDCl3, 100 

MHz) d 171.0, 151.1, 145.1, 137.0, 129.4, 129.0, 128.5, 127.9, 125.7, 121.6, 84.0, 35.3, 24.9. 11B 

NMR (CDCl3, 160 MHz) d 30.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C22H26BO4 365.1924; 

Found 365.1885.  
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(2E,4E)-hexa-2,4-dien-1-yl (Z)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -

3-enoate (1.26x) 

Prepared according to Procedure 4.32. Yellow oil (165 mg, 0.448 

mmol, 74%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.37 (s, 

1H), 7.34 ï 7.22 (m, 5H), 6.26 ï 6.18 (m, 1H), 6.06 ï 5.97 (m, 1H), 

5.76 ï 5.56 (m, 2H), 4.57 (d, J = 16.0 Hz, 2H), 3.39 (d, J = 1.30 Hz, 2H), 1.74 (d, J = 6.7 Hz, 3H), 

1.28 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 172.3, 144.3, 137.1, 134.7, 131.1, 130.6, 129.0, 

128.4, 127.7, 124.1, 83.9, 65.2, 35.3, 24.9, 18.2. 11B NMR (CDCl3, 160 MHz) d 30.0. HRMS 

(ESI-TOF) m/z [M+Na]+ Calcd for C22H29BO4Na 391.2061; Found 391.2057. 

Deuterium Labeling Study 

Procedure 5.35 Copper(I) chloride (3.53 mg, 0.0360 mmol) and B2pin2 (115 mg, 0.428 mmol) 

were added to a 2-dram vial and purged with N2 via Schlenk technique. CD3OD (0.200 mL) was 

added and the suspension stirred for 15 min at 60 ºC, producing a light yellow/brown mixture. 

Methyl 4-phenylbuta-2,3-dienoate (40.0 mg, 0.357 mmol) dissolved in CD3OD (0.200 mL) was 

added, then CD3OD (0.100 mL) was used to transfer any residual reagent. The reaction was stirred 

at 60 ºC and monitored by TLC until the starting material was consumed (16-20 hours). The crude 

mixture was concentrated in vacuo and purified by silica gel chromatography (eluted with 0-10% 

gradient ethyl acetate in hexanes) to afford the product as a yellow oil. Where applicable, the E-

isomer is labeled as major when the Z-isomer is present, which is labeled as minor. 

Characterization of Deuterium Labeled Boryl Acrylate 
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methyl (E)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-2-enoate-4-d (1.26y) 

 

Prepared according to Procedure 4.35. Yellow oil (160.0 mg, 0.528 mmol, 

64%, >1:99 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.12 (s, 1H), 7.36 ï 7.24 (m, 

5H) 3.68 (s, 3H), 3.40 (s, 1H), 1.31 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 

172.3, 144.3, 136.9, 128.9, 128.3, 127.7, 83.8, 51.8, 34.7 (t, J = 20.2 Hz), 24.8. 11B NMR (CDCl3, 

160 MHz) d 30.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C17H23DBO4 304.1830; Found 

304.1830. 

Example Procedures and Characterizations for 2a Applications 

Procedure 4.36 for oxidation of 1.26a Oxidation of the borylated product was performed in 

accordance to previous literature.2 1.26a (89.0 mg, 0.290 mmol) was added to a 6 dram vial 

followed by the addition of THF/H2O (1:1 solution (0.400 mL)). NaBO3ÅH2O (59.0 mg, 0.590 

mmol) was added to the solution and was allowed to stir for 3 hours at room temperature. Product 

was isolated using column chromatography using a gradient from 0 ï 10% ethyl acetate/hexanes 

to afford 10 in a 78% yield. Reference spectra is also provided in previous literature.4 Copies of 

spectra are provided. 

Procedure 4.36 for amidation of 1.26a Compound 1.26a (70.0 mg, 0.230 mmol) dissolved in 

THF (0.13 mL) was added to a 2 dram vial under nitrogen. Ammonia (7 N in MeOH, 0.099 mL, 

0.69 mmol) was added to the mixture and allowed to stir overnight at room temperature. The 

contents were then concentrated by rotary evaporation and purified by silica gel chromatography 

(eluted with a gradient of 20-50% ethyl acetate in hexanes) to afford the product as a white solid. 
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Procedure 4.37 for allenoate reformation 1.25a (133 mg, 0.440 mmol) was added to a 6 dram 

vial followed by the addition of methanol (1.00 mL), THF (1.00 mL), and water (0.100 mL). Silver 

fluoride (112 mg, 0.880 mmol) was then added to the reaction mixture and was allowed to stir 

open to air for 3 hours. The reaction was monitored using 10% EtOAc/hexanes TLC conditions 

and was purified via silica gel column chromatography through a gradient of 0ï 10% ethyl 

acetate/hexanes to afford to phenyl allenoate in 68% yield. 

Characterization of Cross-Coupled Product 

methyl (E)-3-(3-methoxyphenyl)-4-phenylbut-3-enoate 1.29) 

Yellow oil (68 mg, 0.30 mmol, 81%). 1H NMR (CDCl3, 400 MHz) d 7.39 

(d, J = 4.9 Hz, 3H), 7.34 ï 7.27 (m, 2H), 7.10 (ddd, J = 7.7, 1.8, 0.9 Hz, 1H), 

7.06 (d, J = 1.9 Hz, 1H), 6.87 (ddd, J = 8.2, 2.5, 0.9 Hz, 2H), 3.85 (s, 3H), 

3.72 (s, 2H), 3.67 (s, 3H). 13C NMR (CDCl3, 100 MHz) d 172.1, 159.8, 

143.2, 137.4, 134.4, 131.6, 129.6, 128.9, 128.6, 127.4, 118.8, 113.2, 112.2, 55.4, 52.2, 36.6. 

HRMS (ESI-TOF) m/z [M+H]+ Calc for C18H19O3 283.1334; Found 283.1310. 

Characterization of BF3K salt 

 

methyl (Z)-4-phenyl-3-(trifluoro -ɚ4-boraneyl)but-3-enoate, potassium salt (1.30) 

White solid (16 mg, 0.057 mmol, 78%). 1H NMR (CD3CN, 400 MHz) d 7.31 ï 

7.28 (m, 4H), 7.20 ï 7.15 (m, 1H), 6.75 (s, 1H), 3.60 (s, 3H), 3.16  (d, J = 1.20 

Hz, 2H). 13C NMR (CD3CN, 100 MHz) d 175.6, 132.1, 132.0, 132.0, 131.9, 

129.4, 128.9, 126.6, 51.9, 36.4. 11B NMR (CD3CN, 160 MHz) d 2.80, 2.41. 19F NMR (CD3CN, 
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376 MHz) d 152.0, 152.1. HRMS (ESI-TOF) m/z [M+NH4]
+ Calcd for C11H15BF3NO2 261.1148; 

Found 261.1107. 

 

Characterization of Amidation Product 

(E)-4-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -2-enamide (1.32)  

Prepared according to Procedure 4.36. White solid (52 mg, 0.18 mmol, 

78% >99:1 E/Z). 1H NMR (CDCl3, 400 MHz) d 8.92 (s, 1H), 7.28 ï 7.24 

(m, 2H), 7.19 (t, J = 7.20 Hz, 1H), 7.08 ï 7.06 (m, 2H), 5.80 (s, 1H), 5.51 (s, 1H), 3.49 (s, 2H), 

1.14 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 174.2, 146.5, 136.5, 129.5, 128.5, 128.2, 84.3, 37.4, 

24.9. 11B NMR (CDCl3, 160 MHz) d 30.4. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C16H23BNO3 

288.1771; Found 288.1770. 

X-ray Crystallographic Experimental 

Compound 1.32 (40 mg, 0.140 mmol) was dissolved in chloroform (1.0 mL) and placed in a NMR 

tube. The solution in the tube was left overnight to allow slight degassing. After the solution was 

left overnight, crystals formed on the bottom and sides of the tube that were suitable for X-ray 

diffraction. A colorless prism (0.12 × 0.27 × 0.46 mm 3 ) was centered on the goniometer of a 

Rigaku Oxford Diffraction Synergy-S diffractometer equipped with a HyPix6000HE detector and 

operating with MoK  radiation. The data collection routine, unit cell refinement, and data 

processing were carried out with the program CrysAlisPro. The Laue symmetry and systematic 

absences were consistent with the orthorhombic space group Pbca. The structure was solved using 

SHELXT3 and refined using SHELXL4 via Olex2.5 The final refinement model involved 
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anisotropic displacement parameters for non-hydrogen atoms and a riding model for all hydrogen 

atoms. Olex2 AND/OR Mercury6 was used for molecular graphics generation. 

4.4 Synthetic Procedures and Characterizations for Compounds in Chapter 2 

General Procedure for Preparing 1,3 Diynes 

All diynes were prepared in accordance with previous literature7 and references for the spectra of 

previously known diynes are provided in Table 4.41. 

Procedure 4.41 Dichloromethane (10 mL) was added to the terminal acetylene (5 mol) in a 50 

mL round bottom flask. Copper acetate (0.5 mol) was then added to the solution followed by the 

addition of piperidine (15 mol). The reaction was then run open to air between 3 ï 16 hours. The 

crude mixture was then purified via silica gel chromatography (gradient from 0% Ethyl 

Acetate/Hexanes ï 2% Ethyl Acetate/Hexanes). 

 

 

Table 4.41 References for 1,3-Diyne Structures 

Substrate R1 R2 Reference 

2.13a H H Dalton Transactions, 2012, 41, 12, 3468-3473 

2.13b 2-Me 2-Me Synthesis, 2014, 46, 23, 3191-3198 

2.13c 3-Me 3-Me Synthesis, 2014, 46, 23, 3191-3198 

2.13d 4-Et 4-Et Tetrahedron Letters, 2013, 54, 30, 3953-3955 

2.13e 4-n-Pr 4-n-Pr Tetrahedron Letters, 2013, 54, 30, 3953-3955 

2.13f 4-pent 4-pent Chinese Journal of Chemistry, 2013, 31, 2, 187-194 

2.13g 4-t-Bu 4-t-Bu Chinese Journal of Chemistry, 2013, 31, 2, 187-194 
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2.13h 2-Cl 2-Cl Tetrahedron Letters, 2013, 54, 30, 3953-3955 

2.13i 3-Cl 3-Cl Synthesis, 2014, 46, 23, 3191-3198 

2.13j 4-Cl 2-F European Journal of Organic Chemistry, 2014, 

2014, 22, 4817-4822 

2.13k 4-F 4-F Chinese Journal of Chemistry, 2013, 31, 2, 187-194 

2.13l 4-Br 4-Br Tetrahedron Letters, 2013, 54, 30, 3953-3955 

2.13m 2-F 2-F Tetrahedron Letters, 2019, 60, 17, 1179 - 1181 

2.13n 2-OMe 2-OMe European Journal of Organic Chemistry, 2014, 

2014, 22, 4817-4822 

2.13o 4-OPh 4-OPh Organic Letters, 2019, 21, 23, 9487 - 9492 

2.13p 4-SMe 4-SMe Organic Letters, 2019, 21, 23, 9487 ï 9492 

2.13q 4-COCH3 4-COCH3 European Journal of Organic Chemistry, 2014, 

2014, 22, 4817-4822 

2.13r 4-CO2CH3 4-CO2CH3 Journal of Organic Chemistry, 2005, 70, 2, 703 ï 

706 

2.13s 4-CN 4-CN Angewandte Chemie - International Edition, 2014, 

53, 52, 14485 - 14489 

2.13t 4-CF3 4-CF3 Chemistry Letters, 2015, 44, 2, 129 ï 131. 

2.13u 4-OCF3 4-OCF3 Angewandte Chemie - International Edition, 2014, 

53, 52, 14485 ï 14489 

2.13w 4-Ph 4-Ph European Journal of Organic Chemistry, 2014, 

2014, 22, 4817-4822 

2.13x Napthalene Napthalene Chinese Journal of Chemistry, 2013, 31, 2, 187-194 

2.13y 2-Thiophene 2-Thiophene European Journal of Organic Chemistry, 2014, 

2014, 22, 4817-4822 

2.13z Cyclopropyl Cyclopropyl Chinese Journal of Chemistry, 2013, 31, 2, 187-194 

2.13aa Cyclohexene Cyclohexene Chinese Journal of Chemistry, 2013, 31, 2, 187-194 

 

Characterization of 1,3-Diynes 

1,4-bis(4-(1,1,2,2-tetrafluoroethoxy)phenyl)buta-1,3-diyne (2.13v) 
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Prepared according to procedure 4.41. White 

solid (183 mg, 0.421 mmol, 78%). 1H NMR 

(CDCl3, 400 MHz) ŭ 7.59 ï 7.51 (m, 4H), 7.20 

(d, J = 8.4 Hz, 4H), 5.91 (tt, J = 53.0, 2.7 Hz, 

2H). 13C NMR (CDCl3, 100 MHz) ŭ 149.6 (d, J = 1.6 Hz), 134.2, 121.9, 121.8, 120.2, 116.5 (t, J 

= 41.2 Hz), 107.7 (tt, J = 252.0, 41.2 Hz),80.7, 74.5. HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C20H11F8O2 435.0631; Found 435.0592. 

methyl 4-((4-(dimethylamino)phenyl)buta-1,3-diyn-1-yl)benzoate (2.13ab) 

Yellow solid. 1H NMR  (CDCl3, 400 MHz) ŭ 8.01 ï 7.96 

(m, 2H), 7.59 ï 7.54 (m, 2H), 7.43 ï 7.37 (m, 2H), 6.66 ï 

6.61 (m, 2H), 3.90 (s, 3H), 2.99 (s, 6H). 13C NMR (CDCl3, 

100 MHz) ŭ 166.7, 151.5, 134.4, 132.7, 130.6, 129.9, 127.5, 

112.1, 107.4, 85.8, 80.3, 78.0, 72.2, 52.7, 40.4. HRMS 

(ESI-TOF) m/z [M+H]+ Calcd for C20H18NO2 304.1338; Found 304.1343. 

General Procedure for Preparing Phosphinoboronates 

Procedure 4.42.  Ph2P-Bpin (1.3 equiv.) was weighed out in a glove box and put into a 2 dram 

vial equipped with a stir bar. The vial was then sealed with a cap with a septum. The starting diyne 

1 (1 equiv.) was dissolved in dry and deoxygenated DCM (0.5 M) and transferred to the 2 dram 

vial via syringe. The catalyst PBu3 (0.1 equiv.) was then added to the vial via syringe. The reaction 

was all done under an inert atmosphere. The reaction was allowed to run between 3 ï 16 hours 

depending on the substrate and was monitored through TLC. Once the reaction was completed, 
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the crude mixture was purified via silica gel column chromatography (gradient from 0% ethyl 

acetate/hexanes ï 5% ethyl acetate/hexanes). 

 

Characterization of Phosphinoboronates 

 

(E)-(1,4-diphenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-2-

yl)diphenylphosphane (2.14a) 

Prepared according to Procedure 4.42. Yellow oil (38 mg, 0.074 mmol, 

75%, >99:1 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.73 (d, J = 7.4 Hz, 2H), 

7.63 ï 7.57 (m, 4H), 7.40 ï 7.32 (m, 8H), 7.31 ï 7.27 (m, 1H), 7.20 ï 7.13 

(m, 3H), 6.98 ï 6.94 (m, 2H), 1.38 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 

140.2 (d, J = 20.0 Hz), 137.3 (d, J = 10.7 Hz), 133.5 (d, J = 18.8 Hz), 131.6, 

128.6 (d, J = 2.1 Hz), 128.3, 128.2, 128.2, 128.1 (d, J = 3.2 Hz), 128.0, 123.8, 98.2, 88.8 (d, J = 

2.8 Hz), 84.7, 25.2, 25.1.11B NMR (CDCl3, 160 MHz) d 30.7. 31P NMR (CDCl3, 162 MHz) d 1.7. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H32BO2P 515.2312; Found 515.2320. 

(E)-diphenyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-di-o-tolylbut -1-en-3-yn-2-

yl)phosphane (2.14b) 
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Prepared according to Procedure 4.42. Yellow oil (29 mg, 0.053 mmol, 62%, 

95:5 E/Z). 1H NMR (CDCl3, 400 MHz) d 7.66 ï 7.59 (m, 4H), 7.55 (d, J = 

8.4 Hz, 1H), 7.41 ï 7.34 (m, 6H), 7.31 ï 7.27 (m, 1H), 7.16 ï 6.99 (m, 4H), 

6.83 ï 6.77 (m, 2H), 2.39 (s, 3H), 2.25 (s, 3H), 1.42 (s, 12H). 13C NMR 

(CDCl3, 100 MHz) d 140.1 (d, J = 20.1 Hz), 137.8, 137.4 (d, J = 2.8 Hz), 

137.3, 134.0 (d, J = 19.9 Hz), 133.6, 133.4, 132.2, 129.3, 128.9 (d, J = 5.8 Hz), 128.6, 128.3 (d, J 

= 6.6 Hz), 128.1, 127.9, 125.7, 123.6, 98.6, 88.6 (d, J = 3.1 Hz), 84.7, 25.11, 25.1, 21.7, 21.3. 11B 

NMR (CDCl3, 160 MHz) d 30.8. 31P NMR (CDCl3, 162 MHz) d 1.8. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C36H37BO2P 543.2624; Found 543.2682. 

 

(E)-diphenyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-di-m-tolylbut -1-en-3-yn-2-

yl)phosphane (2.14c)  

Prepared according to Procedure 4.42. Yellow oil (30 mg, 0.055 mmol, 

64%, 95:5 E/Z ) 1H NMR (CDCl3, 400 MHz) ŭ 7.62 ï 7.56 (m, 4H), 7.51 

(dddd, J = 8.3, 1.7, 1.2, 0.6 Hz, 1H), 7.38 ï 7.32 (m, 6H), 7.24 (d, J = 7.7 

Hz, 1H), 7.12 ï 6.98 (m, 4H), 6.80 ï 6.75 (m, 2H), 2.36 (s, 3H), 2.22 (s, 

3H), 1.39 (s, 12H). 13C NMR (CDCl3, 100 MHz) d 139.8 (d, J = 20.3 Hz), 

137.5, 137.1, 137.0 (d, J = 10.7 Hz), 133.7 (d, J = 19.9 Hz), 133.2 (d, J = 18.7 Hz), 129.0, 128.6 

(d, J = 6.0 Hz), 128.3, 127.9 (d, J = 6.6 Hz), 127.7 (d, J = 12.9 Hz), 125.4, 123.3, 98.3, 88.3, 84.4, 

24.8, 24.8, 21.3, 20.9. 11B NMR (CDCl3, 160 MHz) d 30.9. 31P NMR (CDCl3, 162 MHz) 1.8. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C36H37BO2P 543.2624; Found 543.2682. 
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(E)-(1,4-bis(4-ethylphenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-2-

yl)diphenylphosphane (2.14d) 

Prepared according to Procedure 4.42. Yellow oil (13 mg, 0.023 mmol, 

27%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.69 (d, J = 7.9 Hz, 2H), 

7.61 ï 7.55 (m, 4H), 7.36 ï 7.31 (m, 6H), 7.17 (d, J = 8.2 Hz, 2H), 7.01 (d, 

J = 8.0 Hz, 2H), 6.90 (d, J = 7.8 Hz, 2H), 2.65 (q, J = 7.6 Hz, 2H), 2.57 (q, 

J = 7.5 Hz, 2H), 1.38 (s, 12H), 1.25 (dt, J = 9.5, 7.4 Hz, 6H). 13C NMR 

(CDCl3, 100 MHz) d 144.4 (d, J = 16.1 Hz), 141.2, 136.1, 133.5 (d, J = 

18.7 Hz), 131.5, 128.7, 128.5, 128.2 (d, J = 6.6 Hz), 127.8, 127.5, 98.5, 88.4, 84.6, 28.9, 28.9, 

25.2, 25.1, 15.5, 15.5. 11B NMR (CDCl3, 160 MHz) d 30.0. 31P NMR (CDCl3, 162 MHz) d 1.93. 

HRMS (ESI-TOF) m/z [M+H2O]+ Calcd for C38H42BO3P 588.2965; Found 588.2930.  

(E)-(1,4-bis(4-propylphenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14e) 

Prepared according to Procedure 4.42. Yellow oil (30 mg, 0.050 mmol, 

65%, 96:4 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.71 ï 7.66 (m, 2H), 7.61 

ï 7.55 (m, 4H), 7.37 ï 7.30 (m, 6H), 7.17 ï 7.13 (m, 2H), 7.00 ï 6.96 (m, 

2H), 6.91 ï 6.87 (m, 2H), 2.54 (ddd, J = 31.3, 8.6, 6.8 Hz, 4H), 1.70 ï 

1.53 (m, 4H), 1.39 (s, 12H), 0.92 (dt, J = 21.4, 7.4 Hz, 6H). 13C NMR 

(CDCl3, 100 MHz) d 142.9 (d, J = 12.9 Hz), 137.7, 137.5, 137.4 (d, J = 

6.9 Hz), 133.5 (d, J = 19.0 Hz), 131.4, 128.6 (d, J = 5.3 Hz), 128.4, 128.2 (d, J = 6.8 Hz), 128.1, 

121.1, 98.5, 88.5 (d, J = 3.0 Hz), 84.6, 38.1, 28.5, 25.2, 25.1, 24.5, 24.5, 14.0, 13.9. 11B NMR 



91 
 

(CDCl3, 160 MHz) d 30.4. 31P NMR (CDCl3, 162 MHz) d 1.85. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C40H45BO2P 599.3250; Found 599.3229. 

(E)-(1,4-bis(4-pentylphenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14f) 

Prepared according to Procedure 4.42. Yellow oil (28 mg, 0.043 

mmol, 39%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.68 (d, J = 

8.1 Hz, 2H), 7.61 ï 7.56 (m, 3H), 7.33 (dp, J = 4.5, 2.8, 2.1 Hz, 6H), 

7.15 (dd, J = 8.2, 3.2 Hz, 3H), 6.98 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 

7.9 Hz, 2H), 2.63 ï 2.49 (m, 4H), 1.39 (s, 12H), 1.35 ï 1.24 (m, 12H), 

0.91 ï 0.83 (m, 6H). 13C NMR (CDCl3, 100 MHz) d 143.1 (d, J = 18.1 

Hz), 137.6, 137.4 (d, J = 10.5 Hz), 137.4, 133.5 (d, J = 18.7 Hz), 131.4, 128.6 (d, J = 7.3 Hz), 

128.3, 128.2 (d, J = 6.5 Hz), 128.1, 127.0 (d, J = 14.0 Hz), 121.1, 98.5, 88.5 (d, J = 3.2 Hz), 84.6, 

36.0, 35.9, 31.7, 31.5, 31.2, 31.1, 25.2, 25.1, 22.7, 22.6, 14.2, 14.1.11B NMR (CDCl3, 124 MHz) 

d 29.7. 31P NMR (CDCl3, 162 MHz) d 1.81. HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C44H53BO2P 655.3876; Found 655.3872. 

(E)-(1,4-bis(4-(tert-butyl)phenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-

yn-2-yl)diphenylphosphane (2.14g) 
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Prepared according to Procedure 4.42. Yellow oil (26 mg, 0.041 mmol, 

62%, 94:6 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.72 (d, J = 8.4 Hz, 2H), 

7.61 ï 7.55 (m, 4H), 7.38 ï 7.30 (m, 8H), 7.20 (d, J = 8.4 Hz, 2H), 6.93 

(d, J = 8.4 Hz, 2H), 1.39 (s, 9H), 1.32 (s, 12H), 1.25 (s, 9H). 13C NMR 

(CDCl3, 100 MHz) d 151.3, 151.2, 137.5, 137.4, 137.2 (d, J = 20.5 Hz), 

133.5 (d, J = 18.8 Hz), 131.2, 128.5, 128.4, 128.2 (d, J = 6.5 Hz), 125.2, 

124.9, 120.9, 98.6, 88.5 (d, J = 3.2 Hz), 84.6, 34.7, 34.7, 31.4, 31.3, 25.2, 25.2. 11B NMR (CDCl3, 

160 MHz) d 22.5. 31P NMR (CDCl3, 162 MHz) d 2.10. HRMS (ESI-TOF) m/z [M+H2O]+ Calcd 

for C42H50BO3P 644.3591; Found 644.3540. 

(E)-(1,4-bis(2-chlorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14h) 

Prepared according to Procedure 4.42. Yellow oil (31 mg, 0.053 mmol, 60%, 

97:3 E/Z) 1H NMR  (CDCl3, 400 MHz) ŭ 7.63 ï 7.59 (m, 4H), 7.42 ï 7.31 (m, 

6H), 7.25 ï 7.13 (m, 3H), 7.05 (td, J = 7.7, 1.7 Hz, 1H), 6.95 (td, J = 7.6, 1.3 

Hz, 1H), 6.54 (dd, J = 7.7, 1.7 Hz, 1H), 1.25 (s, 12H). 13C NMR (CDCl3, 100 

MHz) d 141.3, 140.0, 137.8 (d, J = 11.9 Hz), 135.8, 135.0 (d, J = 24.8 Hz), 

133.8 (d, J = 19.6 Hz), 133.7, 132.2, 130.5, 129.2 (d, J = 17.6 Hz), 129.0, 128.6, 128.4, 128.3 (d, 

J = 6.6 Hz), 96.9, 93.6 (d, J = 2.4 Hz), 84.6, 24.9, 24.9. 11B NMR (CDCl3, 160 MHz) d 29.5. 31P 

NMR (CDCl3, 162 MHz) d 0.84. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H31BOCl2P 

583.1532; Found 583.1501. 

(E)-(1,4-bis(3-chlorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14i)  
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Prepared according to Procedure 4.42. Yellow oil (29 mg, 0.050 mmol, 

54%, 97:3 E/Z) 1H NMR  (CDCl3, 400 MHz) ŭ 7.80 (d, J = 2.1 Hz, 1H), 7.59 

ï 7.48 (m, 5H), 7.39 ï 7.35 (m, 6H), 7.29 ï 7.24 (m, 2H), 7.18 (ddd, J = 8.1, 

2.1, 1.2 Hz, 1H), 7.10 (t, J = 7.8 Hz, 1H), 6.92 ï 6.82 (m, 2H), 1.37 (s, 12H). 

13C NMR (CDCl3, 100 MHz) ŭ 141.8 (d, J = 19.4 Hz), 136.8 (d, J = 10.7 

Hz), 134.1, 134.0, 133.4 (d, J = 19.0 Hz), 131.5, 129.7, 129.4 (d, J = 9.6 

Hz), 128.9, 128.6 (d, J = 10.3 Hz), 128.4 (d, J = 6.8 Hz), 128.2, 126.7, 125.0, 97.8, 89.3 (d, J = 

2.9 Hz), 85.0, 25.1, 25.0. 11B NMR (CDCl3, 160 MHz) ŭ 29.4. 31P NMR (CDCl3, 162 MHz) ŭ 

1.62. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H31BO2Cl2P 583.1532; Found 583.1501. 

(E)-(1,4-bis(4-chlorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14j) 

Prepared according to Procedure 4.42. Yellow oil (26 mg, 0.045 mmol, 

67%, 93:7 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.63 (d, J = 8.4 Hz, 2H), 

7.55 (td, J = 7.3, 3.0 Hz, 3H), 7.43 (td, J = 7.4, 6.7, 2.8 Hz, 1H), 7.38 ï 

7.29 (m, 8H), 7.15 (d, J = 8.3 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 1.36 (s, 

12H). 13C NMR (CDCl3, 100 MHz) ŭ 138.5 (d, J = 19.9 Hz), 136.8 (d, J 

= 10.5 Hz), 134.3, 133.9, 133.3 (d, J = 18.9 Hz), 132.6, 129.8, 128.6 (d, 

J = 24.0 Hz), 128.2 (d, J = 6.6 Hz), 128.1, 121.7, 97.6, 89.2, 84.8, 24.9, 24.9. 11B NMR (CDCl3, 

160 MHz) ŭ 30.1. 31P NMR (CDCl3, 162 MHz) ŭ 1.9. HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C34H31BO2Cl2P 583.1532; Found 583.1501.  

(E)-(1,4-bis(4-fluorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-2-

yl)diphenylphosphane (2.14k) 
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Prepared according to Procedure 4.42. Yellow oil (37 mg, 0.067 mmol, 

73%, 92:8 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.72 ï 7.67 (m, 2H), 7.59 

ï 7.53 (m, 4H), 7.37-7.33 (m, 6H), 7.07 ï 7.01 (m, 2H), 6.93 ï 6.84 (m, 

4H), 1.37 (s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 162.4 (d, J = 248.0 

Hz), 162.4 (d, J = 249.9 Hz), 137.0 (d, J = 10.6 Hz), 133.8 (d, J = 19.8 Hz), 

133.3, 133.3 (d, J = 18.7 Hz), 130.3 (d, J = 8.2 Hz), 128.6, 128.2 (d, J = 

6.7 Hz), 119.5, 115.4 (d, J = 22.1 Hz), 114.8 (d, J = 21.4 Hz), 97.2, 88.1, 84.7, 24.9, 24.9.11B NMR 

(CDCl3, 160 MHz) ŭ 30.5. 31P NMR (CDCl3, 162 MHz) ŭ 1.7. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C34H31BPF2 551.2123; Found 551.2117.  

(E)-(1,4-bis(4-bromophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14l) 

Prepared according to Procedure 4.42. Yellow oil (36%, 22 mg, 0.033 

mmol >99:1 E/Z) 1H NMR  (CDCl3, 400 MHz) ŭ 7.58 ï 7.45 (m, 8H), 7.40 

ï 7.29 (m, 8H), 6.77 (d, J = 8.6 Hz, 2H), 1.36 (s, 12H). 13C NMR (CDCl3, 

126 MHz) ŭ 139.4 (d, J = 19.5 Hz), 136.9 (d, J = 10.4 Hz), 134.0, 133.4 (d, 

J = 18.6 Hz), 132.9, 132.0, 131.5, 131.2, 130.2, 128.8, 128.4 (d, J = 6.8 

Hz), 122.6, 122.3 (d, J = 4.5 Hz), 97.8, 89.5 (d, J = 3.2 Hz), 84.9, 25.1, 

25.1. 11B NMR (CDCl3, 160 MHz) ŭ 29.6. 31P NMR (CDCl3, 162 MHz) ŭ 1.99. HRMS (ESI-

TOF) m/z [M+H]+ Calcd for C34H31BBr2O2P 671.0521; Found 671.0516. 

(E)-(1,4-bis(2-fluorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-2-

yl)diphenylphosphane (.142m) 
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Prepared according to Procedure 4.42. Yellow solid (70%, 43 mg, 99:1 E/Z). 

1H NMR  (CDCl3, 400 MHz) ŭ 7.77 (td, J = 7.7, 1.9 Hz, 1H), 7.65 ï 7.55 (m, 

4H), 7.38 ï 7.28 (m, 7H), 7.20 ï 7.00 (m, 3H), 6.99 ï 6.85 (m, 2H), 6.74 (td, 

J = 7.4, 1.9 Hz, 1H), 1.33 (s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 162.5 (d, 

J  = 253.3 Hz), 159.7 (d, J = 247.6 Hz), 137.3 (d, J = 11.4 Hz), 134.1, 133.6, 

132.9 (d, J = 20.6 Hz), 131.1 (d, J = 3.4 Hz), 129.8 (dd, J = 18.7, 8.0 Hz), 128.7, 128.3 (d, J = 6.5 

Hz), 123.7 (d, J = 3.8 Hz), 123.7 (d, J = 3.1 Hz), 115.5 (d, J = 2.3 Hz), 115.3, 112.1 (d, J = 15.6 

Hz), 93.5, 92.9, 84.7, 25.0, 25.0. 19F NMR (CDCl3, 376 MHz) ŭ -108.66 ï -108.73 (m), -110.68 ï 

-110.76 (m). 11B NMR (CDCl3, 160 MHz) ŭ 30.4. 31P NMR (CDCl3, 162 MHz) ŭ -0.33. HRMS 

(ESI-TOF) m/z [M+H]+ Calcd for C34H31BF2O2P 551.2123; Found 551.2125.  

(E)-(1,4-bis(2-methoxyphenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-

yn-2-yl)diphenylphosphane (2.14n) 

Prepared according to Procedure 4.42. Yellow oil (13 mg, 0.023 mmol, 

24%, 96:4 E/Z) 1H NMR  (CDCl3, 400 MHz) ŭ 7.60 (td, J = 7.5, 2.3 Hz, 4H), 

7.39 ï 7.35 (m, 6H), 7.31 ï 7.26 (m, 3H), 7.09 (t, J = 8.0 Hz, 1H), 6.86 (dt, 

J = 7.2, 2.3 Hz, 1H), 6.80 ï 6.74 (m, 1H), 6.61 (dt, J = 7.7, 1.2 Hz, 1H), 6.47 

(dd, J = 2.6, 1.4 Hz, 1H), 3.79 (s, 3H), 3.71 (s, 3H), 1.41 (s, 12H). 13C NMR 

(CDCl3, 100 MHz) ŭ 159.3 (d, J = 0.7 Hz), 159.2, 141.4 (d, J = 20.0 Hz), 137.2 (d, J = 10.3 Hz), 

133.5 (d, J = 19.0 Hz), 129.1 (d, J = 23.3 Hz), 128.7, 128.3 (d, J = 6.5 Hz), 124.7, 124.0, 121.2, 

116.1, 114.8 (d, J = 28.5 Hz), 113.3, 98.7, 88.6 (d, J = 3.1 Hz), 84.7, 55.3, 55.3, 25.1, 25.1.11B 

NMR (CDCl3, 160 MHz) ŭ 30.5. 31P NMR (CDCl3, 162 MHz) ŭ 1.98. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C36H37BO4P 575.2523; Found 575.2520. 



96 
 

(E)-(1,4-bis(4-phenoxyphenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-

yn-2-yl)diphenylphosphane (2.14o) 

Prepared according to Procedure 4.42. Yellow oil (13 mg, 0.019 

mmol, 18%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.98 ï 7.89 

(m, 2H), 7.77 ï 7.73 (m, 2H), 7.61 ï 7.54 (m, 4H), 7.37 ï 7.31 (m, 8H), 

7.11 (dq, J = 7.4, 1.0 Hz, 2H), 7.06 ï 7.01 (m, 2H), 7.00 ï 6.95 (m, 

4H), 6.94 ï 6.90 (m, 2H), 6.81 ï 6.76 (m, 2H), 1.38 (s, 12H). 13C NMR 

(CDCl3, 100 MHz) ŭ 157.4, 157.1, 156.9, 156.4, 137.2 (d, J = 10.5 Hz), 

135.1 (d, J = 20.6 Hz), 133.3 (d, J = 18.8 Hz), 133.0, 130.2, 129.8 (d, J = 11.4 Hz), 128.5, 128.1 

(d, J = 6.5 Hz), 123.8, 123.4, 119.4, 119.2, 118.1 (d, J = 2.6 Hz), 117.9, 98.0, 88.3 (d, J = 3.1 Hz), 

84.6, 25.0, 25.0. 11B NMR (CDCl3, 160 MHz) ŭ 22.3. 31P NMR (CDCl3, 162 MHz) ŭ 1.80. HRMS 

(ESI-TOF) m/z [M+K]+ Calcd for C46H40BKO4P 737.2394; Found 737.2328. 

(E)-(1,4-bis(4-(methylthio)phenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-

3-yn-2-yl)diphenylphosphane (2.14p) 

Prepared according to Procedure 4.42. Yellow oil (20 mg, 0.033 mmol, 

39%, 98:2 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.69 (d, J = 8.4 Hz, 2H), 

7.56 (ddt, J = 7.5, 5.6, 2.7 Hz, 4H), 7.37 ï 7.31 (m, 6H), 7.22 (d, J = 8.5 

Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 2.49 (s, 3H), 

2.43 (s, 3H), 1.38 (s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 139.2, 138.6, 

137.3 (d, J = 10.5 Hz), 137.0 (d, J = 20.4 Hz), 133.5 (d, J = 18.9 Hz), 

131.8, 129.1, 128.6, 128.3 (d, J = 6.7 Hz), 125.8 (d, J = 1.9 Hz), 120.0, 98.6, 89.1 (d, J = 3.3 Hz), 

84.7, 25.1, 25.1, 15.7, 15.5. BNMR (CDCl3, 160 MHz) ŭ 30.5. 31P NMR (CDCl3, 162 MHz) ŭ 

2.06. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C36H37BO2S2P 607.2066; Found 607.2081.  
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(E)-1,1'-((2-(diphenylphosphaneyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-

3-yne-1,4-diyl)bis(4,1-phenylene))bis(ethan-1-one) (2.14q) 

Prepared according to Procedure 4.42. Yellow solid (32 mg, 0.053 

mmol, 67%, >99:1 E/Z) 1H NMR (CDCl3, 400 MHz) ŭ 7.96 (d, J = 8.3 

Hz, 2H), 7.76 (dd, J = 8.3, 6.3 Hz, 4H), 7.59 ï 7.53 (m, J = 7.6, 4H), 

7.39 ï 7.33 (m, 6H), 6.97 (d, J = 8.3 Hz, 2H), 2.61 (s, 3H), 2.54 (s, 3H), 

1.37 (s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 197.9, 197.3, 136.7 (d, J 

= 10.5 Hz), 136.3 (d, J = 21.4 Hz), 133.5 (d, J = 19.0 Hz), 131.6, 129.3, 

129.0, 128.7, 128.4 (d, J = 6.6 Hz), 128.2 (d, J = 3.1 Hz), 128.1, 98.4, 85.0, 26.8, 26.7, 25.1, 25.0. 

11B NMR (CDCl3, 160 MHz) ŭ 30.9. 31P NMR (CDCl3, 162 MHz) ŭ 2.23. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C38H37BO4P 599.2523; Found 599.2480.  

dimethyl 4,4'-(2-(diphenylphosphaneyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -

1-en-3-yne-1,4-diyl)(E)-dibenzoate (2.14r) 

Prepared according to Procedure 4.42. Yellow solid (39 mg, 0.062 

mmol, 66%, 98:2 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 8.04 (dd, J = 

8.9, 2.3 Hz, 2H), 7.83 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 

7.59 ï 7.55 (m, 4H), 7.40 ï 7.33 (m, J = 2.5 Hz, 6H), 6.95 (d, J = 8.3 

Hz, 2H), 3.92 (s, 3H), 3.88 (s, 3H), 1.37 (s, 12H). 13C NMR  (CDCl3, 

10 MHz) ŭ 167.0, 166.6, 144.8 (d, J = 19.2 Hz), 136.7 (d, J = 10.5 

Hz), 133.4 (d, J = 19.0 Hz), 132.7 (d, J = 10.9 Hz), 131.4, 129.4, 128.9, 

128.5 (d, J = 6.7 Hz), 128.4, 127.9, 98.3, 91.1 (d, J = 3.1 Hz), 85.0, 52.3, 52.3, 25.0, 25.0. 11B 

NMR (CDCl3, 160 MHz) ŭ 31.6. 31P NMR (CDCl3, 162 MHz) ŭ 2.10. HRMS (ESI-TOF) m/z 

[M+H] + Calcd for C38H37BO6P 631.2421; Found 631.2421. 
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(E)-4,4'-(2-(diphenylphosphaneyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-

3-yne-1,4-diyl)dibenzonitrile (2.14s) 

Prepared according to Procedure 4.42. Yellow solid (37 mg, 0.066 

mmol, 72%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.74 ï 7.70 (m, 

2H), 7.67 ï 7.63 (m, 2H), 7.55 ï 7.51 (m, 4H), 7.47 ï 7.43 (m, 2H), 7.39 

ï 7.35 (m, 6H), 6.92 ï 6.89 (m, 2H), 1.35 (s, 12H). 13C NMR  (CDCl3, 

100 MHz) ŭ 145.0, 144.9, 136.4 (d, J = 10.7 Hz), 133.4 (d, J = 19.1 Hz), 

133.2, 132.0, 131.9 (d, J = 2.6 Hz), 129.1, 129.1, 128.5 (d, J = 6.8 Hz), 

127.7, 119.0, 118.5, 111.7, 111.6, 97.81, 92.03 (d, J = 3.1 Hz), 85.23, 81.5, 25.02, 25.01. 11B NMR 

(CDCl3, 160 MHz) ŭ 30.9. 31P NMR (CDCl3, 162 MHz) ŭ 2.15. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C36H31BN2O2P 565.2216; Found 565.2227. 

(E)-diphenyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-bis(4-

(trifluoromethyl)phenyl)but -1-en-3-yn-2-yl)phosphane (2.14t)  

Prepared according to Procedure 4.42. Yellow oil (22 mg, 0.034 mmol, 

60%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.76 (d, J = 8.3 Hz, 

2H), 7.61 (d, J = 8.2 Hz, 2H), 7.58 ï 7.53 (m, 4H), 7.42 (d, J = 8.1 Hz, 

2H), 7.39 ï 7.35 (m, 6H), 6.96 (d, J = 8.0 Hz, 2H), 1.37 (s, 12H). 13C 

NMR  (CDCl3, 100 MHz) ŭ 156.6, 156.5, 136.7 (d, J = 10.5 Hz), 133.4 

(d, J = 19.1 Hz), 131.7, 129.0, 128.8, 128.5 (d, J = 6.6 Hz), 125.2 (q, J = 

3.9 Hz), 125.1 (q, J = 3.8 Hz), 104.8, 90.3, 85.1, 25.1, 25.1. 11B NMR (CDCl3, 160 MHz) ŭ 30.4. 

31P NMR (CDCl3, 162 MHz) ŭ 2.00. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C36H31BO2F6P 

651.2059; Found 651.2056.  



99 
 

(E)-diphenyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-bis(4-

(trifluoromethoxy)phenyl)but -1-en-3-yn-2-yl)phosphane (2.14u) 

Prepared according to Procedure 4.42. Yellow oil (37 mg, 0.054 mmol, 

67%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.72 (d, J = 8.7 Hz, 

2H), 7.58 ï 7.54 (m, 4H), 7.38 ï 7.34 (m, 6H), 7.20 (d, J = 8.3 Hz, 2H), 

7.02 (d, J = 8.3 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 1.37 (s, 12H). 13C 

NMR  (CDCl3, 100 MHz) ŭ 148.8, 148.7, 138.7 (d, J = 19.4 Hz), 136.8 

(d, J = 10.6 Hz), 133.3 (d, J = 18.8 Hz), 132.8, 129.9, 128.7, 128.2 (d, J 

= 6.6 Hz), 122.0, 120.5 (d, J = 43.1 Hz), 97.3, 89.0 (d, J = 3.0 Hz), 84.8, 24.9, 24.9. 11B NMR 

(CDCl3, 160 MHz) ŭ 30.8. 31P NMR (CDCl3, 162 MHz) ŭ 1.64. HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C36H31BF6O4P 683.1957; Found 683.1951. 

(E)-(1,4-bis(4-(1,1,2,2-tetrafluoroethoxy)phenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)but -1-en-3-yn-2-yl)diphenylphosphane (2.14v) 

Prepared according to Procedure 4.42. Yellow oil (31 mg, 

0.042 mmol, 55%, >99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 

7.74 ï 7.69 (m, 2H), 7.56 (dq, J = 7.7, 3.1, 2.4 Hz, 4H), 7.38 ï 

7.34 (m, 6H), 7.20 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 

6.94 ï 6.88 (m, 2H), 5.89 (tdt, J = 53.1, 17.9, 2.8 Hz, 2H), 1.37 

(s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 148.6, 148.6, 138.6 

(d, J = 19.7 Hz), 137.0 (d, J = 10.6 Hz), 133.4 (d, J = 18.9 Hz), 132.9, 130.0, 129.3 (d, J = 16.8 

Hz), 128.8, 128.4 (d, J = 6.6 Hz), 121.9, 121.3 (d, J = 44.2 Hz), 89.1 (d, J = 3.1 Hz), 84.9, 25.1, 

25.1. 11B NMR (CDCl3, 160 MHz) ŭ 30.0. 31P NMR (CDCl3, 162 MHz) ŭ 1.60. HRMS (ESI-

TOF) m/z [M+H]+ Calcd for for C38H33BF8O4P 747.2082; Found 747.2123.  
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(E)-(1,4-di([1,1'-biphenyl]-4-yl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-

yn-2-yl)diphenylphosphane (2.14w) 

Prepared according to Procedure 4.42. Yellow solid (25 mg, 0.038 

mmol, 65%, 96:4 E/Z. 1H NMR  (CDCl3, 400 MHz) ŭ 7.87 ï 7.84 (m, 

2H), 7.64 ï 7.60 (m, 8H), 7.53 ï 7.50 (m, 2H), 7.47 ï 7.41 (m, 6H), 7.38 

ï 7.32 (m, 8H), 7.07 ï 7.03 (m, 2H), 1.41 (s, 12H). 13C NMR  (CDCl3, 

100 MHz) ŭ 140.8, 136.7, 133.5 (d, J = 19.0 Hz), 132.0, 130.5, 129.2, 

128.9 (d, J = 3.6 Hz), 128.7, 128.3 (d, J = 6.5 Hz), 127.7, 127.5, 127.2 (d, 

J = 13.4 Hz), 126.9, 126.7, 101.8, 88.9, 84.8, 25.2, 25.2. 
11BNMR (CDCl3, 160 MHz) ŭ 27.0.  

31PNMR (CDCl3, 162 MHz) ŭ 1.98. HRMS (ESI-TOF) m/z Calcd for C46H41BO2P 667.2937; 

Found 667.2923. 

(E)-(1,4-di(naphthalen-2-yl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-

2-yl)diphenylphosphane (2.14x) 

Prepared according to Procedure 4.42. Yellow solid (18 mg, 0.028 

mmol, 34%, >99:1). 1H NMR  (CDCl3, 400 MHz) ŭ 8.09 (dd, J = 8.2, 

1.4 Hz, 1H), 7.91 (dd, J = 7.9, 1.5 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.71 

(td, J = 7.5, 2.2 Hz, 4H), 7.61 ï 7.54 (m, 4H), 7.52 (d, J = 7.7 Hz, 1H), 

7.42 ï 7.38 (m, 8H), 7.11 (dd, J = 8.2, 7.2 Hz, 1H), 6.97 (ddd, J = 8.3, 

6.8, 1.3 Hz, 1H), 6.67 (dd, J = 7.2, 1.2 Hz, 1H), 6.52 (d, J = 8.4 Hz, 1H), 

1.27 (s, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 140.1 (d, J = 17.4 Hz), 137.7 (d, J = 11.0 Hz), 133.9, 

133.6 (d, J = 19.2 Hz), 132.9 (d, J = 21.5 Hz), 131.1, 130.4, 128.8, 128.5, 128.5 (d, J = 6.8 Hz), 

128.2, 127.7, 127.5, 126.6, 126.4, 126.3, 126.1, 125.9 (d, J = 5.8 Hz), 125.6, 125.0, 121.1, 97.6, 
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93.5 (d, J = 2.9 Hz), 84.7, 24.9, 24.9. 11B NMR (CDCl3, 160 MHz) ŭ 29.8. 31P NMR (CDCl3, 162 

MHz) ŭ 0.99. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C42H37BO2P 615.2624; Found 615.2578. 

(E)-diphenyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-di(thiophen-2-yl)but -1-en-

3-yn-2-yl)phosphane (2.14y)  

Prepared according to Procedure 4.42. Yellow solid (64%, 33 mg, >99:1 

E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.85 (dd, J = 3.0, 1.3 Hz, 1H), 7.71 (dd, 

J = 5.1, 1.4 Hz, 1H), 7.61 ï 7.50 (m, 4H), 7.39 ï 7.30 (m, 6H), 7.29 ï 7.27 (m, 

1H), 7.16 (dd, J = 5.0, 2.9 Hz, 1H), 7.06 (dd, J = 3.0, 1.2 Hz, 1H), 6.77 (dd, J 

= 5.0, 1.3 Hz, 1H), 1.42 (s, 12H). 13C NMR (CDCl3, 101 MHz) ŭ 141.1 (d, J 

= 21.4 Hz), 137.3 (d, J = 10.3 Hz), 133.4 (d, J = 18.7 Hz), 129.6, 128.6, 128.4, 128.2 (d, J = 6.5 

Hz), 128.2, 125.7, 125.2, 124.6, 122.8, 95.2, 89.2, 84.8, 25.3, 25.3. 11B NMR (CDCl3, 128 MHz) 

ŭ 30.44. 31P NMR (CDCl3, 162 MHz) ŭ 2.80. HRMS: (ESI) [M+H]+ calc. for C30H29BO2PS2, 

527.1434, observed, 527.1448 

(E)-(1,4-dicyclopropyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-2-

yl)diphenylphosphane (2.14z) 

Prepared according to Procedure 4.42. Yellow oil (15 mg, 0.034 mmol, 34%, 

>99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.47 ï 7.43 (m, 4H), 7.30 (q, J = 2.1 

Hz, 6H), 1.32 (s, 12H), 0.90 ï 0.84 (m, 4H), 0.78 (q, J = 3.7, 2.5 Hz, 2H), 0.65 ï 

0.60 (m, 2H), 0.35 ï 0.30 (m, 2H). 13C NMR (CDCl3, 100 MHz) ŭ 133.3 (d, J = 

18.7 Hz), 128.2, 128.0 (d, J = 6.5 Hz), 84.5, 32.1 (d, J = 8.0 Hz), 29.7 (d, J = 9.4 

Hz), 28.5, 25.2, 25.2, 22.8, 8.76, 8.10. 11B NMR (CDCl3, 128 MHz) ŭ 30.83.  31P NMR (CDCl3, 

162 MHz) ŭ 0.61. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C28H33BO2P 443.2311; Found 

443.2332.  
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(E)-(1,4-di(cyclohex-1-en-1-yl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-

yn-2-yl)diphenylphosphane (2.14aa) 

Prepared according to Procedure 4.42. Yellow oil (14 mg, 0.027 mmol, 51%, 

>99:1 E/Z). 1H NMR  (CDCl3, 400 MHz) ŭ 7.50 ï 7.46 (m, 4H), 7.33 ï 7.28 (m, 

6H), 2.48 (d, J = 7.3 Hz, 2H), 2.19 ï 2.12 (m, 2H), 1.99 (s, 2H), 1.81 (s, 2H), 

1.36 (s, 12H), 1.26 (d, J = 2.0 Hz, 4H), 0.95 ï 0.80 (m, 4H). 13C NMR (CDCl3, 

100 MHz) ŭ 137.6 (d, J = 10.5 Hz), 134.2, 133.4 (d, J = 18.8 Hz), 132.6, 130.6, 

128.3, 128.1 (d, J = 6.4 Hz), 87.1, 84.4, 28.8, 28.5, 26.2, 25.9, 25.3, 25.3, 23.0, 22.4, 22.0, 21.6. 

11B NMR (CDCl3, 160 MHz) ŭ 22.5. 31P NMR (CDCl3, 162 MHz) ŭ 2.31. HRMS (ESI-TOF) m/z 

[M+H2O]+ Calcd for C34H42BO3P 540.2965; Found 540.2920. 

 

methyl (E)-4-(4-(4-(dimethylamino)phenyl)-2-(diphenylphosphaneyl)-1-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)but -1-en-3-yn-1-yl)benzoate (2.14ab)  

Prepared according to Procedure 4.42. 

Yellow solid (16 mg, 0.023 mmol, 53% , 56:44 

Mixture). 1H NMR  (CDCl3, 400 MHz) ŭ 8.03 

ï 7.99 (m, 1H), 7.86 ï 7.76 (m, 3H), 7.59 ï 

7.55 (m, 4H), 7.35 ï 7.31 (m, 6H), 7.06 ï 7.02 

(m, 1H), 6.83 ï 6.79 (m, 1H), 6.70 ï 6.65 (m, 

1H), 6.50 ï 6.46 (m, 1H), 3.92 ï 3.86 (m, 3H), 

3.00 ï 2.90 (m, 6H), 1.38 (d, J = 21.6 Hz, 12H). 13C NMR (CDCl3, 100 MHz) ŭ 167.2, 166.8, 

150.6, 150.2, 145.4 (d, J = 19.9 Hz), 137.5 (d, J = 10.5 Hz), 137.3 (d, J = 10.6 Hz), 133.6, 133.5 

(d, J = 5.8 Hz), 133.3, 132.9, 131.2, 130.2, 129.3 (d, J = 11.4 Hz), 128.8 (d, J = 12.8 Hz), 128.6 
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(d, J = 2.2 Hz), 128.5, 128.2 (d, J = 12.7 Hz), 111.7, 111.4, 101.8, 96.6, 87.1 (d, J = 2.9 Hz), 84.7, 

84.7, 84.4 (d, J = 2.9 Hz), 52.3, 52.2, 40.4, 40.3, 25.2, 25.2, 25.1, 25.0.11B NMR (CDCl3, 160 

MHz) ŭ 30.8. 31P NMR (CDCl3, 162 MHz) ŭ 2.15, 2.05. HRMS (ESI-TOF) m/z [M+H]+ Calcd 

for C38H40BNO4P 616.2788; Found 616.2772. 

General Procedure for Oxidation of Phosphinoboration Products 

Iodine Oxidation was prepared in accordance to previous literature.8 

Procedure 4.43 The corresponding Phosphinoboronate 2 (1 equiv.) was dissolved in THF (0.5 M) 

and placed into a 2 dram vial equipped with a stir bar. Iodine (1 equiv.) was dissolved in water 

(0.5 M) and transferred to the 2 dram vial via syringe slowly dropwise. The reaction was allowed 

to run for 30 minutes and was monitored by TLC. Once the reaction was completed, the crude 

mixture was quenched with sodium thiosulfate and extracted with ethyl acetate. The reaction was 

purified via silica gel column chromatography (gradient from 20% ethyl acetate/hexanes ï 50% 

ethyl acetate/hexanes). 

Characterization of Oxidation Product 

7,7,8,8-tetramethyl-2,2,4-triphenyl -3-(phenylethynyl)-1,6,9-trioxa-2-phospha-5-

boraspiro[4.4]non-3-en-5-uide (2.20a) 

Prepared according to Procedure 4.43. (White solid, 33mg, 73%) . 1H NMR 

(CDCl3, 400 MHz) ŭ 7.94 (ddt, J = 12.7, 7.0, 1.4 Hz, 4H), 7.89 ï 7.85 (m, 2H), 

7.67 ï 7.61 (m, 2H), 7.53 (ddd, J = 8.9, 7.0, 3.4 Hz, 4H), 7.41 ï 7.27 (m, 4H), 

7.25 ï 7.17 (m, 2H), 1.25 (s, 12H). 13C NMR (CDCl3, 101 MHz) ŭ 133.5 (d, 

J = 3.0 Hz), 132.7 (d, J = 10.7 Hz), 131.5 (d, J = 2.7 Hz), 129.0 (d, J = 13.0 

Hz), 128.7, 128.5 (d, J = 1.5 Hz), 128.4, 128.4, 127.6, 1271.1 (d, J = 106.1 Hz), 123.0 (d, J = 2.9 
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Hz), 96.9, 88.1, 81.3, 26.1. 11B NMR (CDCl3, 128 MHz) ŭ 16.0. 31P NMR (CDCl3, 162 MHz) ŭ 

42.9. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H33BO3P 531.2266; Found 531.2277. 

4-(4-cyanophenyl)-3-((4-cyanophenyl)ethynyl)-7,7,8,8-tetramethyl-2,2-diphenyl-1,6,9-

trioxa-2-phospha-5-boraspiro[4.4]non-3-en-2-ium-5-uide (2.20b) 

Prepared according to Procedure 4.43. (White solid, 31mg, 66%). 1H 

NMR  (CDCl3, 400 MHz) ŭ 7.93 ï 7.83 (m, 6H), 7.73 ï 7.65 (m, 4H), 

7.60 ï 7.53 (m, 6H), 7.25 ï 7.23 (m, 2H), 1.20 (s, 12H). 13C NMR  

(CDCl3, 101 MHz) ŭ 134.1 (d, J = 3.0 Hz), 132.7 (d, J = 11.0 Hz), 132.3, 

132.1 (d, J = 2.6 Hz), 129.4, 129.3, 128.7 (d, J = 1.6 Hz), 127.0, 127.0, 

125.7 (d, J = 107.6 Hz), 118.7 (d, J = 92.8 Hz), 112.5, 111.9, 95.7, 95.6, 

81.3, 26.0. 11B NMR (CDCl3, 128 MHz) ŭ 14.4. 31P NMR (CDCl3, 162 MHz) ŭ 44.5. HRMS 

(ESI-TOF) m/z [M+H]+ Calcd for C36H31BN2O3P 581.2165; Found 581.2166.  

4-(2-fluorophenyl)-3-((2-fluorophenyl)ethynyl)-7,7,8,8-tetramethyl-2,2-diphenyl-1,6,9-

trioxa-2-phospha-5-boraspiro[4.4]non-3-en-2-ium-5-uide (2.20c) 

Prepared according to Procedure 4.43. (White solid, 32mg, 65%). 1H NMR  

(CDCl3, 400 MHz) ŭ 8.01 ï 7.92 (m, 4H), 7.68 ï 7.61 (m, 3H), 7.59 ï 7.50 

(m, 4H), 7.30 ï 7.26 (m, 1H), 7.25 ï 7.19 (m, 1H), 7.16 ï 7.08 (m, 3H), 7.01 

ï 6.93 (m, 2H), 1.19 (s, 12H). 13C NMR (CDCl3, 101 MHz) ŭ 162.6 (d, J = 

252.3 Hz), 158.7 (d, J = 247.7 Hz), 133.6 (d, J = 3.0 Hz), 133.5, 132.7 (d, J = 

10.9 Hz), 130.5 (d, J = 8.0 Hz), 129.9 ï 129.8 (m), 129.3 (d, J = 8.0 Hz), 129.1 (d, J = 13.0 Hz), 

126.5 (d, J = 107.1 Hz), 123.6 (dd, J = 83.2, 3.6 Hz), 115.6 (d, J = 3.4 Hz), 115.4 (d, J = 5.1 Hz), 

91.1, 91.0, 81.1, 25.8. 11B NMR  (CDCl3, 128 MHz) ŭ 14.8. 31P NMR (CDCl3, 162 MHz) ŭ 43.3. 

HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H31BF2O3P 567.2072; Found 567.2068. 
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7,7,8,8-tetramethyl-2,2-diphenyl-4-(4-(trifluoromethoxy)phenyl) -3-((4-

(trifluoromethoxy)phenyl)ethynyl) -1,6,9-trioxa-2-phospha-5-boraspiro[4.4]non-3-en-2-ium-

5-uide (2.20d) 

Prepared according to Procedure 4.43. (White solid, 35mg, 70%). 1H 

NMR  (CDCl3, 400 MHz) ŭ 7.94 ï 7.87 (m, 6H), 7.70 ï 7.63 (m, 2H), 

7.58 ï 7.51 (m, 4H), 7.24 ï 7.18 (m, 4H), 7.11 (ddt, J = 7.8, 2.0, 1.0 Hz, 

2H), 1.24 (s, 12H). 13C NMR (CDCl3, 101 MHz) ŭ 149.4 ï 149.3 (m), 

138.1, 137.9, 133.4 (dd, J = 69.2, 2.7 Hz), 132.7 (d, J = 10.8 Hz), 130.0 

(d, J = 1.6 Hz), 129.2 (d, J = 13.1 Hz), 126.5 (d, J = 106.8 Hz), 121.1, 

119.9, 114.0, 95.8, 85.6, 81.3, 26.1. 11B NMR (CDCl3, 128 MHz) ŭ 16.16. 31P NMR (CDCl3, 162 

MHz) ŭ 43.85. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C36H31BF6O5P 699.1906; Found 

699.1915. 

X-ray Crystallography Experiment 

Borylated substrates 2.14a,st and 2.20a were all grown by slow evaporation/diffusion with a 

dichloromethane/hexane solvent system. A colorless prism (0.12 × 0.27 × 0.46 mm 3 ) was 

centered on the goniometer of a Rigaku Oxford Diffraction Synergy-S diffractometer equipped 

with a HyPix6000HE detector and operating with MoK radiation. The data collection routine, 

unit cell refinement, and data processing were carried out with the program CrysAlisPro. 1 The 

Laue symmetry and systematic absences were consistent with the orthorhombic space group Pbca. 

The structure was solved using SHELXT 2 and refined using SHELXL 3 via Olex2. 4 The final 

refinement model involved anisotropic displacement parameters for non-hydrogen atoms and a 

riding model for all hydrogen atoms. Olex2 5 AND/OR Mercury 6 was used for molecular graphics 

generation.  
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4.5 Synthetic Procedures and Characterizations of compounds for Chapter 3 

General Procedure for synthesis of boryl acrylates 

All boryl acrylates were prepared in accordance with previous literature9 and references for the 

spectra of previously known acrylates are provided in Table 4.51. 

Procedure 4.51 Alkynoate ester (0.34 mmol, 1.0 equiv) was added to a flame-dried two-neck 

roundbottom flask with a stir bar. The flask was then filled with N2(g) by purging for 30 min. 

Solid esters were dissolved in 50 ɛL of dry THF, while oils were reacted neat. Pinacolborane (0.37 

mmol, 1.1 equiv) followed by tri-n-butylphosphine (0.034 mmol, 0.1 equiv) was added to the vial 

at room temperature. The reaction was then allowed to stir at room temperature for 60 min. The 

reaction mixture was then directly loaded onto silica gel and purified by column chromatography 

(0ī10% ethyl acetate in hexanes) to yield the product as a colorless oil. 

Table 4.51 References for Boryl Acrylates 

Substrate Reference 

3.45b Org. Lett. 2018, 20, 7, 1861ï1865 

3.45c J. Org. Chem. 2018, 83, 17, 10436ï10444 

3.45d J. Org. Chem. 2018, 83, 17, 10436ï10444 

 

3.45e Org. Biomol. Chem., 2018,16, 6341-6349 

3.45f J. Org. Chem. 2018, 83, 17, 10436ï10444 

3.45g Org. Lett. 2018, 20, 7, 1861ï1865 
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3.45j  Org. Lett. 2018, 20, 7, 1861ï1865 

3.45l Org. Lett. 2018, 20, 7, 1861ï1865 

3.45m Org. Lett. 2018, 20, 7, 1861ï1865 

3.45n J. Org. Chem. 2018, 83, 17, 10436ï10444 

3.45o J. Org. Chem. 2018, 83, 17, 10436ï10444 

3.45p J. Org. Chem. 2018, 83, 17, 10436ï10444 

3.45r  Org. Lett. 2018, 20, 7, 1861ï1865 

3.45s Org. Lett. 2018, 20, 7, 1861ï1865 

3.45t Org. Lett. 2018, 20, 7, 1861ï1865 

3.45u J. Org. Chem. 2018, 83, 17, 10436ï10444 

 

 

Characterization of Boryl Acrylates 

ethyl (E)-3-(3-fluoro-5-methylphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)acrylate (3.45h) 

Prepared according to Procedure 4.51. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.17 ï 7.12 (m, 3H), 6.40 (s, 1H), 4.24 (qd, J = 7.1, 0.5 

Hz, 2H), 2.26 (s, 3H), 1.41 (s,12H), 1.30 (td, J = 7.1, 0.5 Hz, 3H).  13C 

NMR  (101 MHz, Chloroform-d) ŭ 168.1, 161.4 (d, J = 245.2 Hz), 138.2 (d, J = 7.6 Hz), 131.8 (d, 

J = 5.4 Hz), 126.2, 122.8 (d, J = 3.1 Hz), 113.7 (d, J = 23.1 Hz), 84.5, 61.0, 25.2. 11B NMR  (128 
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MHz, Chloroform-d) ŭ 30.10. HRMS (ESI-TOF) m/z [M+H]+ Calcd for C18H24BFO4 335.1828; 

Found 335.1827. 

methyl (E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-

(trifluoromethoxy )phenyl)acrylate (3.45k) 

Prepared according to Procedure 4.51. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.54 ï 7.48 (m, 1H), 7.23 ï 7.16 (m, 1H), 6.40 (s, 

0H), 4.26 (q, J = 7.2 Hz, 1H), 1.41 (s, 6H), 1.31 (t, J = 7.1 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) ŭ 168.0, 149.9, 137.4, 128.7, 

127.0, 121.2, 84.6, 61.1, 25.2. 11B NMR (128 MHz, Chloroform-d) 30.0. HRMS (ESI-TOF)m/z 

[M+H] + Calcd for C18H23BF3O5 387.1591; Found 187.1589. 

General Procedure for synthesis of oxaboroles 

All oxaboroles were made in accordance to the literature.9 

Procedure 4.52To a round-bottom flask equipped with a stir bar the boryl acrylate (0.3 mmol, 1 

equiv) dissolved in ethanol (3 mL) was added. Sodium borohydride (0.6 mmol, 2 equiv) was 

added, and the mixture was allowed to stir for 30 min at room temperature. The mixture was 

extracted with ethyl acetate and  concentrated in vacuo to afford an off-white solid, which was 

then purified via column chromatography to afford the final product as a white solid. 

 

Procedure 4.53 To a round-botom flask equipped with a stir bar was added 3.46o was added and 

dissolved in methanol. The reaction was allowed to stir for 1 hour at room temperature. The 

mixture was concentrated in vacuo and purified via silica gel chromatography to afford 3.46q. 
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Characterization of oxaboroles 

3-(4-(1,1,2,2-tetrafluoroethoxy)phenyl)-1,2-oxaborol-2(5H)-ol (3.46a) 

Prepared according to Procedure 4.52. White solid, 74%. Rf (4:1 

Toluene/Diethyl Ether) = 0.32. 1H NMR  (400 MHz, CD3OD) ŭ 7.73 (m, J = 12.0 

Hz, 2H), 7.56 (s, 1H), 7.19 (dq, J = 16.0 Hz, 2H), 6.28 (tt, J = 52.6, 3.1 Hz, 1H), 

4.69 (d, J = 2.0 Hz, 2H). 13C NMR (101 MHz, CD3OD) ŭ 147.9, 134.6, 127.9, 

121.1, 108.1, 71.5; 11B NMR  (128 MHz, CD3OD) ŭ 31.9. HRMS: (ESI) [M+NH4]+ calc. for 

C11H13BF4NO3, 294.0921, observed 294.0917. 

3-(benzofuran-5-yl)-1,2-oxaborol-2(5H)-ol (3.46b) 

Prepared according to Procedure 4.52. White solid, 73%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.90 (s, 1H), 7.60 (dd, J = 11.5, 1.9 Hz, 3H), 7.48 (d, 

J = 8.6 Hz, 2H), 7.42 (s, 2H), 6.79 ï 6.76 (m, 2H), 5.29 (s, 1H), 4.72 (d, J = 

1.5 Hz, 4H).  13C NMR  (100 MHz, CDCl3) ŭ 154.7, 146.8, 145.5, 131.0, 127.9, 123.4, 119.8, 

111.5, 107.0, 71.9. 11B NMR  (CDCl3, 160 MHz) ŭ 32.7. HRM S (ESI-TOF) [M-H]- Calcd for 

C11H8BO3 199.0566; Found 199.0559. 

3-(4-methoxyphenyl)-1,2-oxaborol-2(5H)-ol (3.46c) 

 Prepared according to Procedure 4.52. White solid, 63%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.59 (d, J = 8.8 Hz, 2H), 7.31 (s, 1H), 6.90 (d, J = 8.8 

Hz, 2H), 5.10 (s, 1H), 4.67 (d, J = 1.5 Hz, 2H), 3.82 (s, 3H). 13C NMR  
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(CDCl3, 100 MHz) ŭ 159.2, 145.7, 128.2, 114.1, 71.8, 55.4. 11B NMR (CDCl3, 160 MHz) ŭ 32.7. 

HRMS (ESI-TOF) [M-H]- Calcd for C10H10BO3 189.0723; Found 189.0721. 

3-(4-fluorophenyl)-1,2-oxaborol-2(5H)-ol (3.46d) 

Prepared according to Procedure 4.52. 70%, white solid. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.63 (dd, J = 8.7, 5.5 Hz, 1H), 7.37 (s, 1H), 7.04 (t, J = 8.8 Hz, 

1H), 5.98 (s, 7H), 4.71 (s, 1H). 13C NMR (101 MHz, Chloroform-d) ŭ 162.5 (d, J = 246.5 Hz), 

146.9 (d, J = 1.9 Hz), 131.9 (d, J = 3.3 Hz), 128.6 (d, J = 7.8 Hz), 115.5 (d, J = 21.3 Hz). 71.8. 11B 

NMR  (CDCl3, 160 MHz) ŭ 32.5. HRMS (ESI-TOF) [M-H]- Calcd for C9H7BFO2 177.0523; 

Found 177.0518. 

3-(4-octylphenyl)-1,2-oxaborol-2(5H)-ol (3.46e) 

Prepared according to Procedure 4.52. White solid, 54%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.56 (d, J = 8.0 Hz, 2H), 7.38 (s, 1H), 7.18 (d, J = 

8.0 Hz, 2H), 5.69 (s, 1H), 4.73 ï 4.68 (m, 2H), 2.63 ï 2.57 (m, 2H), 1.63 

(s, 3H), 1.29 (d, J = 14.3 Hz, 12H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR  (CDCl3, 100 MHz) ŭ 146.8, 

142.5, 133.3, 128.8, 126.8, 71.8, 35.9, 32.0, 31.6, 29.6, 29.5, 29.4, 22.8, 14.3. 11B NMR  (CDCl3, 

160 MHz) ŭ 32.8. HRMS (ESI-TOF) [M-H]- Calcd for C17H24BO2 271.1869; Found 271.1875. 

3-(4-(tert-butyl)phenyl)-1,2-oxaborol-2(5H)-ol (3.46f) 

Prepared according to Procedure 4.52. White solid, 66%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.64 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.40 

(s, 1H), 6.68 (s, 1H), 4.76 ï 4.73 (m, 2H), 1.37 (s, 9H). 13C NMR  (CDCl3, 
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100 MHz) ŭ 150.6, 146.5, 133.1, 126.7, 125.6, 71.8, 34.7, 31.4. 11B NMR (CDCl3, 160 MHz) ŭ 

32.7. HRMS (ESI-TOF) [M-H]- Calcd for C13H16BO2 215.1243; Found 215.1234. 

3-(3-methoxyphenyl)-1,2-oxaborol-2(5H)-ol (3.46g) 

Prepared according to Procedure 4.52. White solid, 78%. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.42 (s, 1H), 7.26 (dd, J = 19.7, 7.8 Hz, 3H), 6.84 (d, J = 7.5 Hz, 

1H), 6.10 (s, 1H), 4.74 ï 4.70 (m, 3H), 3.85 (s, 3H). 13C NMR (CDCl3, 100 MHz). 

159.9, 147.8, 137.3, 129.7, 119.5, 113.2, 112.5, 71.7, 55.3. 11B NMR (CDCl3, 160 

MHz) ŭ 32.5. HRMS (ESI-TOF) [M-H]- Calcd for C10H10BO3 189.0723; Found 189.0710.  

3-(3-fluoro-5-methylphenyl)-1,2-oxaborol-2(5H)-ol (3.46h) 

Prepared according to Procedure 4.52. White solid, 59%. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.40 (s, 1H), 7.34 ï 7.27 (m, 2H), 7.15 (t, J = 7.9 Hz, 1H), 5.22 

(s, 1H), 4.72 ï 4.67 (m, 3H), 2.27 (s, 3H). 13C NMR (100 MHz, Chloroform-d) 

ŭ 161.6 (d, J = 244.1 Hz), 147.9, 131.6 (d, J = 5.6 Hz), 124.1 (d, J = 17.5 Hz), 122.4 (d, J = 3.2 

Hz), 113.3 (d, J = 22.4 Hz), 71.7, 14.5 (d, J = 3.6 Hz). 11B NMR  (CDCl3, 160 MHz) ŭ 32.5. HRMS 

(ESI-TOF) [M-H]- Calcd for C10H9BFO2 191.0680; Found 191.0685.  

3-(4-(2-hydroxy-2,5-dihydro-1,2-oxaborol-3-yl)phenyl)propanenitrile (3.46i) 

Prepared according to Procedure 4.52. White solid, 83%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.61 (d, J = 8.2 Hz, 2H), 7.43 (s, 1H), 7.22 (d, J 

= 8.4 Hz, 1H), 5.02 (s, 1H), 4.69 (d, J = 1.6 Hz, 2H), 2.96 (t, J = 7.4 Hz, 

2H), 2.62 (t, J = 7.4 Hz, 2H). 13C NMR (CDCl3, 100 MHz) ŭ 147.8, 137.3, 135.0, 128.6, 127.4, 

119.3, 71.8, 31.5, 19.5. 11B NMR  (CDCl3, 160 MHz) ŭ 32.6. HRMS (ESI-TOF) [M-H]- Calcd for 

C12H11BNO2 212.0883; Found 212.0886.  
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3-(4-propylphenyl)-1,2-oxaborol-2(5H)-ol (3.46j)  

Prepared according to Procedure 4.52. White solid, 79%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.56 (d, J = 8.1 Hz, 2H), 7.38 (s, 1H), 7.18 (d, J = 

8.1 Hz, 2H), 5.88 (s, 1H), 4.71 (d, J = 1.4 Hz, 2H), 2.62 ï 2.56 (m, 2H), 

1.71 ï 1.58 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz) ŭ 146.7, 142.2, 133.4, 

128.9, 126.8, 71.8, 37.9, 24.7, 13.9. 11B NMR (CDCl3, 160 MHz) ŭ 32.7. HRMS (ESI-TOF) [M-

H]- Calcd for C12H14BO2 201.1087; Found 201.1087.  

 

3-(4-(trifluoromethoxy)phenyl) -1,2-oxaborol-2(5H)-ol (3.46k) 

Prepared according to Procedure 4.52. White solid, 69%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.68 (d, J = 8.7 Hz, 2H), 7.41 (s, 1H), 7.20 (d, J = 

8.2 Hz, 2H), 6.54 (s, 1H), 4.73 (d, J = 1.3 Hz, 3H). 13C NMR (CDCl3, 100 

MHz) ŭ 148.7 (q, J = 1.9 Hz), 147.9, 134.6, 128.4, 121.2, 71.8. 11B NMR  (CDCl3, 160 MHz) ŭ 

32.4. HRMS (ESI-TOF) [M-H]- Calcd for C10H7BF3O3 243.0440; Found 243.0437 

3-(4-bromophenyl)-1,2-oxaborol-2(5H)-ol (3.46l) 

Prepared according to Procedure 4.52. White solid, 65%. Rf (4:1 

Toluene/Diethyl Ether) = 0.34.  1H NMR  (400 MHz, CDCl3) ŭ 7.49 (q, J = 28 

Hz, 4H), 7.44 (s, 1H), 4.95 (s, 1H), 4.68 (d, J = 2.0 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) ŭ 148.1, 134.1, 131.7, 128.4, 121.4, 71.7. 11B NMR  (128 MHz, CDCl3) ŭ 32.5. HRMS 

(ESI) [M-H]- calc. for C9H7BBrO2, 236.9730, observed 236.9737.   

3-(p-tolyl) -1,2-oxaborol-2(5H)-ol (3.46m)  
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Prepared according to Procedure 4.52. White solid, 70%. Rf (4:1 Toluene/Diethyl 

Ether) = 0.32.  1H NMR  (400 MHz, CDCl3) ŭ 7.53 (d, J = 8.0 Hz, 2H), 7.38 (s, 

1H), 7.17 (d, J = 8.0 Hz, 2H), 5.32 (s, 1H), 4.69 (d, J = 2.0 Hz, 2H), 2.35 (s, 3H). 

13C NMR (101 MHz, CDCl3) ŭ 146.8, 137.2, 132.9, 129.3, 126.7, 71.6, 21.2. 11B NMR (160 MHz, 

CDCl3) ŭ 32.7. HRMS (ESI-TOF) [M-H]- Calcd for C10H10BO2 173.0774; Found 173.0779. 

3-(cyclohex-1-en-1-yl)-1,2-oxaborol-2(5H)-ol (3.46n) 

Prepared according to Procedure 4.52. White solid, 74%. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 6.86 (s, 1H), 6.36 (s, 1H), 6.04 (s, 1H), 4.58 (s, 2H), 2.24 ï 2.13 

(m, 4H), 1.75 ï 1.66 (m, 2H), 1.64 ï 1.56 (m, 1H). 13C NMR (CDCl3, 100 MHz) ŭ 

143.1, 133.5, 128.8, 71.5, 26.2, 25.9, 22.8, 22.4. 11B NMR (CDCl3, 160 MHz) ŭ 32.5. HRMS (ESI-

TOF) [M-H]- Calcd for C9H12BO2 163.0930; Found 163.0936. 

3-(4-chlorophenyl)-1,2-oxaborol-2(5H)-ol (3.46o) 

Prepared according to Procedure 4.52. White solid, 72%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 7.58 (d, J = 8.5 Hz, 2H), 7.42 (s, 1H), 7.32 (d, J = 8.5 

Hz, 2H), 5.42 (s, 1H), 4.70 (d, J = 1.3 Hz, 2H). 13C NMR (CDCl3, 100 MHz) 

ŭ 148.1, 134.3, 133.4, 128.9, 128.3, 71.8. 11B NMR (CDCl3, 160 MHz) ŭ 32.5. HRMS (ESI-TOF) 

[M-H]- Calcd for C9H7BClO2 193.0228; Found 193.0227. 

3-([1,1'-biphenyl]-4-yl)-1,2-oxaborol-2(5H)-ol (3.46p) 

Prepared according to Procedure 4.52. White solid, 78%. Rf (4:1 

Toluene/Diethyl Ether) = 0.30. 1H NMR  (400 MHz, CDCl3-d) ŭ 7.68 (dt, J = 

8.0 Hz, 2H), 7.60 ï 7.56 (m, 4H), 7.45 (s, 1H), 7.44 ï 7.39 (m, 2H), 4.86 (s, 

1H), 4.69 (d, J = 2.0 Hz). 13C NMR (101 MHz, CDCl3) ŭ 147.9, 140.8, 140.2, 
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128.7, 127.3, 127.2, 127.2, 127.0, 71.7. 11B NMR (128 MHz, CDCl3) ŭ 32.7. HRMS (ESI-TOF) 

[M+NH4]+ calc. for C15H17BNO2, 254.1350, observed, 254.1334.  

3-(4-chlorophenyl)-2-methoxy-2,5-dihydro-1,2-oxaborole (3.46q) 

Prepared according to Procedure 4.53. White solid, 60%. Rf (4:1 

Toluene/Diethyl Ether) = 0.31. 1H NMR  (400 MHz, CDCl3) ŭ 7.57 (dq, J = 16.0 

Hz, 2H), 7.36 (s, 1H), 7.29 (d, J = 12.0 Hz, 2H), 4.66 (d, J = 2.0 Hz, 2H), 3.84 (s, 

3H). 13C NMR  (101 MHz, CDCl3) ŭ 147.2, 134.3, 133.0, 128.5, 128.2, 71.8, 52.5. 11B NMR  (128 

MHz, CDCl3) ŭ 31.9. HRMS (ESI-TOF) [M+H]+ calc. for C10H11BClO2, 209.0537, observed, 

209.0549. 

3-(3-chlorophenyl)-1,2-oxaborol-2(5H)-ol (3.46r)  

Prepared according to Procedure 4.52. White solid, 78%. Rf (4:1 

Toluene/Diethyl Ether) = 0.29.  1H NMR  (400 MHz, CDCl3) ŭ 7.62 (s, 1H), 7.52 

(d, J = 8.0Hz, 1H), 7.46 (s, 1H), 7.31 ï 7.22 (m, 3H), 5.11 (s, 1H), 4.70 (d, J = 2.0 

Hz, 2H). 13C NMR (101 MHz, CDCl3) ŭ 148.9, 137.5, 134.4, 129.8, 127.4, 126.9, 

124.9, 71.6. 11B NMR (128 MHz, CDCl3) ŭ 32.5. HRMS (ESI-TOF) [M-H]- Calcd for C9H8BClO2 

194.0306; Found 193.0228. 

3-(m-tolyl) -1,2-oxaborol-2(5H)-ol (3.46s) 

Prepared according to Procedure 4.52. White solid, 66%. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.47 (d, J = 8.5 Hz, 2H), 7.41 (s, 1H), 7.27 (t, J = 7.5 Hz, 1H), 7.11 

(d, J = 7.4 Hz, 1H), 4.73 (d, J = 1.4 Hz, 2H), 2.40 (s, 3H). 13C NMR (CDCl3, 100 

MHz) ŭ 147.8, 138.3, 135.9, 128.6, 128.4, 127.6, 124.0, 71.8, 21.6. 11B NMR (CDCl3, 160 MHz) 

ŭ 32.6. HRMS (ESI-TOF) [M-H]- Calcd for C10H10BO2 173.0774; Found 173.0772. 
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3-(thiophen-2-yl)-1,2-oxaborol-2(5H)-ol (3.46t) 

Prepared according to Procedure 4.52. White solid, 71%. 1H NMR  (400 MHz, 

Chloroform-d) ŭ 7.34 (d, J = 3.3 Hz, 1H), 7.26 ï 7.21 (m, 2H), 7.02 (dd, J = 5.1, 3.6 

Hz, 1H), 5.86 (s, 1H), 4.71 (d, J = 1.4 Hz, 2H). 13C NMR (CDCl3, 100 MHz) ŭ 

145.3, 127.7, 126.2, 124.8, 71.8. 11B NMR (CDCl3, 160 MHz) ŭ 32.0. HRMS (ESI-TOF) [M-H]- 

Calcd for C7H7BO2S 165.0182; Found 165.0174. 

3-(naphthalen-2-yl)-1,2-oxaborol-2(5H)-ol (3.46u) 

Prepared according to Procedure 4.52. White solid, 55%. 1H NMR  (400 

MHz, Chloroform-d) ŭ 8.13 (s, 1H), 7.89 ï 7.85 (m, 1H), 7.81 (dd, J = 10.1, 

3.2 Hz, 1H), 7.74 (dd, J = 8.5, 1.7 Hz, 1H), 7.56 (s, 1H), 7.49 ï 7.43 (m, 2H), 

4.86 (s, 1H), 4.74 (d, J = 1.6 Hz, 2H). 13C NMR (CDCl3, 100 MHz) ŭ 148.2, 133.8, 133.3, 133.0, 

128.4, 128.3, 127.8, 126.3, 126.2, 126.0, 124.8, 71.9. 11B NMR (CDCl3, 160 MHz) ŭ 32.8. HRMS 

(ESI-TOF) [M-H]- Calcd for C13H10BO2 209.0774; Found 209.0772. 

Assay Description 

Liquid assay- used for Saccharomyces cerevisiae and Candida albicans 

Each of the fungi were cultured overnight in Yeast-Extract-Dextrose (YPD) liquid media. The 

culture was then diluted in a 1:500 dilution mixture in Dilute culture 1:500 in YPD. Add 2 uL of 

a pre-made concentration anti-fungal compounds dissolved in DMSO to each well of a 96-well 

plate, leaving wells on the edge empty and adding plain DMSO to control wells. Each compound 

has a designated four wells, two at final concentration of 7.8125 ug/mL and two at 31.25 ug/mL. 

198 uL dilute fungus-inoculated YPD was added to each well except negative control wells that 

get plain YPD with no fungus. The wells were then incubate at 37ºC for human pathogens 
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overnight. UV-vis was then used at an absorbance at 600 nm on a 96-well plate reader to track 

percent cell survival. 

Solid assay- used for Aspergillus flavus, Trichophyton mentagrophytes var. Quinckeanum, 

and Metarhizium anisopliae 

A stock solution at a preset concentration for each anti-fungal compounds was initially made. YPD 

solid agar media was heated until melting. Add 0.5 mL each compound solution to 9.5 mL melted 

YPD agar to make 50, 25, 12.5, and 6.25 ug/mL agar solutions for each compound (volumes of 

each may vary depending on starting and target concentrations). Pipette 1 mL of each solution into 

wells of a 24-well plate. Perform in triplicate, so each concentration should have 3 wells for each 

pathogen. Pipette plain melted YPD agar into [3*number of pathogens] wells for positive control. 

Allow wells to solidify. Inoculate each well with 1 uL fungal spore stock from -80ºC freezer. 

Incubate at 30ºC. Observe growth/inhibition each day. 

4.6 References 

1. Zhu, X.-F.; Henry, C. E.; Wang, J.; Dudding, T.; Kwon, O., Phosphine-Catalyzed Synthesis 

of 1,3-Dioxan-4-ylidenes. Org. Lett. 2005, 7 (7), 1387-1390. 

2. Niu, Z.; Chen, J.; Chen, Z.; Ma, M.; Song, C.; Ma, Y., Application of Bidentate Oxazolineï

Carbene Ligands with Planar and Central Chirality in Asymmetric ɓ-Boration of Ŭ,ɓ-Unsaturated 

Esters. J. Org. Chem. 2015, 80 (1), 602-608. 

3. Sheldrick, G., SHELXT - Integrated space-group and crystal-structure determination. Acta 

Cryst. 2015, 71 (1), 3-8. 

4. Sheldrick, G., Crystal structure refinement with SHELXL. Acta Cryst. C 2015, 71 (1), 3- 



117 
 

5. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H., OLEX2: 

a complete structure solution, refinement and analysis program. J of Appl. Crystallogr. 2009, 42 

(2), 339-341. 

6. Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.; Platings, 

M.; Shields, G. P.; Stevens, J. S.; Towler, M.; Wood, P. A., Mercury 4.0: from visualization to 

analysis, design and prediction. J. Appl. Crystallogr. 2020, 53 (1), 226-235. 

7. Su, L.; Dong, J.; Liu, L.; Sun, M.; Qiu, R.; Zhou, Y.; Yin, S.-F., Copper Catalysis for 

Selective Heterocoupling of Terminal Alkynes. J. Am. Chem. Soc. 2016, 138 (38), 12348-12351. 

8. Mori, N.; Togo, H., Facile oxidative conversion of alcohols to esters using molecular 

iodine. Tetrahedron 2005, 61 (24), 5915-5925. 

9. Fritzemeier, R.; Gates, A.; Guo, X.; Lin, Z.; Santos, W. L., Transition Metal-Free Trans 

Hydroboration of Alkynoic Acid Derivatives: Experimental and Theoretical Studies. J. Org. 

Chem. 2018, 83 (17), 10436-10444. 

  



118 
 

Appendix A 

NMR Spectra of Allenoates for Chapter 1 

1H NMR (CDCl3, 400 MHz) of 1.25b 

 

13C NMR (CDCl 3, 100 MHz) of 1.25b 
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1H NMR (CDCl3, 400 MHz) of 1.25c 

 

13C NMR (CDCl 3, 100 MHz) of 1.25c 
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1H NMR (CDCl 3, 400 MHz) of 1.25d 

 

13C NMR (CDCl 3, 100 MHz) of 1.25d 
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1H NMR (CDCl 3, 400 MHz) of 1.25e 

 

13C NMR (CDCl3, 100 MHz) of 1.25e 
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1H NMR (CDCl 3, 400 MHz) of 1.25f 

 

13C NMR (CDCl 3, 100 MHz) of 1.25f 
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1H NMR (CDCl 3, 400 MHz) of 1.25g 

 

13C NMR (CDCl 3, 100 MHz) of 1.25g 
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1H NMR (CDCl 3, 400 MHz) of 1.25i 

 

13C NMR (CDCl 3, 100 MHz) of 1.25i 
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1H NMR (CDCl3, 400 MHz) of 1.25j  

 

13C NMR (CDCl 3, 400 MHz) of 1.25j  
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1H NMR (CDCl 3, 400 MHz) of 1.25k 

 

13C NMR (CDCl 3, 100 MHz) of 1.25k 
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1H NMR (CDCl 3, 400 MHz) of 1.25l 

 

1C NMR (CDCl 3, 100 MHz) of 1.25l 
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1H NMR (CDCl 3, 400 MHz) of 1.25m 

 

13C NMR (CDCl3, 100 MHz) of 1.25m 
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1H NMR (CDCl 3, 400 MHz) of 1.25n 

 

13C NMR (CDCl 3, 100 MHz) of 1.25n 
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1H NMR (CDCl 3, 400 MHz) of 1.25o 

 

13C NMR (CDCl 3, 100 MHz) of 1.25o 
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1H NMR (CDCl 3, 400 MHz) of 1.25p 

 

13C NMR (CDCl 3, 100 MHz) of 1.25p 
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1H NMR (CDCl3, 400 MHz) of 1.25q 

 

13C NMR (CDCl 3, 100 MHz) of 1.25q 
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1H NMR (CDCl 3, 400 MHz) of 1.25r 

 

13C NMR (CDCl 3, 100 MHz) of 1.25r 
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1H NMR (CDCl 3, 400 MHz) of 1.25s 

 

13C NMR (CDCl 3, 100 MHz) of 1.25s 
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1H NMR (CDCl 3, 400 MHz) of 1.25t 

 

 

13C NMR (CDCl3, 100 MHz) of 1.25t 
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1H NMR (CDCl 3, 400 MHz) of 1.25u 

 

13C NMR (CDCl 3, 100 MHz) of 1.25u 

 

 

 



137 
 

1H NMR (CDCl 3, 400 MHz) of 1.25v 

 

13C NMR (CDCl 3, 100 MHz) of 1.25w 
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1H NMR (CDCl 3, 400 MHz) of 1.25x 

 

13C NMR (CDCl 3, 100 MHz) of 1.25x 
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1H NMR (CDCl3, 400 MHz) of 1.25y 

 

13C NMR (CDCl 3, 400 MHz) of 1.25y 
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Characterization of Z-acrylates 

1H NMR (CD 2Cl2, 400 MHz) of 1.26a 

 

13C NMR (CD2Cl2, 100 MHz) of 1.26a 
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11B NMR (CD2Cl2, 400 MHz) of 1.26a 

 

1Hï13C HSQC of 1.26a 
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1H-13C HMBC of 1.26a 

 

1D NOESY of 2a irradiating CH2 methylene peak of 1.26a 
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1H NMR (CDCl 3, 400 MHz) of 1.26b 

  

13C NMR (CDCl 3, 100 MHz) of 1.26b 
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11B NMR (CDCl 3, 160 MHz) of 1.26b 

 

 

1H-13C HSQC of 1.26b 
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1H-13C HMBC of 1.26b 

 

1D NOESY of 1.26b 

 


