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Lists of abbreviations 

9-BBN  9-Borabicyclo[3.3.1]nonane 

Å  Ångström 

AIBN  Azobisisobutyronitrile 

APCI  Atmospheric-pressure chemical ionization 

Ar  Aromatic group 

atm  Atmosphere 

B3LYP  Becke, three-parameter, Lee-Yang-Parr/ 

BARF  Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

BBD  borabicyclo(3.3.2)decane 

Bmim  1-Butyl-3-methylimidazolium 

Bn  Benzyl group 

Bu  Butil group 

Bz  Benzoate 

cHex or Cy  Cyclohexyl group 

Conv.  Conversion 

dan  1,8-diaminonaphthalene 

DCM  Dichloromethane 

DFT  Density functional theory 

DMF  Dimethylformamide 

DMSO  Dimethyl sulfoxide 

E  Electrophilic reagent 

e.e.  Enantiomeric excess 

EI  Electron ionization 

equiv.  Equivalent 

ESI  Electrospray ionization 

esp  α,α,α′,α′-tetramethyl-1,3-benzenedipropionic acid 
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Et  Ethyl group 

eV  Electronvolt  

g  gram 

HMPA  Hexamethylphosphoramide 

HSQC  Heteronuclear single quantum coherence spectroscopy 

Hz  Hertz 

I.Y.  Isolated Yield 

IMes  1,3-Bis(2,4,6-trimethylphenyl)imidazolinium 

IPr  1,3-Bis-(2,6-diisopropylphenyl)imidazolinium 

iPr  Iso-propyl group 

Kcal  kilocalorie 

LSB  LaNa3-tris(binaphthoxide) 

LTMP  Lithium 2,2,6,6-tetramethylpiperidide 

M  Molar 

Me  Methyl group 

mG  Milligram 

Min  Minute 

mL  Milliliter 

mmol  Millimol 

MPa  Megapascal 

MS  Molecular sieves 

MW  Microwave 

NHC  N-Heterocyclic carbene 

nPent  Linear pentyl group 

Nu  Nucleophile 

OAc or AcO  Acetyl group 

ᵒC  Celsius Degrees 

Ph  Phenyl group 
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phen  1,10-phenanthroline 

pin  Pinacol 

ppm  Parts per million 

Pr  Propyl group 

PS-BEMP 

 2-tert-butylimino-2-diethylamino-1,3-

dimethylperhydro-1,2,3-diazaphosphorine supported 

on polystyrene 

S-PTTL  N-phthaloyl-(S)-tert-leucinato 

r.t.  Room temperature 

SN  Nucleophilic substitution 

TBAF  Tetrabutylammonium fluoride 

tBu  tert-Butyl 

THF  Tetrahydrofurane 

TMAF  Tetramethylammonium fluoride 

TMS  Trimethylsilyl group 

TOF  Time-of-flight 

Tol  Tolyl group 

UV  Ultraviolet light 

ZPC  Zero-point correction 
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1.1. Context of the thesis 

     Straightforward synthetic methods for carbon-heteroatom bond 

formation are of great demand in organic synthesis and have attracted the 

interest of many chemist, leading them to develop new methodologies for 

these transformations. Metal-catalyzed transformations have become a 

powerful tool in modern organic synthesis to construct new bonds with high 

selectivity under mild reaction conditions.1 The selective formation of C-B, 

C-N, C-O, C-Si, C-P and C-Sn are known from 19702 while the formation of C-

S and C-Se was not so well explored because sulfur and selenium compounds 

were considered catalyst poisons.3,4  This problem has been successfully 

solved, and in recent decades, several excellent catalytic systems have been 

found to develop the synthesis of organosulfides and organoselenides, 

leading to the development of practical procedures for organic synthesis.5 

     In this context, this thesis focuses on the selective synthesis of C-S and C-

Se bonds by using chalcogenoboranes pinB-YAr (Y = S and Se) as reagents. 

Taking advantage of the Lewis acidic properties of the boron atom, the 

addition of pinB-YAr to unsaturated substrates has been carried out in the 

absence of transition metal complexes. In the following sections, we describe 

the importance of molecules containing C-S and C-Se, the methodological 

background of the synthesis of C-S and C-Se bonds, as well as the preparation 

and reactivity of B-S and B-Se reagents. 

 

1.2. Interest of organoselenides and organosulfides  

     Organic sulfides and selenides represent an important class of 

compounds due to their direct application in chemistry, biology, medicine, 

and material science.6 
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     The richness of organoselenides and organosulfides compounds and their 

structural and electronic diversity, as well as they specific chemical 

behavior, make them versatile reagents in chemistry. For example, they can 

be used in nucleophilic, electrophilic and radical reactions.7 In the next 

section, their applications as ligands or as bioactive compounds is 

highlighted. 

 

1.2.1 Organoselenides and organosulfides as ligands 

     In transition-metal catalysis, ligands based on organoselenides and 

organosulfides, have undergone considerable development due to their 

coordination abilities to a variety of transition metals and their better 

stability in air and moisture in comparison to those which have phosphorous 

donors.8 As an example, in the palladium-catalyzed allylic alkylation it has 

been reported that ligands based on organoselenides and organosulfides 

have soft-soft interactions between the chalcogens and the palladium metal 

(Scheme 1.1).9 

 

Scheme 1.1 Example of ligands based on organoselenides and organosulfides in 

allylic alkylation catalyzed by palladium complexes. 
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1.2.2 Organoselenides and organosulfides as bioactive 

compounds 

     Many organochalcogenides have shown bioactive properties in biology 

and medicine. For mostly of living organisms, the organosulfides such as 

amino acids (cysteine (I) and methionine (II)), peptides (glutathione (III)), 

as well as protein cross-linking agents (biotin (IV)), play and important 

role.10 In addition to this, organosulfur moieties are also present in synthetic 

drugs such as the antibiotics penicillin G (V) and amoxicillin (VI).11 Also 

some 1,3-biarylsulfanyl derivatives have been reported as new anti-breast 

cancer agents (Figure 1.1).12 

 

Figure 1.1 Bioactive organosulfur compounds present in nature and drugs. 

      Because of their antioxidant character, organoselenides have been widely 

studied and tested in biological processes such as inhibitors13, enzymes14 

and even as therapeutic agents.15  
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     Amino acids derivatives from selenocysteine VII, such as 

methylselenocysteine VIII and benzylselenocysteine IX, possess 

chemopreventive activity in animal tumor models.16 Also selenomethionine 

X has been under study for its neuroprotective action suggesting its 

potential use as therapeutic agent in neurodegenerative disease (Figure 

1.2).17  

 

Figure 1.2 Bioactive organoselenides 

     The relevant role of organoselenides and organosulfides as synthons and 

bioactive compounds, has lunched the interest in new synthetic methods to 

prepare them. 

 

1.3. Synthetic methods for C-S and C-Se bond formation 

     To fulfill the increasing demand on organosulfides and organoselenides, 

several approaches have focused on new general methods to introduce 

sulfur and selenium moieties to organic molecules. The developed catalytic 

methods can be classified in two main groups: transition metal-catalyzed 

methods and organo-catalyzed methods. Concerning the transition metal-

catalyzed methods, the most used are the ones involving cross-coupling 

chemistry and addition reactions. Metal-catalyzed reactions are the most 

efficient for the formation of C(sp2)-Y and C(sp)-Y bonds (Y=S and Se), 

because nucleophilic substitutions on the C(sp3) atoms does not require a 

metal catalyst. Alternatively, organocatalysis has become a plausible tool 

organoselenides and organosulfides synhtesis. 
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1.3.1. Transition metal-catalyzed approaches 

1.3.1.1. Cross-coupling reactions 

     Cross-coupling chemistry is a widely-recognized approach to synthesize 

new C-Y bonds (Y = S and Se). To form this kind of bonds, an organic halide 

reacts with RYH, R2Y2 or RYM’ catalyzed in the presence of a low valence 

metal complex. 

     The general mechanism, shown in Scheme 1.2, is well-known and the 

catalytic cycle includes the following stages: first the oxidative addition of an 

organic halide R-X to the metal center, followed by a transmetalation with 

RY-Z (Y = S, Se) and (Z = H, YR or M’), and finally a C-heteroatom reductive 

elimination to generate the desired product and regenerate the metal 

complex. In this transformation, a salt is generated as byproduct. 

 

Scheme 1.2 General catalytic cycle for cross-coupling reactions to form C-S and C-

Se bonds. 

     One of the most used metals for cross-coupling reactions is palladium.18-

19 The first successful reaction for synthesizing diaryl sulfides and arylalkyl 

sulfides in moderate to good yields was demonstrated in 1978 using 

Pd(PPh3)4 by Kosugi, Shimizu and Migita.20 This methodology was further 

extended to vinyl halides and was found to be a stereospecific reaction with 

retention of the double bond configuration (Scheme 1.3, a).21  
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     A reported way to synthesize unsymmetrical RSR’ sulfides consists in a 

palladium-tetrakis(triphenylphosphine) catalyzed cross-coupling of the 

silyl derivative of the thiols R3SiSH with vinyl halides. The formation of the 

vinyl silylsubstituted sulfides intermediates allows the further 

functionalization by alkylation or Pd-catalyzed alkenylation to end up with 

unsymmetrical sulfides (Scheme 1.3, b).22  

 

Scheme 1.3 Synthesis of vinyl sulfides through palladium cross-coupling. 

     Later, in 2002, Li and co-workers proposed an air stable phosphine oxide 

tBu2POH as an efficient ligand for palladium catalyzed C-S cross-coupling 

reactions. By using this catalytic system, they have been able to react RSH 

with 1-chloro-1-cyclopentene (Scheme 1.4).23 

 

Scheme 1.4 Air-stable palladium-catalyzed C-S bond formation of vinyl chlorides. 

     The palladium cross-coupling methodology has also been used to 

synthesize benzothiophenes, which form the core of medicinally important 

molecules, such as raloxifene24 and zileuton.25 A cascade reaction, via 

intramolecular S-thiophenylation and cross-coupling, allows gem-

dihalovinyl thiophenol to form vicinal C-S and C-C bonds (Scheme 1.5).26 
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Scheme 1.5 Synthesis of benzothiophenes by Pd-catalyzed vinylic C-S Coupling. 

     In(I) has been reported as a good reducing agent for compounds with 

formula (PhY2) (Y = S and Se). After oxidative addition, the complex 

[In(III)(YPh)2I] acts as the transmetalation reagent for a Pd-catalyzed cross-

coupling.27 This reaction shows to be stereospecific for E-isomers but not for 

the Z-isomers due to a possible β-elimination pathway (Scheme 1.6). 

 

Scheme 1.6 In(I) iodide promoted cleavage of (PhY)2 and subsequent Pd-catalyzed 

cross-coupling. 

     The observations reported by Ullmann et. al.28 about the coupling 

properties of metallic Cu, opened the implementation of novel cross-

coupling approaches in synthesis.29 These have allowed to develop also Cu-

catalyzed cross-couplings to synthesize C-S and C-Se bonds. 

    The first reaction between unactivated aryl iodides and aryl thiols 

catalyzed by copper iodide in hexamethylphosphoramide (HMPA) were 

reported by H. Suzuki and co-workers.30 The same copper(I) iodide was used 

for the arylselenylation of aryl bromides and iodides by Beletskaya and co-

workers using tin derivatives of the type Ar’SeSnBu3 (Scheme 1.7).31 This 

system proved to be better than the Pd-catalyzed ones in terms of higher 

product yields and the absence of the disproportionation product Ar2Se. 

 

Scheme 1.7 Synthesis of unsymmetrical arylselenides by copper(I) cross-coupling. 
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     James M. Cook and co-workers developed a methodology for copper(I)-

catalyzed formation of vinylic carbon-sulfur bonds at mild reaction 

conditions with low cost catalyst system. The desired vinyl sulfides were 

obtained with full retention of stereochemistry (Scheme 1.8, a).32 In 2010 

they extended the scope of the catalytic system. Under the same mild 

reaction conditions, they could perform the Cu-catalyzed cross-coupling of 

(Z)-Ethyl-3-iodoacrylate with aromatic, aliphatic, and heterocyclic thiols 

(Scheme 1.8, b).33 

 

Scheme 1.8 Mild reaction conditions for Cu(I) cross-coupling towards C-S bonds. 

     The L-proline amino acid has been used as ligand in cross-coupling 

reactions.34 For that reason it has been used in copper-catalyzed cross-

coupling to synthesize vinyl sulfides and vinyl selenides. It was reported by 

Yuan and co-workers that the CuI/L-proline system was able to catalyze the 

coupling of 3-iodo-cyclohexenone with a variety of aryl thiols in ethanol at 

reflux (Scheme 1.9).35  

 

Scheme 1.9 Cross-coupling of 3-iodo-cyclohexanone with aryl thiols catalyzed by 

CuI/L-proline system. 

     By using the same system, Bao and co-workers reported the synthesis of 

E-vinyl selenides by coupling vinyl bromides with dialkyl selenides or diaryl 

selenides. This methodology was performed in ionic liquids and requires the 
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use of Zn as the reducing agent for generating the transmetalation agent 

(Scheme 1.10).36 The route for the Z-vinyl chalcogenides was also reported 

by the same group with a similar system.37 

 

Scheme 1.10 Cross-coupling of vinyl bromides with (R’Se)2 catalyzed by CuI/L-

proline system. 

 

1.3.1.2. Addition reactions 

     Alternative metal-catalyzed methods to introduce the sulfur and the 

selenium atom into organic molecules involves addition reactions. By the 

addition reaction of R2Y2 or RYH (Y = S and Se) to alkynes or allenes, new C-

Y bonds are formed. The general catalytic cycle for the addition methods is 

shown in the Scheme 1.11 and it is form by the following steps: first the 

oxidative addition of R2Y2 or RYH to metal center with low oxidative state, 

followed by the alkyne coordination and insertion into M-Y bond or M-H. 

Eventually, the reductive elimination provides the C-S or C-Se bond. The 

main difference with the cross-coupling mechanism is that in the addition 

reaction no transmetalation occurs. For that reason, a 100% of atom 

economy is achieved and leads to an advantage in terms of Green Chemistry. 

 

Scheme 1.11 General catalytic cycle for addition reactions. 
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     The metal-catalyzed additions to triple bonds and allenes proceed in a 

stereoselective way and forms exclusively the syn-addition products. In the 

case of the thiols and selenols a regioselectivity issue must be solved. The 

insertion can take place into the M-Y or the M-H bond and subsequently lead 

to different regioisomers as is shown in the Scheme 1.11.  

     The regioselectivity depends on the metal complex, the type of the 

alkyne/allene (internal or terminal), and the nature of the substituents R1 

and R2.38 

     The most used metals in the addition of thiols and selenols to terminal 

and internal triple bonds to form vinyl-chalcogenides products are Pd,39 Ni,40 

Rh,41-42, and Ir42 among others. 

     In 2003, Ogawa and co-workers reported the synthesis of β-thio-α,β-

unsaturated aldehydes through a rhodium(I) thioformylation of terminal 

alkynes. In the presence of a catalytic amount of RhH(CO)(PPh3)3, 

RhCl(PPh3)3, and RhCl(CO)(PPh3)2, under the pressure of CO (3 MPa) at 120 

ᵒC in CH3CN terminal alkynes reacted with PhSH, to provide the desired 

products in good yields (Scheme 1.12).43 Their mechanistic proposal 

includes the formation of the rhodium sulfide complex 

[Rh(SPh)(CO)(PPh3)2] as the key species in the addition reaction 

mechanism. 

 

Scheme 1.12 Rhodium catalyzed synthesis of β-thio-α,β-unsaturated aldehydes. 

     The addition of thiols and selenols to allenes has also been reported. With 

Pd(OAc)2 catalyst, Ogawa and co-workers were able to synthesize the vinyl 

sulfides and vinyl selenides in good to high yields (Scheme 1.13).  
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The addition of the sulfur and selenium took place in the internal double 

bond of the allene.44 

 

Scheme 1.13 Palladium catalyzed addition of thiols and selenols to allenes. 

     The same group also reported the addition of benzenethiol to 

cyclohexylallene catalyzed by Pd(PPh3)4. The reaction was carried out in 

acetonitrile and affords regioselectively the corresponding terminal vinylic 

sulfide in good yield, whereas Pt(PPh3)4-catalyzed hydrothiolation of 

cyclohexylallene gives the regioisomeric vinyl sulfide successfully (Scheme 

1.14).45 

 

Scheme 1.14 Addition of benzenethiol to cyclohexylallene catalyzed by palladium 

and platinum complexes. 

     Dichalcogenides can be added to alkynes mainly under Pd metal-

catalyzed reactions and in less extension Ni or Rh complexes have been used. 

     In 1991, Ogawa and co-workers reported the Pd(PPh3)4 catalyzed 

addition of Ph2S2 and Ar2Se2 to terminal alkynes giving good yields (up to 

98%). The reaction showed high selectivity towards the Z-isomers. 

However, for R2Y2 (R = alkyl) this methodology showed low yields. In the 

same work, they also reported that under CO pressure the reaction 

generates β-thio-α,β-unsaturated thioesters and β-seleno-α,β-unsaturated 

selenoesters (Scheme 1.15).46 
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Scheme 1.15 Addition of diaryldichalcogenides to terminal alkynes catalyzed by 

tetrakis(triphenylphosphino) palladium (0). 

     The same group reported the use of the CO/Pd(PPH3)4 with 

diaryldichalcogenides and terminal propargyl alcohols. At the end of the 

reaction they obtained β-substituted-α,β-lactones in good yield (Scheme 

1.16,a).47 Moving to internal homopropargyl alcohols, The Ar2S2 addition 

provides different lactones (Scheme 1.16,b).48 In the case of propargyl 

alcohols first the addition took place and later the carboxylation but in the 

homopropargyl alcohols the order comes in the other way round. 

 

Scheme 1.16 Palladium catalyzed synthesis of β-substituted-α,β-lactones. 

 

1.3.2. Organocatalytic approaches 

     Organocatalysis is a relatively new field which uses small organic 

molecules to catalyze organic transformation. Its main use is in asymmetric 

synthesis.49 The main advantages of organocatalysis are the use of 

insensitive to air and moisture catalysts, and in the asymmetric synthesis 

they can provide both enantiomers with high enantioselectivity.50 

     Concerning the organocatalytic C-S bond formation several strategies 

have been developed such as: Sulfa-Michael reactions (1,2-, 1,6-, and γ-

additions of sulfur nucleophiles), desymetrization reactions, sulfenylation 
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methodologies, ring-opening procedures and thioesterification reactions, 

among others.51  

     In 1951, Caston and Wanser demonstrated that the sole addition of a 

catalytic amount of piperidine, was enough to catalyze the 1,4-addition of 

aryl and benzyl thiols to nitroalkenes in 51% to 100% yields.52 After that 

many other have used organocatalysis to promote the C-S bond formation in 

Michael acceptors. Remarkably, the works by Ménand and co-worker53 and 

Toma and co-workers,54 described two different protocols to perform sulfa 

Michael addition to a wide variety of α,β-unsaturated ketones, esters, 

aldehydes, nitriles and nitroolefins, in moderate to quantitative yields. 

     Ménand and co-workers reported the addition of alkyl and aryl thiols to 

unsaturated acceptors in moderate to high isolated yields with 2-4 mol% of 

TMAF (tetramethylammonium fluoride)at room temperature in acetonitrile 

(Scheme 1.17,a).53 In the case of Toma and co-workers the reaction was 

catalyzed by 5 mol% of L-proline at room temperature in a maximum of 2 

hours with alkyl, aryl and heteroaryl thiols. They used the ionic liquid 

[Bmim]PF6 because by a simple extraction with an organic solvent the 

products were separated from catalyst (Scheme 1.17,b). 54 

 

Scheme 1.17 Organocatalytic sulfa Michael addition 

     In order to increase the recovery and recyclability of the organocatalyst, 

the development of new polymer-supported material has been launched.55  
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In that context, Vaccaro and co-workers developed a new methodology 

catalyzed by 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-

1,3,2-diazaphosphorine supported on polystyrene (PS-BEMP), under 

solvent free conditions. They used alkyl and aryl thiols in the addition to α,β-

unsaturated ketones and esters at 60 ᵒC obtaining the desired product in 

quantitative yields (Scheme 1.18). They were able to use this supported 

organocatalyst under batch conditions and be able to reuse the catalyst up 

to 5 runs without decrease of its efficiency. With extension of the application 

to continuous-flow system.56 

 

Scheme 1.18 Supported catalyst for thiol addition to conjugated ketones and ester. 

     Concerning the α-functionalization, in 2016 the group of Chen reported a 

IMes catalyzed methodology to generate a new C-S bond in α,β-unsaturated 

aldehydes. In this case, an electrophilic sulfur precursor as N-(phenylthio) 

phthalimide was used in DMF at room temperature (Scheme 1.19).57  

 

Scheme 1.19 N-heterocyclic carbene catalyzed α-sulfenylation of α,β-unsaturated 

aldehydes. 

     The suggested mechanism for this transformation follows the next steps: 

first the nucleophile NHC attacks the β-position leaving a negative charge in 

the α-position, that interacts with the electrophilic sulfur in the reagent.  
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The base assistance to the 3,4-disubstituted intermediate, favors the proton 

abstraction and recovery of the NHC catalyst (Scheme 1.20). 

 

Scheme 1.20 Mechanistic proposal for NHC catalyzed α-sulfonylation. 

     By using the analogue electrophilic selenium reagent, N-(phenylseleno) 

phthalimide, Guo, Wang and co-workers were able to perform the α-

selenation of aldehydes and ketones. They used 2 mol% of L-prolinamide to 

synthesize the α-seleniated products in high to quantitative yields (Scheme 

1.21).58 

 

Scheme 1.21 Aldehyde and ketone α-selenenylation reactions promoted by L-

prolinamide organocatalysts. 

     They also performed some theoretical analysis of L-prolinamide catalyzed 

α-selenenylation reactions of aldehydes by DFT calculations. The initial step 

is the formation of the enamine intermediate which then undergoes an 

attack at the electrophilic selenium atom. Formation of the Se-C bond takes 

place in concert with departure of phthalimide anion to produce the α-

selenoiminium ion intermediate. Eventually, protonation of the phthalimide 

nitrogen with water, favors the hydroxy attack to the iminium carbon to 

produce a carbinolamine, which deliver the α-selenoaldehyde product 

(Scheme 1.22).58 
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Scheme 1.22 Proposed mechanism for aldehyde and ketones α-selenenylation 

reactions, catalyzed by L-prolinamide. 

 

1.4. Synthesis and reactivity of pinB-SAr and pinB-SPh 

     Molecules containing B-S or B-Se bonds are of great value in synthetic 

chemistry due to the presence of a strong Lewis acid component next to a 

soft Lewis base. A novel family of B-Y species (Y = S, Se) was developed and 

patented in 2006 by Wescott’s group but it’s reactivity was not further 

explored.59 In 2013, more examples of B-S and B-Se compounds were added 

to this family of bifunctional systems by the Nolan’s group.60 

     These species were prepared under inert atmosphere by metal catalyzed 

dehydrogenative borylation of the corresponding thiol or selenol and one 

equivalent of pinacolborane (HBpin).59-60 By using 2.5 mol% of the 

Wilkinson’s catalyst [RhCl(PPh3)3]59 or [RhCl(PPh3)3(3-phenylindenyl)]60, 

complete conversion of the starting materials was achieved selectively at 

room temperature, in 16 hours (Scheme 1.23). 
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Scheme 1.23 Synthesis of the pinB-SAr and pinB-SeAr reagents by rhodium-

catalyzed dehydrogenative borylation. 

     The pinB-SPh (1), pinB-STol (2), pinB-SBn (3) and pinB-SePh (4) species 

were successfully prepared and characterized using several physical 

methods including multinuclear NMR spectroscopy. In all cases, a peak in the 

11B NMR spectra around 30 ppm was observed, corresponding to the three-

coordinated Bpin.59-60  

     The species 2 and 4 were also characterized by a single crystal X-ray 

diffraction study.59 The S-B distance of 1.823 Å and the Se-B of 1.950 Å are 

somewhat longer compared to the B-B distance in the B2pin2 (1.678 Å).61 In 

addition, these compounds appeared to be very sensitive to the air and 

moisture. They decompose rapidly to disulfides and diselenides plus 

multiple boron containing by-products if exposed to open air. This fact 

reflects that the reagents are very reactive. Despite their high reactivity, it is 

surprising that the reported examples based on their reactivity are scarce. 

    In 1985 a study by Leonard and Livinghouse showed that novel 

monomeric selenium boron compounds, derived from dialkylboranes, could 

be used for the synthesis of organoselenides.62 By mixing 9-

borabicyclo[3.3.1]nonane (9-BBN) or diisopinocampheylborane with 1 

equiv. of the benzeneselenol in toluene and stirring it for 5 h at 50 ᵒC they 

manage to synthesize the desired selenoborinate (Scheme 1.24). They 

reported the sensitivity of this compound to both oxygen and moisture and 

for that reason they never isolate it, they just store it as a stock solution in 

dark.  
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Scheme 1.24 Synthesis of the first selenoborinate compounds 

     9-(Phenylseleno)-9-borabicyclononane was found to react with a variety 

of α,β-unsaturated ketones to form the 1,4-boron enolate at room 

temperature (Scheme 1.25, a).62 They observed that by adding a radical 

inhibitor as galvinoxyl the reaction was not depressed and by adding a 

radical initiator as AIBN under irradiation the reaction was not enhanced 

proving that the additions might not follow a radical mechanism. In the case 

of 4,4-dimethyl-2-cyclopenten-1-one at -78 ᵒC only the 1,2-adduct was 

observed and by increasing the temperature to room temperature was 

smoothly converted to the corresponding 1,4-boron enolate (Scheme 1.25, 

b). 

 

Scheme 1.25 Reactivity of selenoborinate with α,β-unsaturated ketones 

     In 1993 Miyaura and Suzuki reported the first palladium(0)-catalyzed 

addition reaction of the 9-(alkylthio)-9-BBN derivatives to terminal alkynes 

to produce (β-alkylthio)vinylboranes. It has been reported that the reaction 

takes place in high yields with control on the regio- and stereoselectivity 

(Scheme 1.26).63 
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Scheme 1.26 Miyaura and Suzuki’s palladium-catalyzed thioboration of alkynes 

     Miyaura and Suzuki postulated a thioboration mechanism concerning an 

oxidative addition of the S-B bond to the Pd(0) as the first step even though 

they have no direct evidence that S-PdII-B species exists. The mechanism 

postulated follows with the insertion of the alkyne into the sulfur-palladium 

bond and ends up with the reductive elimination of the alkenylboron 

compound through a regio- and stereoselective manner (Scheme 1.27). 

 

Scheme 1.27 Miyaura and Suzuki’s mechanism proposal for the palladium-

catalyzed alkyne thioboration  

     Some years later, in 1998, Musaev and Morokuma proposed another 

mechanism for the Pd(0) catalyzed thioboration of terminal alkynes 

supported by DFT calculations. According to their calculations, the oxidative 

addition of B-S bond to Pd(0) cannot take place, for that reason they 

proposed analternative mechanism concerning a metathesis pathway.64 

     The initial step is the coordination of the alkyne to the Pd forming a π-

complex followed by a dissociation of one phosphine. Intermolecularly, the 

B-S reagent attacks Pd π-complex. The sulfur atom is bonded to the metal 

and the B is bonded to the carbon, an extra stabilization is achieved by the 

interaction of one of the oxygens in the pinacol moiety with the vacant in the 

metal center.  
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After the metathesis, the sulfur moiety and the olefin are in a trans-

conformation so a sulfur migration takes place to achieve the cis 

conformation. Then a phosphine coordinates, to cover the vacancy and the 

metal complex achieve a typical square-planar geometry. Finally, the 

reductive elimination takes place where the Pd-S and the Pd-C are cleavage 

to form the new C-S bond (Figure 1.3). 

 

Figure 1.3 Potential-energy profile (without ZPC) of Musaey and Morokuma’s 

mechanism proposal for palladium-catalyzed alkyne thioboration calculated at the 

B3LYP/BSII level.  
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1.6. Objectives  

     Main Objective: 

     The thesis is aimed to take advantage of the “pull-push” effect of the B in 

the B-Y reagents (Y = S and Se), to selective add the sulfur or selenium 

moieties to unsaturated substrates to generate a new methodology towards 

the synthesis of organosulfides and organoselenides. 

     Specific Objectives: 

     Objective 1: To synthesize β-sulfido carbonyl compounds through the 

thioboration of α,β-unsaturated ketones and aldehydes with B-S reagents 

(pinB-SPh, pinB-STol and pinB-SBn) in a transition metal-free context 

(Scheme 1.28, a). 

     Objective 2: To study the reactivity of ynones with pinB-SePh, pinB-SPh 

and pinB-SBn, to promote the synthesis of stereoselective vinyl selenides 

and vinyl sulfides in a transition metal-free context (Scheme 1.28, b). 

     Objective 3: To experimentally explore the pinB-SePh addition to α,β-

acetylenic esters towards the β-selenation (Scheme 1.28, c) as well as the use 

of PR3 as an additive to promote the plausible 3,4-selenoboration to 

synthesize α-substituted organoselenides (Scheme 1.28, c’). 

     Objective 4: To develop a method for the insertion of the diazo compound 

Me3SiCHN2 into B−S bonds to promote a direct synthesis of main group, 

multisubstituted sp3 carbons (Si, B, S) and further functionalization through 

base-mediated alkylation (Scheme 1.28, d). 
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Scheme 1.28 Transition metal-free reaction of the pinB-YAr reagents with different 

substrates. 
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2.1. Introduction 

2.1.1. Sulfa Michael Addition (SMA) 

     The synthesis of β-sulfido carbonyl compounds and related compounds 

has principally been covered by the conjugate addition of thiols to α,β-

unsaturated carbonyl compounds.1 Due to the importance of the C-S bond in 

biosynthetic processes and organic synthesis, a large number of methods 

have been reported for the 1,4-addition of thiols to electron-deficient olefins. 

However, catalytic approaches are required to activate both the substrate 

and the reagent to promote the formation of Cβ-S bond in a precise way.2 

     In 2002 professor M. Zahouily and co-workers used Na2CaP2O7 as an 

heterogeneous catalyst for the Michael addition of mercaptanes to chalcone 

derivatives, with high yields, in few minutes (96% yield in 5 min) and mild 

reaction conditions (Scheme 2.1).3 With this catalyst, the basic sites 

(oxygens of P2O74- group) abstract the proton from the thiols and the acidic 

sites (phosphorus of P2O74- group, Na+ and Ca2+ cations) induced the 

polarization of the C=O bond for the Sulfa Michael addition. 

 

Scheme 2.1 Heterogeneous catalyst for sulfa Michael addition. 

     Another interesting approach of catalytic sulfa Michael addition is the one 

reported by M. Shibasaki et al.4 They reported a heterobimetallic 

asymmetric complex, LaNa3-tris(binaphthoxide) (LSB), as a very useful 

catalyst for the addition of thiols to cycloalkenones. Under these reaction 

conditions they afforded β-sulfonated compounds with yields up to 93% and 

enantioselectivity up to 84% e.e. in 20 min. 
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     The LSB is a multifunctional asymmetric catalyst in which the sodium 

naphthoxide moiety might function as a Brønsted base to activate the thiol, 

and the metal center (La) should function as a Lewis acid to activate the 

cycloalkenone, thereby making possible an effective catalytic asymmetric 

Michael addition of a thiol to a cycloalkenone (Scheme 2.2). 

 

Scheme 2.2 Proposed catalytic cycle for the catalytic Michael addition of thiols to 

cycloalkenones. 

     The asymmetric induction of the sulfa Michael addition has been deeply 

studied from the organocatalytic point of view, through cinchona alkaloid 

derivatives as the most used.5 

     Pioneering studies on the asymmetric 1,4-addition of thiols promoted by 

chiral cyclic amines as catalysts, chinchonidine and proline, were done by 

the group of Wynberg6 and the group of Mukaiyama,7 respectively. They 

reported that a hydroxy group in the β-position respect the amino group was 

necessary for the reaction to take place. They reported a bifunctional 

mechanism involving the simultaneous activation of the cyclic enone and the 

thiol by the hydroxy and the amino groups, respectively (Figure 2.1). 
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Figure 2.1 Proposed transition states for the bifunctional mechanism involving 

chinchonidine and proline catalysts. 

     Despite the mild nucleophilicity of the sulphur moiety in thiol reagents,8 

the reaction conditions frequently favored the formation of byproducts from 

side reactions such as self-condensation, polymerization or 

rearrangements.9 

     Pointing at the nature of the sulphur reagent, we focused our attention to 

thiodioxaborolanes, pinB-SPh (1), pinB-STol (2) and pinB-SBn (3) (Figure 

2.2), since they are easy to prepare and the “pull-push” effect of the boryl unit 

might enhance the nucleophilic character of the interelement. In the 

following section the relevant properties of this type of reagent will be 

discussed. 

 

Figure 2.2 Structure of thiodioxaborolanes. 

 

2.1.2. Properties of the Thiodioxaborolanes 

     Thiodioxaborolanes are a family of compounds constituted by a boron 

atom substituted by two oxygens and one sulphur atom. The pinacolboryl is 

one of the most stable moieties in dioxaborolanes, because the oxygens 

mitigate the Lewis acidic properties of the boron atom. 
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     An interesting property of trivalent boron compounds is the “pull-push” 

effect. This effect consists in a quaternization of the boryl unit that might 

enhance the nucleophilic character of the interelement bonded to it.10 

     Despite the fact that boron reagents have principally been activated by 

transition metal complexes11, a current trend has shown the easy and 

convenient activation of diboron reagents by Lewis bases, such as N-

heterocyclic carbenes (NHCs).12 Even more interesting, alkoxides can 

interact with diboranes, silaboranes and aminoboranes by forming the 

corresponding Lewis acid–base adducts [Nu⟶B(OR)2–B(OR)2],13 

[Nu⟶B(OR)2–SiMe2Ph]14 and [Nu⟶B(OR)2–NR’2],15 facilitates the release 

of a boryl, silyl or amine moiety with enhanced nucleophilic character 

(Scheme 2.3). Another related example, reported recently, involves the 

activation of an heterodiboron pinB-Bdan (dan = 1,8-diaminonaphthalene ) 

by alkoxides to selectively transfer the Bdan fragment to α,β-unsaturated 

substrates (Scheme 2.3).16 

 

Scheme 2.3 Illustrative pictures of the Lewis acid-base adducts. E= electrophilic 

reagent. 

     More recently, in the. Fernández’s research group, it has been able to 

observe that pinB-SePh (4) reagent can also be activated by Lewis bases, but 

the most remarkable circumstance is that the electron rich C=O of α,β-

unsaturated ketones and aldehydes can activate the phenylselenium borane 

reagent, without the need of external Lewis bases or additives. This face to 

face reactivity is unusual and theoretical calculations have demonstrated 

that this activation is more likely in B-E when E=Se > S > O.17 
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2.1.3. Reaction pathway for selenoboration 

     In the previous work done in the laboratory with pinB-SePh (4)17 a 

possible reaction pathway was proposed by Dr. C. Bo and Dr. X. Sanz 

throughout theoretical calculations. In the Figure 2.3 the reaction pathway 

for the reaction of 4 with 3-penten-2-one is shown. 

 

Figure 2.3 Proposed reaction pathway by Sanz/Bo.17 All energies are in kcal·mol-1. 

     In the first step, the carboxylic oxygen interacts with the empty p orbital 

of the boron atom, in the same way as other nucleophiles do (alkoxides, 

carbenes), thus increasing the nucleophilic character of the PhSe moiety. 

Indeed, a first intermediate is formed (I1) which lies 9.1 kcal·mol-1 above the 

reactants. The next step is the boron-selenium bond cleavage, which is 

concerted with the attack of the nucleophilic selenium to the electrophilic 

points of the substrate through a second transition state. Thus, selenium can 

attack either the β-position (TS2 1_4) or the carboxylic carbon (TS2 1_2).  
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     It is important to highlight that the 1,4-addition pathway is less 

energetically demanding than the 1,2-addition, and also it leads to a more 

stable intermediate I2 1_4, which after a work-up becomes the most stable 

β-selenated ketone (P 1_4). Therefore, the 1,4-addition product P 1_4 is 

obtained from both kinetic and thermodynamic reasons. 

     In the same study, some calculations of a similar reaction between pinB-

SPh (1) and 3-penten-2-one were carried out, predicting the favorable 

outcome of the SPh addition on the Cβ. Then thioboration of 4-hexen-3-one 

with 1 (Scheme 5), was carried out, as part of a preliminary study.17 

 

Scheme 2.4 Reactivity of pinB-SPh to 4-hexen-3-one. 

 

2.2. Motivation 

     Since the previously reported synthesis of organosulfides required the 

presence of a catalyst to work; and based on the previous work done in our 

group about the activation of pinB-SePh with α,β-unsaturated carbonyl 

compounds, we became determined to demonstrate the activation of pinB-

SPh (1), pinB-STol (2) and pinB-SBn (3) by α,β-unsaturated ketones and 

aldehydes and provide an alternative sulfa Michael addition, that does not 

need catalysts or drastic reactions conditions to generate a new Cβ-S bond 

(Scheme 2.5). 

 

Scheme 2.5 Expected reactivity of the vinyl carbonyl compounds with B-S reagents. 
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2.3. Results and discussion 

     With the aim of activating pinB-SPh (1) and selectively transfer the PhS 

moiety to activated olefins, we first attempted the conjugate addition on 4-

phenyl-3-buten-2-one (5) as a model substrate. The starting conditions 

were the same as the ones used by Fernandez et al.17 for the synthesis of β-

(phenylselenium) substituted ketones and aldehydes. Therefore, we have 

adapted for the thioboration the use of 1.1 equiv. of 1 in 2 mL of dry THF at 

room temperature, working in 0.1mmol scale of substrate (Scheme 2.6). 

 

Scheme 2.6 Reactivity of pinB-SPh (1) with 4-phenyl-3-buten-2-one (5). 

     When the reaction was carried out under these reaction conditions, low 

percentages of β-(phenylthio) substituted ketone, (< 5% of conversion), was 

observed. An excess of pinB-SPh (4.5 equiv.) increased the conversion up to 

98% but we did not observe the expected β-sulfido ketone product. Instead, 

the 1H NMR showed two interesting doublets that integrate one proton each 

between 5.0 and 5.5 ppm, and a singlet around 2 ppm that integrates three 

protons (Figure 2.4). Moreover, in the 13C NMR spectra we were aware that 

no signal for the carbonyl carbon (about 200 ppm) was observed. After that 

observation and according to these NMR results, two possible structures 

could match with these signals. One possibility was the 1,2-addition 

intermediate and the other was the 1,4-addition intermediate. 
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Figure 2.4 1H NMR of the crude of the thioboration of 4-phenyl-3-buten-2-one (5) 

     When we conducted the same reaction with other substrate that contain 

aryl groups in Cβ, it was possible to observe a similar set of NMR spectra (1H 

and 13C NMR). Therefore 4-(4-methoxyphenyl)-3-buten-2-one (6), 4-(4-

chlorophenyl)-3-buten-2-one (7) and trans-chalcone (8), were 

quantitatively transformed into the same thioborated products in an 

exclusive way. 

     Looking at the coupling constants of the two doublets in Figure 2.4 

(between 5.0 – 5.5 ppm), the average value was 9.7 Hz. If it is considered that 

the vinylic coupling constant in the 1,2-addition intermediate has a value 

between 11–18 Hz and the allylic coupling constant in the 1,4-addition 

intermediate should be about 4–10 Hz, it can be assumed that our coupling 

constant fits better with the second type of compounds. 

     To complete the characterization of the thioborated product, we carried 

out a bidimensional NMR experiment, HSQC 2D. The study was carried out 

at the crude of the thioboration reaction of the trans-chalcone (8).  
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     Figure 2.5 shows the correlation between H and C. Significantly, the 

doublet at 5.4 ppm is correlated with a carbon at about 50 ppm, while the 

doublet about at 5.8 ppm is correlated with a C at 110 ppm, approximately. 

This agrees with the fact that each doublet belongs to a C sp3 and C sp2 

respectively, and it is more related to the 1,4-addition intermediate (8b). 

 

Figure 2.5 Enlargement of HSQC 2D of the trans-chalcone's reaction crude 

     Once the thioborated intermediate was identified, we could quantify the 

reaction out come in the four thioboration reactions carried out so far. Table 

2.1 shows quantitative conversion without any byproduct formation of 

substrates 5-8 into the 1,4-addition intermediate.  

Table 2.1 Thioboration of α,β-unsaturated ketones with aryl groups in Cβ a 

Entry 

Substrate

 

Conv. 
(%) 

1,4-intermediate (%)b

 

1,2-intermediate (%)b

 
R R’  

1 Me H 5 98 99 5b --- 

2 Me OMe 6 99 99 6b --- 

3 Me Cl 7 99 99 7b --- 

4 Ph H 8 97 99 8b --- 
a The thioboration was carried out with substrate (0.10 mmol), pinB-SPh (4.5 equiv.), THF (2 
mL), 25 ᵒC, 16 h. b Calculated by NMR spectroscopy from an average of two essays. 

HA                         

HB 
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     Next, we conducted the thioboration of cyclic α,β-unsaturated ketones, as 

well as α,β-unsaturated aldehydes to study the thioborated products. 

Therefore, the 2-cyclohexenone (9) and crotonaldehyde (10) were reacted 

with 4.5 equiv. of pinB-SPh (1), at room temperature for 16 h. The 1H NMR 

spectra of the 2-cyclohexanones’s crude reaction shows two different 

groups of signals in 73/27 ratio. The major signals are two double triplets at 

5.95 ppm and 5.75 ppm that were correlated with two carbons at 125 ppm 

(Figure 2.6), in agreement with the formation of the 1,2-addition 

intermediate (9a). 

 
Figure 2.6 Enlargement of HSQC 2D NMR of crude reaction of thioboration of 9. 

     The minor signals that appeared at 5.4 ppm and 3.9 ppm, in the 1H NMR, 

were correlated with an allylic and vinylic carbon, respectively (Figure 2.6) 

in the HSQC 2D NMR experiment. These data agreed with the minor 

formation of the 1,4-addition intermediate (9b). 

     The major presence of the 1,2-addition intermediate can be explained by 

the mechanism of the reaction. In the case of the cyclic substrates, were the 

C=O and C=C are in trans, the activation of the boron atom and the delivery 

of the SPh group to the β carbon seems to be more geometrically restricted 

than the addition to the carboxylic carbon. 

  HA      HB   

                         HA’                      HB’ 

UNIVERSITAT ROVIRA I VIRGILI 
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARÁLISIS CEREBRAL 
Marc Garcia Civit  
 



 

 

47 
 

C
h

ap
te

r 
2

 

     Interestingly, when the thioboration of the α,β-unsaturated aldehyde 

crotonaldehyde (10) was performed under the same reaction conditions, 

the unique thioborated intermediate observed was the 1,2-thioborated 

isomer (10a) (Figure 2.7). The signals appeared at 5.8 and 5.6 ppm 

correlated with two carbons at about 128 ppm, and the doublet at 5.9 ppm 

correlates with the carbon at 83 ppm, supporting that the aldehyde 

functional group has been transformed into −CH(OBpin)(SPh). In this case, 

because the aldehyde is more reactive than a ketone, the only intermediate 

observed is the 1,2. 

 
Figure 2.7 Enlargement of HSQC 2D of 10b in the reaction crude. 

     After quantitative conversion of substrates 5,6,7,9,10 into thioborated 

products, the protic work up carried out with addition of MeOH (2 mL) 

provided the corresponding β-sulfido carbonyl compounds 16 to 20 (Table 

2.2, entries 1−5). A plausible rearrangement of 1,2-thioborated 

intermediates 9a and 10a toward the β-sulfido carbonyl compounds seems 

to occur under the in situ protic work up.18 In order to discard the possible 

in situ formation of PhSH and consequently the direct interaction with the 

α,β-unsaturated carbonyl substrates, we ran the same reaction as in Table 

2.2, entry 5, using PhSH instead of pinB-SPh (1). As was it expected, there 

was no β-sulfido cyclohexanone formation due to the lack of catalytic 

activation of the thiol.  
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     The substrate trans-1-phenyl-2-buten-1-one (11) was more efficiently 

converted into the corresponding product 21 (Table 2.2, entry 6) than the 

analogue 4-phenyl-3-buten-2-one (5) (Table 2.2, entry 1) which required 

4.5 equiv. of pinB-SPh (1) for similar conversion. The Ph substituent bonded 

to the C=O on the ketone 11 seems to facilitate the interaction of the lone 

pair from C=O to Bpin and for that reason substrate 11 needs 3 equiv. of 1. 

Table 2.2 Thioboration/protonation of electron deficient ketones a 
Entry Substrate Product Conv. (%)b [I.Y.] (%) 

1 

  

76 64 

2 

  

78 70 

3 

  

87 75 

4 
 

 

78 70 

5 
  

87 80 

6d 

  

88 72 

7 
  

82 78 

8c 
  

99 81 

9d 
  

99 80 

10d 
  

91 71 

a Reaction conditions: Substrate (0.1 mmol), pinB-SPh (4.5 equiv.), THF (2 mL), 25 
ᵒC, 16 h/Addition MeOH (2 mL), 2 h. b Conversion calculated from an average of two 
assays. c pinB-SPh (1.1 equiv.). d pinB-SPh (3 equiv.). 
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     The cyclic α,β-unsaturated ketone 2-cyclopente-1-one (12) was also 

efficiently transformed into the β-(phenylthio)-cyclopentanone (22) in a 

78% I.Y. (Table 2.2, entry 7). The thioboration of the aliphatic non-cyclic α,β-

unsaturated substrates 1-penten-3-one (13), 3-hepten-2-one (14), and 3-

nonene-2-one (15) required less amount of the pinB-SPh reagent (1.1−3 

equiv.) to obtain quantitative conversion into the β-sulfido carbonyl 

compounds 23, 24, and 25 (Table 2.2, entries 8−10). 

     When the thioboration of 14 was carried out in MeOH, as the unique 

solvent, quantitative formation of the desired β-sulfido ketone was observed 

within 6 h. We have noticed, in that case, that the use of MeOH as solvent 

reduces the reaction time. 

     After the study of the scope of the thioboration with pinB-SPh (1), we 

decided to analyze the thiodioxaborolanes pinB-STol (2) and pinB-SBn (3). 

Selecting 3-nonene-2-one (15) and 4-hexen-3-one (26) as the Michael 

acceptors, we conducted the thioboration/protonation within 16 h at room 

temperature. The formation of the corresponding β-sulfido carbonyl 

compounds containing TolS results in 61% and 75% I.Y. for 29 and 31, 

respectively. The ones containing the BnS were isolated up to 55% for 27 

and 30% for 30 (Figure 2.8). 

 

Figure 2.8 Comparative study of reactivity with thiodioxaborolonaes. 
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     This experimental work was complemented by means of DFT 

calculations. The theoretical approach was carried out by my co-worker Xavi 

Sanz and the results are here summarized to complement the experimental 

results. 

     It was calculated the reaction pathway for the 1,4-addition and 1,2-

addition of pinB-SPh (1) to 4-phenyl-3-buten-2-one (5). All the activation 

free energies for the 1,2-addition pathway are higher than the 

corresponding ones for the 1,4-addition pathway. Also, the intermediate for 

the 1,2-addition is less stable than the corresponding for the 1,4-addition 

and the formation of the 1,2-addition product is less favored than the 

formation of the 1,4-addition ones (Figure 2.9). 

 

Figure 2.9. Calculations carried out by X. Sanz under the supervision of Dr. Bo. 

     In the reaction pathway for the thioboration reaction of substrate 2-

cyclohexenone (9) with 1 was found that it follows a 1,2-addition pathway. 

However, despite many efforts, the transition states corresponding to a 

direct 1,4-addition or an interconversion from 1,2- to 1,4-addition 

intermediates were not located.  
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     However, when water or methanol were involved in the calculation as 

protonation agents, the models evolved directly to the formation of the final 

1,4-product and pinB-OH (or pinB-OMe). Thus, it is suggested that the 

interconversion from 1,2- to 1,4-addition intermediates does not take place 

directly but is coupled with the final protonation step. In any case, our 

results justify the observation of the 1,2-addition intermediate in the 

reaction crude. 

     The difference of reactivity between pinB-SPh (1), pinB-STol (2) and 

pinB-SBn (3) was justified through two different calculations. First a 

nucleophilic indexes (N) were calculated showing the following trend: the 

pinB-STol (2) is the better nucleophile with a N of 3.35 eV, followed by pinB-

SPh (1) (N = 3.24 eV) and finally the pinB-SBn (3) with 2.89 eV of N.  

     The observed theoretical trend is in agreement with our experimental 

data because, the reaction pathway shows that the thiodioxaborolane pinB-

SBn (3) is less reactive than the other two reagents by the fact that higher 

activation energies are observed in the reaction pathways. It’s worthy to 

mention that the computed values for the pinB-STol and pinB-SPh reactions 

are very similar, being the pinB-STol slightly more reactive, as it was also 

demonstrated experimentally. 
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2.4. Conclusions 

     The synthesis of β-sulfido carbonyl compounds can be achieved through 

a direct thioboration/protonation between activated olefins and 

thiodioxaborolanes. The PhS, TolS, and BnS moieties can be delivered from 

the thiodioxaborolanes pinB-SPh (1), pinB-STol (2), and pinB-SBn (3) by the 

simple activation of the Bpin moiety with a carbonyl group. This strategy is 

performed at room temperature in the absence of any catalyst, additive or 

base. The thioboration generates 1,4-addition as well as 1,2-addition 

intermediates, depending on the structural nature of the substrate.  

     Protic workup delivers the corresponding β-sulfido carbonyl compounds 

in moderate to good isolated yields. From the thiodioxaborolanes studied, 

the pinB-SBn (3) is less reactive presumably because of the lack of electron 

delocalization from sulfur, making the boron atom less Lewis acidic 
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3.1. Introduction 

     Vinyl chalcogenides1 such as vinyl selenides and vinyl sulfides are 

compound of great interest in organic synthesis due to their wide 

applicability in reactions such as cross coupling (Scheme 3.1),2 sigmatropic 

rearrangements,3 Diels-Alder reactions4 among many other reactions. These 

compounds have also shown antioxidant properties.5 

 

Scheme 3.1. a) Iron- and b) Nickel-catalyzed cross coupling of vinyl chalcogenides 

with Grignard reagents. 

     The synthesis of vinyl chalcogenides has been deeply covered from 

multicomponent perspectives with particular emphasis on the influence of 

transition metal complexes to generate the new C(sp2)-Se and C(sp2)-S 

bonds in a selective way.6  

     The synthesis of vinyl selenides and vinyl sulfides in a metal free context 

using B-S or B-Se reagents, has been limited to the reaction of 

organoselenoboranes with acetylenes by a free radical 1,2-addition (Scheme 

3.2).7  

 

Scheme 3.2. Synthesis of vinyl selenides throughout organoselenoboranes. 
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     Alternatively, the synthesis of β-seleno and β-sulfido vinyl carbonyl 

compounds has been addressed with relative success. The first synthesis of 

β-sulfido vinyl carbonyl compounds was reported in 1982 by Omote et. al.8 

They studied the reaction of 3-(1-imidazolyl)-2-alken-1-ones with 

thiophenol (Scheme 3.3). This reaction is based in a substitution, where the 

deprotonated PhS- substitutes the imidazolyl group. 

 

Scheme 3.3. Addition of thiophenol to 3-(1-imidazolyl)-2-alken-1-ones. 

     In 1987, Suama and co-workers reported the addition of thiols to 

conjugated allenic ketones and esters. Up to 93% yield of the products were 

obtained.9 Later in 1998 Meng and co-workers introduced the first 

selenocarbonylation addition reaction of selenoesters to nonactivated 

terminal alkynes under the catalysis of CuX species. The reaction provided 

the (Z)-β-arylseleno-α,β-unsaturated ketones in high yields and selectivity 

values (Scheme 3.4).10 

 

Scheme 3.4. Selenocarbonylation of selenoesters to nonactivated alkynes. 

     More recently a four-component coupling reaction to yield (Z)-β-selenyl 

acrylamides has been reported by Meyer and co-workers. The reaction takes 

place with regio- and stereoselectively and it is catalyzed by Pd(PPh3)4 after 

mixing sulfenamide, alkyne, carbon monoxide, and diphenyl diselenide in 

one-pot protocol. 
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     The products are obtained in good to excellent yields (60-95%) and the 

reaction tolerates a range of functional groups on the nitrogen of the 

sulfenamide and the alkyne (Scheme 3.5).11 

 

Scheme 3.5 Palladium-catalyzed synthesis of β-selenyl acrylamides. 

     In 2008 Kuniyasu and Kambe reported the Pt-catalyzed decarbonylative 

arylthiolation by thioesters of unsymmetrical internal alkynes. This reaction 

takes place with 8 mol% of Pt(PPh3)4 in xylene at 140 ᵒC during 48 hours. 

When they used ethyl phenylpropiolate as substrate, it was obtained the E-

phenylthio tetrasubstituted alkene with regio- and stereoselective control 

(Scheme 3.6).12 

 

Scheme 3.6. Platinum-catalyzed arylthiolation of ethyl phenylpropiolate. 

     At the same time, the synthesis of these compounds has been achieved 

throughout a clean and efficient solvent-free protocol for 

hydrochalcogenation of propargylic esters, ketones and nitriles. It has been 

used phenylchalcogenolate anions generated in situ from the respective 

diphenyl dichalcogenide (Se, Te, S), using alumina supported sodium 

borohydride. This method provided the (Z)-β-phenylchalcogeno-α,β-

unsaturated products in good yields (Scheme 3.7).13 

 

Scheme 3.7. Hydrochalcogenation of propargylic esters, ketones and nitriles. 
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     Also in 2007, Comasseto and co-workers reported the reaction of enol 

phosphates of β-dicarbonyl compounds with lithium organoselenolates to 

give (Z)-β-organoseleno-α,β-unsaturated carbonyl compounds (Scheme 

3.8).14 

 

Scheme 3.8. Reaction of enol phosphates with lithium organoselenolates. 

     Later on, in 2009, the synthesis of Z-arylthio acrylates was achieved by 

Rao and co-workers using CuO nanoparticles. The cross-coupling reaction of 

Z-ethyl-3-iodoacrylate with different aryl thiol in DMSO at 80 o C afforded the 

desired products in high isolated yields and with retention of 

stereochemistry (Scheme 3.9). Under these conditions no ligand is needed 

to proceed and this methodology was proved to be useful with a wild variety 

of vinyl halides.15 

 

Scheme 3.9. Nano CuO-catalyzed cross-coupling of 3-haloacrylate with aryl thiols. 

     In 2011, Santi and co-workers reported the Michael addition of the 

reagent PhSe-ZnCl to electron-deficient alkynes, leading to synthetically 

useful vinyl selenides. The reaction was performed at room temperature in 

THF or water and the reaction showed to be very selective towards the Z 

isomer (Scheme 3.10).16 

 

Scheme 3.10. Michael addition of PhSe-ZnCl to propargylic ketones and esters. 
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3.2. Motivation 

     Bearing in mind that synthesis of vinyl selenides and vinyl sulfides 

conjugated to carbonyl groups is not a deeply explored field and that mostly 

of the previous reported synthesis required metal catalyst and/or suffer 

from low yields, we became interested to efficiently promote the synthesis 

of vinyl selenides and vinyl sulfides in the absence of transition metal 

complexes or additives. To do so, we used the reagents pinB-SPh (1), pinB-

SBn (3) and pinB-SePh (4) to be added to activated alkynes (Scheme 3.11).  

 

Scheme 3.11. Synthesis of vinyl chalcogenides throughout chalcogenoborates. 

 

3.3. Results and discussion 

     We initiated our studies with the addition of 1 equiv. of pinB-SePh (4) to 

the electron deficient alkyne 4-phenyl-3-butyn-2-one (31), in THF at room 

temperature, but no product formation was observed after the aqueous 

work up (Table 3.2, entry 1). By increasing the temperature up to 50 ᵒC the 

β-(phenylseleno)-α,β-unsaturated ketone 32 was obtained in 48% 

conversion in a ratio Z-32/E-32 = 78/22 (Table 3.2, entry 2). Both 

stereoisomers could be isolated and characterized by NMR spectroscopy 

studies, and were assigned contrarily to Santi’s previously reported data.16  

     My co-worker Xavi Sanz computed the 1H NMR shifts by DFT calculations 

and the results confirmed our assignment of stereoisomers. The 

computational results and the experimental results are summarized in Table 

3.1 to be compared.  
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The calculations predict that the proton in the Z-isomer must appear at 

higher chemical shift than in the E-32 stereoisomer. 

Table 3.1. Comparison of the computed 1H NMR shift with the experimental values.  

  δ (Ha) δ (Hb) 

 

Santi’s Work16 5.94 ppm 1.74 ppm 

Our experimental work 6.49 ppm 2.35 ppm 

Computed simulation 7.48 ppm 2.28 ppm 

 

Santi’s Work16 6.83 ppm 2.37 ppm 

Our experimental work 5.91 ppm 1.72 ppm 

Computed simulation 7.09 ppm 1.46 ppm 

     The computed vinylic protons appear slightly overshifted respect our 

experimental work but the differences are similar for both cases. In the case 

of the methyl protons the computed shifts are very well predicted and the 

values are very close to our experimental shifts  

     To find the optimal reaction conditions for the selenoboration of α,β-

acetylenic ketones, we took the 4-phenyl-3-butyn-2-one (31) and run the 

reaction with different amounts of pinB-SePh (4). By increasing the amount 

of 4 up to 2 equivalents, we afford the desired product in 84% conversion 

(Table 3.2, entry 3) and with the same ratio of Z/E isomers as in the case of 

the reaction carried out with 1 equivalent (Table 3.2, entry 2). More 

equivalents of phenylseleno dioxaborolane (pinB-SePh (4)) afforded less 

conversion but the selectivity was slightly increased (Table 3.2, entry 4). 

     Keeping the 2 equivalents of pinB-SePh (4) as the optimized amount of 

reagent but increasing the temperature up to 70 ᵒC, the conversion did not 

improve (Table 3.2, entry 5). A possible explanation to this fact is due to the 

decomposition of the B-Se reagent before the interaction with the substrate.  

UNIVERSITAT ROVIRA I VIRGILI 
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARÁLISIS CEREBRAL 
Marc Garcia Civit  
 



 

 

63 
 

C
h

ap
te

r 
3

 

    Shorter reactions times did not change the Z/E ratio (Table 3.2, entries 6 

and 7). Changing the solvent from THF to methanol afforded Z-32 with high 

stereoselectivity and with full conversion (Table 3.2, entry 8). 

Table 3.2. Optimization of the reaction conditions of pinB-SePh (4) with 31 a 

 

Entry 
pinB-SePh 

(4) 
Temp. Time Solvent 

Conversionb 

(%) 

Selectivityb 

32-Z/32-E 

1 1 equiv. r.t. 16 h THF - - 

2 1 equiv. 50 ᵒC 16 h THF 48 78/22 

3 2 equiv. 50 ᵒC 16 h THF 84 79/21 

4 3 equiv. 50 ᵒC 16 h THF 30 83/17 

5 2 equiv. 70 ᵒC 16 h THF 36 79/21 

6 2 equiv. 50 ᵒC 6 h THF 54 82/18 

7 2 equiv. 50 ᵒC 3 h THF 46 80/20 

8 2 equiv. 50 ᵒC 16 h MeOH 99 99/1 

a All reactions were carried out at 0.1 mmol scale of substrate.  b Conversion and 
regioselectivity determined by NMR spectroscopy. 

     Under the optimized reaction conditions, 2 equivalents of pinB-SePh (4), 

50 ᵒC and MeOH as solvent, the selenoboration/protonolysis produced Z-32 

in 85% isolated yield (Table 3.3, entry 1).  
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Table 3.3. Selenoboration/protonolysis of α,β-acetylenic ketones a 

Entry Substrate 
Conv. 

(%)b   

1 

 

99 99[87] (Z-32) nd 

2 

 

99 95[86] (Z-34) 5 (E-34) 

3 

 

99 86[81] (Z-36) 14 (E-36) 

4 

 

99 95[88] (Z-38) 5 (E-38) 

5 

 

99 92[58] (Z-40) 8 (E-40) 

6 

 

99 99[84] (Z-42) nd 

7 

 

99 90[84] (Z-44) 10 (E-44) 

8c 

 

99 99[85] (Z-46) nd 

a Reaction conditions: Substrate (0.1 mmol), pinB-SePh (2 equiv.), MeOH (2 mL), 
50ᵒC, 16 h. b Conversion and regioselectivity determined by NMR spectroscopy. 

Values in parenthesis are isolated yields. 

     When we studied the generality of the reaction, we observed that methyl 

or aryl ketones did not affect the reaction outcome. In all cases the substrate 

was transformed into the desired vinyl selenides with high conversion and 
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selectivities. All the reactions performed showned high to quantitative Z/E 

ratio.  

     However, electron donating or electron withdrawing substituents in the 

phenyl group on substrates such as 4-(4-methylphenyl)-3-butyn-2-one (33) 

and 4-(4-trifluoromethylphenyl)-3-butyn-2-one (35), modified the 

stereoselectivity from ratio Z-34/E-34 = 95/5 to Z-36/E-36 = 86/14 (Table 

3.3, entries 2 and 3). This outcome could be attributed to the fact that 

electron withdrawing substituents in the substrate modifies the energetic 

profile of the protonation step that is where the stereoselectivty seems to be 

determined. 

     Substrate 37, 3-nonyn-2-one, containing an alkylic substituent in the β-

position was also efficiently transformed into the α,β-seleniated product 

with a stereoisomeric ratio of Z-38/E-38 = 95/5 (Table 3.3, entry 4). The 

phenyl substituent in the ketone group in substrate 1-phenyloct-2-yn-1-one 

(39) did not affect significantly the reactivity and similar results were 

obtained with Z-40/E-40 = 92/8 stereoselectivity (Table 3.3, entry 5). 

     Full stereoselectivity was achieved for 1,3-diphenylprop-2-yn-1-one 

substrates 41 and 45 (Table 3.3, entries 6 and 8) with a slight decrease on 

stereoselectivity on the transformation from 1-phenyl-3-(p-tolyl)prop-2-yn-

1-one (43) to 44-Z/44-E = 90/10 (Table 3.3, entry 7). These results suggest 

that the phenyl group in the ketone facilitates the 

slenoboration/protonolysis in all the cases, except for the electrondonating 

substituents on the aryl group of 43. 

     To confirm the stereochemistry around the double bond, we crystallized 

the solid Z-46 using acetonitrile/pentane system at room temperature. The 

full characterization of Z-46, allows us to confirm the Z-configuration of the 

vinyl chalcogenides (Figure 3.1). 
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Figure 3.1.X-Ray Diffraction figure of Z-46. 

     This straightforward synthesis of (Z)-β-(arylseleno)-α,β-unsaturated 

ketones through selenoboration/protonolysis of ynones with pinB-SePh (4) 

simplified previous attempts via metal catalyzed methodologies, as well as 

the reaction conditions involved. 

     Our next goal was to extend the assembly protocol to thiodioxaborolanes 

pinB-SPh (1) and pinB-SBn (3) to synthesize vinyl sulfides from accessible 

ynones (Scheme 3.12).  

 

Scheme 3.12. Reactivity of thiodioxaborolanes to α,β-acetylenic ketones. 

     Under the same reaction condition used for selenoboration/protonolysis 

of α,β-acetylenic ketones, we started the study of the reactivity of 1 and 3 

with ynones. The results obtained from the 1,4-addition of pinB-SPh (1) 

group to α,β-acetylenic ketones are shown in Table 3.4. 
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Table 3.4. Thioboration/protonolysis of α,β-acetylenic ketones with pinB-SPh (1) a 

Entry Substrate Conv. (%)b 
  

1 

 

99 73[69]d (Z-47) 27 (E-47) 

2 

 

99[80]c 70 (Z-48) 30 (E-48) 

3 

 

99 76[65]d (Z-49) 24 (E-49) 

4 

 

99 64[57]d (Z-50) 36[30]e (E-50) 

5 

 

99[68]c 47 (Z-51) 53 (E-51) 

6 

 

99[85]c 78 (Z-52) 22 (E-52) 

7 

 

99 76[59]d (Z-53) 24 (E-53) 

8c 

 

99 76[69]d (Z-54) 24 (E-54) 

a Reaction conditions: α,β-acetylenic ketones (0.1 mmol), pinB-SPh (2 equiv.), MeOH (2 
mL), 50 ᵒC, 16 h. b Conversion and regioselectivity determined by NMR spectroscopy.  

c Values in parenthesis are isolated yields of both stereoisomers. d Values in parenthesis 
are isolated yields of the Z-stereoisomer. e Values in parenthesis are isolated yields of the 
E-stereoisomer. 

     It can be highlighted that all examples gave full conversions with 

regioselectivity toward the Cβ position and this reaction presents a 

stereoselectivity ratio around Z/E ≈ 3/1. 
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     For substrate 31, 4-phenylbut-3-yn-2-one, that has a phenyl substituent 

at the beta position, the thioboration/protonolysis provided complete 

conversion with 73% of stereoselection towards Z-47 and 27% to product 

E-47 (Table 3.4, entry 1). The presence of a methyl group or a 

trifluoromethyl group in the para-position, 4-(4-

(trifluoromethyl)phenyl)but-3-yn-2-one (35) and 4-(p-tolyl)but-3-yn-2-one 

(33) respectively, did not modify neither the conversion not the 

stereoselectivity (Table 3.4, entries 2 and 3). 

     The change of the phenyl group for an alkylic chain influenced the 

stereoselection and product 50 was observed with a ratio: Z-50/E-50 = 

64/36 (Table 3.4, entry 3). This result was also observed for 1-phenyloct-2-

yn-1-one (39). In this case, the relative formation of the E isomer was 

favoured giving a stereoselectivity ratio of Z-51/E-51 = 47/53 (Table 3.4, 

entry 4). 

     For substrates 1-phenyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-one 

(41), 1-phenyl-3-(p-tolyl)prop-2-yn-1-one (43) and 3-phenyl-1-(p-

tolyl)prop-2-yn-1-one (45), that presents aryl substituents in both sides of 

the triple bond and ketones, but with different electronic properties, the 

desired products were obtained with quantitative conversions and with a 

similar stereoselectivity among them (Table 3.4, entries 6-8). 

     After studying the reaction scope for the β-phenylthiolation/protonolysis 

of ynones our next goal was to observe the effect of changing the substituent 

in the sulfur atom from a phenyl substituent to a benzyl one. For that reason, 

we carried out the β-BnS addition to ynones using pinB-SBn (3) as reagent. 
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     The results obtained for the reaction of α,β-acetylenic ketones with 

benzylthiodioxaborolane are summarized in Table 3.5 In all cases the 

products are obtained in quantitative conversions and with a prefered 

stereoselection towards the Z-isomer. 

Table 3.5. Thioboration/protonolysis of α,β-acetylenic ketones with pinB-SBn (3)a 

Entry Substrate Conv. (%)b 
  

1 

 

99 71[65]d (Z-55) 29 (E-55) 

2 

 

94[83]c 72 (Z-56) 28 (E-56) 

3 

 

99 74[62]d (Z-57) 26 (E-57) 

4 

 

99 58[52]d (Z-58) 42[38]e (E-58) 

5 

 

99[75]c 59 (Z-59) 41 (E-59) 

6 

 

99[83]c 75 (Z-60) 25 (E-60) 

7 

 

99 72[64]d (Z-61) 28 (E-61) 

8c 

 

98 85[65]d (Z-62) 15 (E-62) 

a Reaction conditions: α,β-acetylenic ketones (0.1 mmol), pinB-SBn (2 equiv.), MeOH (2 
mL), 50 ᵒC, 16 h. b Conversion and regioselectivity determined by NMR spectroscopy.  

c Values in parenthesis are isolated yields of both stereoisomers. d Values in parenthesis 
are isolated yields of the Z-stereoisomer. e Values in parenthesis are isolated yields of the 
E-stereoisomer. 
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     The presence of aryl groups in the Cβ , independently of the electronic 

properties of the substituents in the para-position and if the ketone has a 

methyl or a phenyl group in the alpha position (substrates 31¸ 33, 35, 41 

and 43), afforded the desired products (55-57 and 60-61) in a similar 

stereoselective ratio about Z/E = 7/3 (Table 3.5, entries 1-3 and 6-7). 

     The stereoselectivity was affected when the substituent in the beta 

position is not able to extend the conjugation of the substrate as in of 37 and 

39 that presents an alkylic chain in the beta position. With these substrates, 

the stereoselectivity was decreased to Z-58/E-58 = 58/42 and Z-59/E-59 = 

59/41 (Table 3.5, entries 4 and 5).  

     In the 1,4-addition reaction of pinB-SBn (3) to ynones the stereoselection 

was slightly improved in 3-phenyl-1-(p-tolyl)prop-2-yn-1-one (45) that has 

a tolyl substituent in the ketone. The Z-62 and E-62 isomers were obtained 

in 85% and 15% respectively. 

     Comparing the results obtained in Table 3.4 and the ones shown in Table 

3.5 can be said that the synthesis of vinyl sulfides through the reaction of 

thiodioxaborolane reagents and α,β-acetylenic ketones is not affected 

significantly by the substituents in the substrate, neither by the sulfur 

substituent in pinB-SR. Except on substrates 37 and 39, that have an alkylic 

chain in Cβ, which present a relative lower stereoselectivity. 

     The face to face reactivity of thiodioxaborolanes and ynones afforded in 

most of the cases the (Z)-β-thiolated-α,β-unsaturated ketone. This fact is in 

contrast with the lower stereoselectivity observed in alternative 

methodologies such as the addition of thiols to the electrondeficient alkynes, 

methyl propiolate and dimethyl acetylenedicarboxylate, in the presence of 

Ru catalysts.17 
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     Based on the previous knowledge on the mechanism for the 1,4-addition 

of pinB-SR and pinB-SePh to α,β-unsaturated ketones and aldehydes, we 

suggested that the formation of vinyl selenides and sulfides follows a similar 

pathway.  

     Our mechanistic proposal started by considering the interaction of the 

carbonylic oxygen with the empty p orbital of the boron atom in the pinB-YR 

molecule to activate the B-Y bond. This interaction increases the 

nucleophilicity of the sulfur moiety because the lone pair of the sulfur cannot 

be partially delocalized in the boron empty orbitals. This gain of 

nucleophilicity allows the attack to the Cβ of the substrate by the RY moiety 

forming an allene intermediate that finally undergoes protonolysis to yield 

the corresponding products (Scheme 3.13). 

 

Scheme 3.13. Mechanistic proposal for the addition to ynones. 

     This mechanistic proposal was confirmed by means of DFT calculations 

carried out by my co-worker Xavi Sanz. The Gibbs free energy profile for the 

reaction of the model yonone 1-(4-methylphenyl)-3-phenyl-2-propyn-1-one 

(45) with pinB-SePh (4) appears in Scheme 3.14. The activation of 4 by the 

oxygen atom of the substrate occurs through a first transition step (TS1) and 

leads to the intermediate I1. Then, two pathways are possible: the one 

leading to the 1,2-addition product and the pathway towards the 1,4-

addition products. 
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Scheme 3.14. Relative Gibbs free energies for the reaction of 4 with 45. All energies 

are in kcal·mol-1. This calculation was carried out by Xavi Sanz under the supervision 

of Dr. Bo. 

     The attack of the nucleophilic PhSe moiety to the carbonyl group through 

the TS 1_2 is one possible reaction pathway and leads to the formation 

intermediate I2 1_2. This intermediate can finally undergo protonolysis 

with methanol through the TS3 1_2 to form the 1,2-addition product P 1_2 

and the byproduct pinB-SPh (Scheme 3.14, green pathway). Considering the 

pathway for the Michael addition, after the TS2 1_4 occurs, an allene 

intermediate is formed (I2 1_4). This intermediate con also undergo 

protonolysis with methanol by both faces, leading to two different transition 

states TS3 1_4 Z and TS3 1_4 E that give rise to the products Z-46 and E-46 

respectively.  

     In the reaction crudes, there is no evidence for the formation of the 1,2-

addition product. This observation is in agreement with the DFT 

calculations.  
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     The reaction pathway for the 1,2-addition is disfavored due to the low 

stability of the I2 1_2 and the high-energy barrier for the TS3 1_2 of the 

protonolysis.  

     Moreover the 1,4-addition pathway takes place through a more stable 

intermediate I2 1_4 and the protonation step has a low energy barrier 

compared with the 1,2-addition pathway. In addition, the products formed 

(P 1_4 Z and P 1_4 E) are more stable due to their low energy values. 

     Experimentally 46-Z was exclusively obtained and this is in good 

agreement with the DFT calculations. Comparing the TS3 1_4 Z and TS3 1_4 

E it can be observed that the intermediate leading the Z-product is 1.1 

kcal·mol-1 less energetically demanding that the intermediate giving the E-

product. Also, the P 1_4 Z is 2.7 kcal·mol-1 more stable that the product with 

the opposite conformation. These two facts show that the product with the 

Z-geometry at the double bond is favored kinetically and 

thermodynamically. 

     When the reaction pathway for the substrate 45 with reagent pinB-SPh 

(1) was calculated, the same conclusions were obtained. The Z-isomer (Z-

54) was more stable than the E-isomer due to a less energetically demanding 

transition state. 

     When the energy profile for the reaction of 1-phenyl-2-octyn-1-one (39) 

with pinB-SPh (1) was calculated, a different outcome was observed. The 

propargylic alkyl chain in the substrate seems to favor the E isomer 

thermodynamically although the Z isomer should be kinetically favored. As 

both activation energies for the TS3 1_4 are not very high, they can be both 

easily achieved. 
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     Once the 1,4-adition of pinB-SePh (4), pinB-SPh (1) and pinB-SBn (3) to 

ynones has been covered, from experimental ant theoretical point of view, 

we wanted to extend this methodology to electron-deficient α,β-acetylenic 

esters. 

     Before starting the experimentation, some DFT calculations were run by 

the co-worker Diego Garcia to study the differences in the energy profiles 

between the reactions of phenylselenodioxaborolanes with ynones or 

ynoates. Despite the fact that the calculated energy barrier for the 1,4-

addition of pinB-SePh (4) is higher for the α,β-acetylenic esters (31.9 

kcal/mol) than for the α,β-acetylenic ketones (19.2 kcal/mol), 

experimentally we observed that at 50 ᵒC the reaction of pinB-SePh (4) with 

α,β-acetylenic esters can also take place affording the β-selenated products.  

     Experimentally we explored the reactivity with representative substrates 

that combines aryl and alkyl groups in the β-position, as well as sterically 

differentiated esters groups. The starting reaction conditions were the same 

as for the selenoboration/protonolysis of acetylenic ketones, and after 

optimization it was found that substrate 63, could be quantitatively 

performed with 1.1 equivalents of pinB-SePh (4). In Table 3.6 is summarized 

the results for the substrate scope of the β-selenation/protonolysis of α,β-

acetylenic esters. 
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Table 3.6. β-Selenation of α,β-acetylenic esters, via 1,4-selenoboration/ 

protonolysis a 

 

Entry Substrate Product 
NMR yield 

(%)b 
I.Y. 

(%)c 

1 

  

82 74 

2 

  

90 79 

3 

  

89 78 

4 

  

75 72 

5 

  

88 69 

aReaction conditions: α,β-acethylenic esters (0.2 mmol), pinB-SePh (1.1 equiv.), 
MeOH (0.15 mL), at 50 ᵒC for 16 h. bYields were determined by 1H NMR analysis of 
the crude reaction mixture with naphthalene as an internal standard, which was 
added after the reaction. cI.Y.= isolated yield. 

     The substrate ethyl 3-phenylpropiolate (63) afforded the product ethyl 

(Z)-3-phenyl-3-(phenylselanyl)acrylate (Z-64) in a moderate NMR yield 

with high regioselectivity towards the beta position and stereoselectivity 

towards the Z-isomer (Table 3.6, entry 1). When the reaction was performed 

with 65, a slightly improvement of the conversion was detected in the 

formation of the product Z-66 presenting a Z-conformation in the double 

bond (Table 3.6, entry 2). This improvement could be due to the MeO nature 

of the ester group. 
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     The formation of the β-selenated-α,β-unsaturated ester was not 

significantly affected by adding an electron donating group in the beta 

position as in the case of ethyl 3-(4-methoxyphenyl)propiolate (67) (Table 

3.6, entry 3). To study the effect of the ester substituent, we run the reactions 

with substrate 67, propyl 3-(4-methoxyphenyl)propiolate (69) and 

isopropyl 3-(4-methoxyphenyl)propiolate (71) which contain the EtO-, PrO- 

and iPrO- group respectively (Table 3.6, entries 3-5). No significant effect on 

the conversion was observed. It seems that it is a robust methodology 

because neither steric nor electronic changes introduced in the substrates 

affected the 1,4-selenoboration followed by protonolysis towards the 

desired β-selenated α,β-unsaturated esters.  

 

The exclusive formation of the Z-isomer was confirmed by spectroscopic on 

the full characterization of product Z-64 by X-Ray diffraction (Figure 3.2). 

The single crystal was obtained from a mixture of acetonitrile and pentane 

at room temperature. 

 

Figure 3.2. X-Ray Diffraction figure of Z-64. 
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     The proposed mechanism for this reaction follows the same pathway as 

in the case of ynones. The activation of boron atom through the interaction 

of the lone pair of the oxygen of the carbonyl with its p-empty orbital group 

leads to intermediate A.  

     In this intermediate the nucleophilicity of the PhSe- moiety is enhanced, 

this fact allows the selenium attack to the electrophilic position of the β 

carbon of the triple bond yielding the 1,4 selenoborated allene intermediate 

B. After protonolysis of the intermediate B with methanol, the desired β-

phenylselenium-α,β-unsaturated ester is formed with a preferred Z-

conformation (Scheme 3.15). 

 

Scheme 3.15. Mechanistic proposal for the addition to α,β-acetylenic esters. 

     In 2012, our group reported the role of trialkyl phosphines in the β-

boration reaction of α,β-unsaturated carbonyl compounds without using any 

Brönsted bases. The PR3 becomes essential to interact with the substrate 

resulting in the formation of a phosphonium cation that forms an ion pair 

with a borate anion (Scheme 3.16).18 

 

Scheme 3.16. Ion pair formation by methoxy borate complex and phosphonium. 

     When a phosphine interacts with an α,β-acetylenic ester, the formation of 

a zwitterionic phosphonium allenolate is expected (Scheme 3.17).19  
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This kind of zwitterionic species change the reactivity pattern of the triple 

bond, redirecting the nucleophilic attack from the normal β-position to the 

abnormal α-position.20 

 

Scheme 3.17. Formation of a zwitterionic phosphonium allenolate 

     In 1997, Trost and co-workers studied the phosphonium intermediate 

formation for the synthesis of dehydroamino acids derivatives. They were 

able to add phthalimide or sulfonamides in the alpha position of ethyl 

phenylpropiolate. The desired products were obtained in moderate to high 

yields and with high regioselectivity to the Cα (Scheme 3.18).21 

 

Scheme 3.18. α-Addition of nitrogen nucleophiles to conjugated alkynoates 

     Later, in 2002, it was reported a tandem reaction to construct 

heterocycles. The first reaction was a phosphine-catalyzed umpolung 

addition and then an intramolecular conjugate addition. When ethyl 

propiolate was mixed with a bifunctional nucleophile in the presence of 

catalytic amount of triphenylphosphine, the tandem reaction took place 

leading the desired heterocycle (Scheme 3.19).22 

 

Scheme 3.19. Synthesis of heterocycles via phosphine-catalyzed umpolung 

addition and intramolecular conjugate addition. 
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     More recently, Sawamura and co-workers took advantage of the 

phosphine addition to ynoates to perform the 3,4-anti-addition of 

silylboranes and diboranes. 

    They used tributylphosphine as catalyst and performed the reaction 

without solvent at 80 ᵒC, for 8 hours. The 3,4-anti-silaborated products are 

obtained in moderated to high yields (Scheme 3.20), with the C-Si bond 

located in the alpha position. 

 

Scheme 3.20. Phosphine-catalyzed silaboration of α,β-acetylenic esters. 

     The postulated reaction mechanism (Scheme 3.21) starts with the 

interaction of the phosphine with the substrate forming the zwitterionic 

allenolate intermediate A which is further stabilized by the interaction of the 

negative charge of the oxygen with the empty p orbital of the silylborane. 

This later interaction increase the nucleophilicity of the silicon atom that 

attacks the sp carbon of the allene, which is the most electrophilic position. 

This attack generates the ylide intermediates (B1/B2). Next, the ylide 

carbon of B2 attacks the B-atom to form borate C. Finally, the B-O bond is 

cleavage producing the elimination of PBu3 and affording the 3,4-anti-

silaborated product. 
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Scheme 3.21. Mechanism for the silaboration of ynoates proposed by Sawamura 

     With all this precedents in mind, we wanted to perform the 3,4-anti-

selenoboration of α,β-acetylenic esters with pinB-SePh (4) catalyzed by a 

phosphine.  

     Using ethyl phenylpropiolate (63) as a model substrate, we run the first 

reaction with pinB-SePh (4) under the Sawamura’s reaction conditions. 

When the substrate and the phosphine were together in the schlenck tube a 

change of color from yellow to red was observed. This fact might be due to 

the interaction of the phosphine to the beta position. However, no desired 

product was observed (Table 3.7, entry 1). 

    Then we performed the reaction under the same conditions but with less 

basic phosphines, shuch as PCy3 and PPh3. In the case of PCy3 the desired 

product was detected in a 66% NMR yield (Table 3.7, entries 2-3). In the 

absence of phosphine, the reaction did not take place. (Table 3.7, entry 4). 

Shorter reaction times seems not to affect to the product formation (Table 

3.7, entry 5). Since 4 suffers from thermal decomposition, running the 

reaction at room temperature was the next attempt but conversion to the 
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3,4-anti-selenoborated product was similar to the one at 50 ᵒC (Table 3.7, 

entry 6). 

     When the amount of phosphine was increased to 15 mol% the product 

formation was improved up to 71% NMR yield (Table 3.7, entry 7). In order 

to get a better stirring of the reaction, 0.15 mL of THF was added. Increasing 

the amount of pinB-SePh did not improve the reaction outcome (Table 3.7, 

entries 8 and 9). 

Table 3.7. Optimization for the 3,4-anti-selenoboration of 61 with pinB-SePh (4) a 

 

Entry PR3  pinB-SePh T (ᵒC) Time (h) NMR Yieldb (%) 

1 10 mol% PBu3 1.1 equiv. 50 ᵒC 16 h - 

2 10 mol% PPh3 1.1 equiv. 50 ᵒC 16 h - 

3 10 mol% PCy3 1.1 equiv. 50 ᵒC 16 h 66% 

4 - 1.1 equiv. 50 ᵒC 16 h - 

5 10 mol% PCy3 1.1 equiv. 50 ᵒC 8 h 66% 

6 10 mol% PCy3 1.1 equiv. r.t. 8 h 67% 

7c 15 mol% PCy3 1.1 equiv. r.t. 8 h 71% 

8c 15 mol% PCy3 1.5 equiv. r.t. 8 h 65% 

9c 15 mol% PCy3 2 equiv. r.t. 8 h 67% 

a All reactions are carried out at 0.2 mmol scale of substrate.  b NMR Yields were determined by 
1H NMR analysis of the crude reaction mixture with naphthalene as an internal standard, which 

was added after the reaction. c The reaction was run with 0.15 mL of THF to solubilize all the 
solids. 

     The optimized conditions for ethyl phenylpropiolate (63) were 15 mol% 

of PCy3, with 1.1 equiv. of 4, in THF (0.15 mL) at room temperature for 8 

hours but when the scope was extended, it was found that 16 hours of 

reaction was better for the generality of the reaction. The generality of the 

reaction was explored with substrates 67, 69 and 71. 
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     The addition of the Bpin moiety at the β-position of the substrates is 

confirmed by NMR data and in particular by the interaction between the O 

from the carbonyl group and the B, with a shifted 11B NMR signal to higher 

field (δ: 27-28 ppm), as it can be seen in products 74, 76 and 78 (Scheme 

3.22). 

 
Scheme 3.22 anti-3,4-selenoboration of α,β-acetylenic esters. 

     When the reaction was performed with methyl non-2-ynoate 65 traces of 

the desired product were detected by NMR. This decrease on the product 

formation can be justify by possible phosphine induced isomerization of 

alkynoates to 2,4-dienoates (Scheme 3.23).23 

 

Scheme 3.23. Suggested mechanism for the phosphine induced isomerization of 

alkynoates to 2,4-dienoates. 
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     Moderate NMR yields were obtained for the 3,4-anti-selenoboration 

without being affected by the substituents next to the triple bond or the ester 

substituent, but low isolated yields were achieved after purification. 

     Deactivation of the silica with triethyl amine, to avoid decomposition of 

the 3,4-anti-selenoborated products, results in a total retention in the 

column due to the adduct formation between the boron and the free amine. 

     To try to avoid this problem we decided to further functionalize the boron 

moiety due to its high versatility. We plan a one pot procedure to generate 

the corresponding α-phenylselenated compounds from the anti-3,4-

selenoboration products via protodeboronation process. This methodology 

requires the treatment of the reaction crude with with K2CO3 at 70ºC for 2 

h.24 This one pot procedure afforded products 77, 78, 79 and 80 in moderate 

values, representing the first attempt to obtain those high valued products 

(Scheme 3.24). 

 

Scheme 3.24. α-Selenation of α,β-acethylenic esters via anti-3,4-selenoboration 
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3.4. Conclusions 

     We reported a more flexible and reliable route to stereodefined Z-alkenyl 

selenides and Z-alkenyl sulfides through the powerful “pull-push” properties 

of Bpin units in the chalcogenoborate reagents pinB-SePh (4), pinB-SPh (1) 

and pinB-SBn (3) when react with ynones. The reaction is performed in a 

metal free context without any additive except MeOH as solvent. The 

mechanistic proposal allows to justify and to understand the selectivity of 

the reaction outcome. 

     When the reaction is carried out in the presence of tricyclohexyl 

phosphine a different outcome is observed. The formation of an anti-3,4-

selenoborated product takes place through the formation of a zwitterionic 

phosphonium allenolate. After protodeboronation process with K2CO3 at 70 

ᵒC, the corresponding α-phenylselenated compounds were obtained in 

moderate values being the first reported method to synthesize these high 

valued compounds. 
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Chapter 4 

1,1-Addition of pinB-SR to trimethylsilyl 

diazomethane followed by selective 

alkylations 
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4.1. Introduction 

     Diazo compounds are ambiphilic reagents and constitutes a very versatile 

and powerful tool that have been extensively applied in synthetic organic 

chemistry.1 The gem-difunctionalization to the carbon center of the diazo 

compound by the direct introduction of two functional groups, has attracted 

much attention recently.2 

     Among the reactivity of diazo compounds, it has been described three 

major reaction mechanisms for the dinitrogen elimination processes that 

involve different reactive intermediates.3 The first methodology involves the 

formation of a metal-carbene species (Scheme 4.1, path a) from the 

corresponding diazo compound and a metal carbene. Another possibility is 

the one proceeding via a procarbonium ion intermediate (Scheme 4.1, path 

b), which occurs through the attack of the nucleophilic carbon center of the 

diazo group to an electrophile followed by the attack of an external 

nucleophile with the concomitant N2 release. The third way involves the 

formation of the free carbene intermediate through thermolysis or 

photolysis (Scheme 4.1, path c). 

 

Scheme 4.1. Reaction mechanisms for the difunctionalization of diazo compounds. 
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     Concerning the diazo compound reactivity via the metal-carbene, many 

reactions have been reported. For example, unsaturated double bonds can 

be converted into three-membered ring (epoxidation, cyclopropanation or 

aziridination).4 Saturated bonds can also be functionalized via diazo 

compound insertion into the σ-bond.5 

     Rhodium and copper-based catalyst have been extensively used in the 

formation of the metal-carbene from the diazo compound to be inserted into 

the σ-bond.6 For example the use of a rhodium(II)-catalyst afforded the 

alkoxylation/acetalization of substituted diazo compounds. The reaction 

proceeds at room temperature, in one hour, and yields the products wearing 

a substituted quaternary center in moderate yields (Scheme 4.2).7 

 

Scheme 4.2. Rhodium(II)-catalyzed diazo compound insertion into C-O bond. 

     In 2008, it was reported that a copper (II) can catalyze the carbenoid 

insertion into Si-H bonds. By using spirodiimine ligands, a wide range of α-

silylesters were produced in high yields (Scheme 4.3).8 

 

Scheme 4.3. Copper(II)-catalyzed diazo compound insertion into Si-H bond. 

      Concerning the metal-carbene formation from diazo compounds, gold(I) 

complexes has experimented a rapid development. In 2005 was reported the 

first of a gold-based catalyst for the decomposition of ethyl diazoacetate.9 
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     By using a [(IPr)AuCl] catalyst they were able to generate the 

corresponding gold-carbene from ethyl diazoacetate and perform 

cyclopropanations, insertions into C-N and C-O bond (Scheme 4.4). 

 

Scheme 4.4. Gold(I) catalyzed diazo compound insertion. 

     An example of reaction, that proceed via procarbonium ion intermediate, 

is the one reported by Murphy and co-workers. They were able to carried 

out the α,α-dihalogenation of diazoacetate derivatives. By using 

iodobenzene dichloride they were able to obtain the desired products in 

high yields and short reaction times (Scheme 4.5).10 The pyridine is used  in 

catalytic amount to activate the iodane to give electrophilic salt. When they 

used TolIF2 they were able to perform the defluorination at the same 

position. 

 

Scheme 4.5. Dichlorination reaction of diazoacetate derivatives. 

     Concerning processes via free carbene generated from thermolysis or 

photolysis from diazo compounds, Davies and co-workers reported in 2012 

the thermal decomposition of aryldiazoacetates in the absence of a metal 

catalyst to be inserted into N-H bonds.11 
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     The insertion of diazo compounds into boron containing reagents affords 

a valuable synthetic strategy towards the preparation of unprecedented 

organoboranes.12  

     The insertion of diazocompounds into B-H bonds has been described by 

the attack of the nucleophilic carbon center of the diazo group from diphenyl 

diazomethane to the B in catecholborane ((C6H4O2)BH) to yield the 

corresponding organoborane in 97% yield within 2 h, at room temperature 

(Scheme 4.6).13  

 

Scheme 4.6. Diphenyl diazomethane insertion into B-H bond of catecholborane. 

     Alternatively, certain Rh(I) complexes are able to catalyze the insertion of 

α-diazoketones into the B-H bonds of amine-borane adducts to give valuable 

α-boryl ketones. These Rh-catalyzed B-H insertions can be performed 

enantioselectively simply by using an appropriate chiral ligand.14 

 

Scheme 4.7. Asymmetric B−H insertion reactions of α-diazoketones. 

     N-heterocyclic carbene-boranes (NHC-boranes), which are typically 

white solids, that are stable to air and water, react with diazocarbonyl 

compounds to promote the rhodium-catalyzed insertion into B-H bond. This 

reaction presents broad functional group tolerance in both the NHC-borane 

and diazo carbonyl component and produces α-NHC-boryl carbonyl 

compounds in moderate yields (Scheme 4.8).15 
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Scheme 4.8. Rh(II) catalyze insertion of diazo compounds into NHC-boranes. 

     At the same time it was reported the use of phosphine-borane adducts for 

diazocarbonyl compounds insertion. In this case, they used a copper (I) 

metal catalyst with a chiral spiro-bisoxazoline ligand to build a new C-B bond 

with high yield and enantioselectivity under mild reaction conditions 

(Scheme 4.9).16 

 

Scheme 4.9. Enantioselective copper-catalyzed B−H bond insertion reaction. 

     The insertion of diazo compounds into B-Cl bond is a good strategy to 

afford α-chloroboranes. B-chlorocatecholborane reacts rapidly with 

diazodiphenylmethane affording the inserted product at room temperature 

in 1 h. The final product was further stabilized by adding triethylphosphine 

oxide to generate the corresponding adduct (Scheme 4.10).13 

 

 

Scheme 4.10. Diazodiphenylmethane insertion into B-Cl bond. 
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     1,1-diborylalkanes can be synthesized through insertion into B-B bond. 

Srebnik and co-workers reported that diazomethane can insert into B2pin2 

using tetrakis(triphenylphosphine) platinum (0) as catalyst with high 

product formation (Scheme 4.11 a).17 Later they optimized the reaction 

conditions to be able to use substituted diazo compounds to synthesize 

substituted α,α-diborilated products in moderate yields (Scheme 4.11, b).18 

 
Scheme 4.11. Insertion of a) diazomethane and b) diazoalkanes into B2pin2. 

     The proposed mechanism for the insertion of substituted diazo 

compounds into bis(pinacolato)diboron reported by Srebnik and co-

workers starts by an activation of the B-B bond by an oxidative addition of 

B2pin2  to the Pt(0) complex to form a bis-(boryl) platinum(II) intermediate 

(A). This is followed by the insertion of a generated carbene by thermal 

decomposition of the diazo compound into the B-Pt bond to form B, and 

finally a reductive elimination generates the desired product C (Scheme 

4.12). 

 
Scheme 4.12. Proposed catalytic cycle for the platinum catalyzed diazo compound 

insertion into bis(pinacolato)diboron. 
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     In 2014, Kingsbury and co-workers extended the reaction scope of 

Pt(PPh3)4 catalyzed diazoalkanes insertion into B2pin2 and reported the 

concomitant C-B functionalization of the products through deboronation 

followed by substitution methodology.19 This functionalization is 

complementary to the previous one reported by Shibata and co-workers 

where two consecutive Suzuki–Miyaura cross-coupling reactions were 

performed on 1,1-diborylalkanes.20 

     The insertion of diazo compounds into B-Si bond introduces 

simultaneously a silyl group at the same carbon as the boron moiety is 

introduced. The reaction of silyl-catecholborane with ethyl diazoacetate has 

been reported to generate the desired product in 3 hours at 0 ᵒC (Scheme 

4.13).21 

 

Scheme 4.13. Insertion of ethyl diazoacetate into B-Si bond. 

     Another strategy to introduce a -SiR3 moiety in the final product is to 

perform insertion reactions with trialkylsilyldiazomethane (R3SiCHN2) 

because after reaction, the SiR3 functional unit is present in the product. For 

that reason, different examples of (CH3)3SiCHN2 insertion into B-C bond have 

been reported. 

     It was reported that the products obtained from hydroboration of alkenes 

with catecholborane undergo insertion with an excess of 

trimethylsilyldiazomethane in THF at reflux during 12 hours (Scheme 

4.14).22 

 

Scheme 4.14. Trimethylsilyldiazomethane insertion into C-B bond. 
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     Me3SiCHN2 can also be inserted into a cyclic B-C bond of B-MeO-9-BBN, 

despite the fact that temperatures about 70 ᵒC are needed for achieving 

quantitative conversions of B-MeO-10-TMS-9-BBD (Scheme 4.15 a).23 Also, 

it has been described that catecholborane derivatives can react with an 

excess of (CH3)3SiCHN2 to generate α-borylsilanes in high yields (Scheme 

4.15 b).13 

 

Scheme 4.15. Me3SiCHN2 insertion into B-C bond to generate α-borylsilanes. 

     The diazo compounds with no electro-withdrawing substituents, such as 

diazoalkanes and arylsubstituted diazomethane derivatives, are generally 

unstable and difficult to handle. They can be prepared in situ by base 

promoted decomposition of tosylhydrazones.24 

     The tosylhydrazones are synthesized from the condensation reaction of 

tosylhydrazine with the corresponding ketone or aldehyde (Scheme 4.16). 

They have been used in many reported metal-catalyzed reactions25 as cross-

coupling reactions.26 More interesting diazo compounds generated from 

decomposition of tosylhydrazones have been reactive in metal-free 

insertion into B-H and B-B bonds.12 

 

Scheme 4.16. Diazo compound generated from decomposition of tosylhydrazones 
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     In 2012, Wang and co-workers reported the use of tosylhydrazones to 

react with bis(pinacolato)diboron and pinacolborane to generate new C-B 

bond.27 When B2pin2 was used with the in situ generated diazo compound, 

which were obtained from aldehydes, the diazo compound was inserted into 

de B-B bond with concomitant protodeboronation of one Bpin moiety 

(Scheme 4.17 a). The reaction afforded the new C-B bond in moderated to 

high yields and was shown to be sensitive to steric hindrance in the diazo 

compound. 

      The desired products were obtained in high yields when less sterically 

demanding diazo compounds were inserted in less sterically demanding B-

H bonds (Scheme 4.17 b). 

 

Scheme 4.17. Synthesis of new C-B from insertion of tosilhydrazones into B-B and 

B-H bonds. 

     Subsequently, the same group published the synthesis of 1,1-

diborylalkanes and the synthesis of 1-boryl-1-silylalkanes through the 

reaction of tosylhydrazones with B2pin2 or pinB-SiMe2Ph under transition 

metal free conditions.28 They used a large variety of ketones and aldehydes 

to generate the tosylhydrazone, which in presence of sodium hydride 

formed the tosylhydrazone sodium salt and decomposed at 110 ᵒC to 

produce the diazo compound which react with bis(pinacolato)diboron and 

silylborane yielding the desired products in moderate to high yields (Scheme 

4.18). 

UNIVERSITAT ROVIRA I VIRGILI 
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARÁLISIS CEREBRAL 
Marc Garcia Civit  
 



4. 1,1-Addition of pinB-SR to trimethylsilyl diazomethane followed by selective 
alkylations  

98 
 

 

Scheme 4.18. Synthesis of 1,1-diborylalkanes and 1-boryl-1-silylalkanes through 

diazo compound insertion into B-B and B-Si bond. 

     More recently, our group, has experimentally proved the unsymmetrical 

1,1-diboration of diazo compounds, formed in situ from aldehydes and cyclic 

and non-cyclic ketones, in the absence of any transition metal complex.29  

     The use of pinB-Bdan (dan = 1,8-diaminonaphthalene) for the synthesis 

of two geminal C–Bpin and C–Bdan bonds afforded the desired products in 

moderate to high yields (Scheme 4.19). Diastereoselection could be achieved 

for the substituted cyclic diazo compounds due to a combination of repulsive 

1,3-diaxial and 1,2-cis interactions with the diboron reagent. 

 

Scheme 4.19. Metal-free 1,1-diboration of an unsymmetrical pinB–Bdan diboron 

reagent to aldehydes and ketones, via diazo compounds. 

 

4.2. Motivation 

     With all those precedents in mind and based on the previous work done 

in our group about the insertion of diazo compounds into the unsymmetrical 

B-B bond of pinB-Bdan, we became interested in the study of the insertion 

of diazo compounds into B-S bond.  
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     In particular, we were interested to explore the insertion of 

trimethylsilyldiazomethane (81) into pinB-SPh (1) and pinB-SBn (3) 

reagents, to have access to the direct synthesis of main group, 

multisubstituted sp3 carbons (Si, B, S). The concomitant functionalization of 

those HC(SR)(Bpin)(SiMe3) compounds contribute to enhance the synthesis 

of structurally diverse molecules. We plan to perform deborylative 

alkylation, desilylation and deprotoalkylation (Scheme 4.20). 

 

Scheme 4.20. Strategic trimethylsilyldiazomethane insertion into pinB-SR, 

followed by selective functionalizations. 

 

4.3. Results and discussion 

     To verify experimentally the above hypothesis, we started the study by 

optimizing the insertion of the commercially available Me3SiCHN2 (81) with 

pinB-SPh (1).  

Working in a 0.2 mmol scale, we decided to use 2 equivalents of 81 in the 

reaction with 1 equivalent of 1 to achieved full conversion of the inserted 

products. 
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     When the reaction was performed at 50 ᵒC during 16 hours, quantitative 

yield for HC(SPh)(Bpin)(SiMe3) (82) was achieved but we found that 

decreasing the reaction time to 6 hours the conversion was not affected.  

     Then the reaction was also performed with pinB-SBn (3) to produce 

HC(SBn)(Bpin)(SiMe3) (83) but higher temperatures and longer reaction 

times were needed to achieve full conversion (Scheme 4.21). 

 

Scheme 4.21. Optimized reaction conditions for insertion of Me3SiCHN2 into pinB-

SR. 

     In pinB-SPh (1) the lone pair of the sulfur has a double delocalization in 

the p-empty orbital of the boron atom and the π-system of the phenyl ring, 

but in the case of pinB-SBn (3), it has only the delocalization through the 

boron atom. This fact increases the occupancy of the p-orbital of the boron 

and consequently the B-S bond strength, this is in agreement with the more 

energetically demanding reaction conditions for the insertion of 

trimethylsilyldiazomethane (81) into the B-S bond of 3 than into the B-S 

bond of 1. 

     The mechanism or the insertion of Me3SiCHN2 (81) into the B-S σ-bond, 

might be understood as an initial interaction of the nucleophilic diazo carbon 

to the electron deficient boron atom in pinB-SR. This might be followed by a 

1,2-migration of the SR moiety to afford the α,α-substituted product and the 

concomitant release of dinitrogen (Scheme 4.22).  
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A similar mechanism was already postulated by DFT calculations using pinB-

Bpin or pinB-Bdan and CH3CHN2 as the model diazoalkane, suggesting a 

concerted, yet asynchronous mechanism.29 

 

Scheme 4.22. Suggested mechanism for the insertion of Me3SiCHN2 into pinB-SR. 

     Interesting, it was possible to perform the insertion reaction in a gram 

scale achieving 95% isolated yield for 82 and 93% isolated yield for 83. The 

main difference between the reactions carried out at 0.2 mmol scale and the 

ones carried out at gram scale was the nitrogen elution, for that reason the 

scaled-up reactions were carried out in a screw-cap Schlenck reaction tube 

to control the overpressure inside the reaction flask. 

     The empty p-orbital of the boron moiety is responsible of the Lewis 

acidity of the pinB-SR reagent and allows the insertion reaction and also 

might induce deborylative alkylation sequence from products 82 and 83. 

Due to the high oxophilicity of the boron atom the sodium tert-butoxide base 

was selected to promote the alkoxide-induced deborylation, as described for 

the generation of α-boryl carbanions from germinal (bis)boronates.30 Alkyl 

halides were selected as the electrophilic alkylating reagent because halides 

are good leaving groups. Reagent 82 and 1-bromotetradecane (84) were 

used as model reagents to establish the alkylation reaction. The optimized 

reaction conditions required 1 equivalent of the nC14H29Br with an excess of 

82 (1.3 equiv.) in THF. An excess of 82 versus the alkyl halide was used to 

discard any plausible decomposition along the reaction.  
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     Within 3 h, at room temperature, the α-silyl sulfide 85 was observed in 

84% yield (Table 4.1, entry 1). Longer reaction times did not provide any 

higher conversions. 

Table 4.1. Substrate scope of deborylative alkylation of 82a 

  

Entry Substrate Product 
NMR 

Yield (%)b 

Isolated 

Yield [%] 

1  84 
 

85 84 65 

2  86 
 

87 69 56 

3  88 
 

89 84 81 

4  90 
 

91 73 71 

5  92 
 

93 80 74 

6  94 
 

95 85 78 

7 
 

96 
 

97 80 75 

8  98 
 

99 67 61 

9  100 
 

101 71 67 

10  102 
 

103 81 - 

11 
 

104 
 

105 71 68 

12 
 

106 
 

107 40 15 

aReaction conditions: R−X (0.077 mmol), HC(Bpin)(SiMe3)(SR) (1.3 equiv.), NaOtBu (4 
equiv.), THF (0.5 mL), at r.t. for 3 h. bYields were determined by 1H NMR analysis of the crude 
reaction mixture with 1,4-dinitrobenzene or naphthalene as an internal standard, which were 
added after the reaction. 
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    When a less sterically hindered alkyl bromide was used, as 1-

bromobutane (86), the deborylative alkylation took place in 69% yield of the 

corresponding α-silyl sulfides 87 (Table 4.1, entry 2). After that, we wanted 

to compare the leaving group ability of Br in front of Cl and F. For that reason, 

we conducted the reaction with 1-bromo-4-fluorobutane (88) and 1-bromo-

4-chlorobutane (90) with reagent 82 and interesting the deborylative 

alkylation took place on the C-Br bond to generate 84% of 89 and 73% of 

91. In both cases the new C-C bond was formed selectively at the C-Br site, 

leaving the C-F and the C-Cl bonds intact (Table 4.1, entries 3 and 4). The 

bromine atom is a better leaving group because its high atomic radius 

stabilizes better the negative charge. 

     Alternativelly, the alkylation of cinnamyl chloride (92) was performed to 

generate the SN2-type product (E)-trimethyl(4-phenyl-1-(phenylthio)but-3-

en-1-yl)silane (93) in 80% yield. In this case, the reaction of the less reactive 

C-Cl bond took place due to the transition state stabilization through the 

conjugate system, the partial positive charge generated in the carbon 

bearing the halogen is stabilized by the double bond conjugated to the 

phenyl ring (Table 4.1, entry 5). 

     Other substrates with the ability of give extra stabilization in the 

transition state, as the ones bearing the bromine in allylic, benzylic or 

propargylic position as 3-bromo-2-methylprop-1-ene (94), 

(bromomethyl)benzene (96) and 1-bromopent-2-yne (98) respectivelly, 

afforded the corresponding α-silyl sulfides 95,97 and 99 in high yields 

(Table 4.1, entries 6-8). 

     The compatibility of other functional groups with respect to the base-

mediated deborylative alkylation was demonstrated with a substrate 

bearing a terminal double bond in the carbon chain, substrate 10-bromodec-

1-ene (100).  
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     In this case, the corresponding product trimethyl(1-(phenylthio)undec-

10-en-1-yl)silane (101) was nicely formed without any interaction of 81 

effect to the unsaturated bond ( 

Table 4.1, entry 9). Even more notable is the example where the substrate 

contains an epoxide ring, 2-(bromomethyl)oxirane (102), that remained 

untouched after the deborylative alkylation affording product 103 in high 

yields, but unfortunately was not possible to isolate it due to its 

decomposition during purification protocol (Table 4.1, entry 10). 

     More challenging substrates, as secondary alkyl halides, were used in the 

deborylative alkylation. We expected a decrease of the conversion because 

this kind of substitutions are affected by steric hindrance around the 

halogen.  

     In the case of diisopropyl iodide (104), the decrease of reactivity due to 

the steric hindrance is balanced with the better leaving group ability of the 

iodide, the reaction afforded trimethyl(2-methyl-1-(phenylthio) 

propyl)silane 105 in 71% yield (Table 4.1, entry 11). The use of more 

sterically hindered secondary alkyl electrophile, such as 

diphenylbromomethane (106) afforded the germinal thiosilane product 

(2,2-diphenyl-1-(phenylthio)ethyl)trimethylsilane (107) in 40% yield 

(Table 4.1, entry 12). This demonstrated that the deborylative alkylation of 

compound 82 tolerated a broad substrate scope, even for the most 

challenging electronic and steric secondary alkyl halides. 

      This two-step insertion/deborylative alkylation methodology constitute 

an unprecedented protocol for the synthesis of α-silyl sulfides. 

     When the deborylative alkylation was performed between 

HC(SBn)(Bpin)(SiMe3) (83) and 1-bromotetradecane (84) as electrophile, 

with NaOtBu as base, a mixture of products was detected in the crude of the 

reaction.  
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     It was possible identify three different products in the reaction media. The 

protodeboronated specie from 83 was detected in 11% yield (108), the 

desired alkylated product was detected in 20% yield (109) and a 

constitutional isomer of the α-silyl sulfide (110) in 40%. The similar polarity 

of the products 108 and 109 hampered its proper isolation from the 

reaction media.  

 

Scheme 4.23. Deborylative alkylation of 83 with 1-bromotetradecane (84) and 

NaOtBu. 

     Neither by increasing not decreasing the equivalents of base the reaction 

became cleaner. When we used sodium methoxide, as base the formation of 

((benzylthio)methyl)trimethylsilane (108) was favored up to 88% yield 

(60% isolated yield). This can be explained with the better ability of 

methoxide to interact with the boron due to the less steric hindrance around 

the oxygen of the base.  

     The formation of the unexpected compound 110 could be explained as a 

result of a thia-Somelet-Haüser rearrangement. In this kind of processes an 

intramolecular [2,3]-sigmatropic rearrangement of sulfonium salt to ortho-

substituted benzyl sulfides by means of the treatment with strong base could 

take place.31  Suggested mechanism to understand the formation of 

compound 110 is shown in Scheme 4.24. When the reagent 83 reacts with 

the base a borate complex (D) is formed. This complex can follow two 

different pathways: if the Bpin moiety is eliminated, the anion E is form and 

can be alkylate with the electrophile to form product 109 troughout 

deborylative alkylation.  
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     If the lone pair of the sulfur attacks the electrophile in the intermediate D 

the betaine F is formed which can rearrange to form 110 or loss the Bpin 

moiety to form the ylide G, which can also rearrange to form 110. 

 

Scheme 4.24. Tentative suggestion to the formation of compound 109 or 110. 

     To study the possibility of the formation of product 110 from the ylide G 

a blank experiment from 108 was carried out under the same reaction 

conditions. Our work hypothesis was that product 108, obtained from the 

protodeboronation of 83 with NaOMe, can undergo a possible thia-

Sommelet-Haüser rearrangement as is shown in Scheme 4.25. The 

sulfonium salt H, generated from alkylation in the sulfur atom of 108 by 

interaction of its lone pair and the alkyl halide nC14H29Br, can interact with 

the base to generate the sulfur ylide than can rearrange to form the product 

110. 

 

Scheme 4.25. Possible thia-Sommelet-Haüser rearrangement from 108. 
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     Experimentally, when we exposed compound 108 with 1-

bromotetradecane (84) in the presence of 4 equivalents of NaOtBu at room 

temperature for 3 hours, the substrate was unalterated (Scheme 4.26). This 

blank reaction proved that the formation of compound 110 cannot go 

through 108 and might require the presence of the borate complex A to 

generate the betaine C which after rearrangement produces 110. 

 

Scheme 4.26. Deborylative alkylation applied to 108 as a blank reaction. 

     Another functionalization that we also explored was the desilylative 

alkylation of compound 83 with the model alkylating reagent 1-

bromotetradecane (84) in the presence of TBAF (4 equivalents ), due to the 

high affinity of silicon atom with fluorides. After stirring for 1.5 hours 

complete conversion towards the protodesilylated product 111 (85% NMR 

yield, 67% isolated yiled) was observed with no detection of the alkylated 

product. No surprisingly, the same reaction outcome was observed in the 

absence of the electrophile nC14H29Br, with no effect on the yield. When the 

reaction was performed with substrate 81 the protodesilylated product 112 

was formed in 66% isolated yield (Scheme 4.27). 

 

Scheme 4.27. Desilylation of 83 and 82 to afford 111 and 112. 

     The possible explanation to justify thaht the desilylation took place 

instead of the desilylative alkylation can be related to the extra stabilization 

that the p-empty orbital of the boron gives to the anion that is generated in 

situ, which cannot be alkylated but it is protonated after work up. 
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     Next, we turned our attention to the SN2 alkylations that involve α-boron 

and α-silyl stabilized carbanions generated through deprotonation of 81. 

When we used lithium 2,2,6,6-tetramethylpiperazine (LTMP)32 and 

cinnamyl chloride 92 compound 113 was formed up to 70% isolated yield. 

The reaction with benzyl bromide 96 was also possible affording product 

114 in moderate isolated yield. 

 

Scheme 4.28. Deprotonation followed by alkylation of substrate 82. 

     This deprotonation alkylation methodology is a straightforward tool to 

synthesize high functionalized products. The scope of the reaction of 

HC(SR)(Bpin)(SiMe3) with LTMP and different alkyl halides was done by my 

co-worker Jordi Royes. He also studied a concomitat functionalization of the 

highly-functionalized products 115 and 116 (Figure 4.1), synthesized 

through the LTMP protocol, through highly-functionalized products.33 

 

Figure 4.1. Highly-functionalized products used for further functionalization. 
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4.4. Conclusions 

     The trimethylsilyldiazomethane insertion into the B-S σ-bond of pinB-SPh 

(1) and pinB-SBn (3) has been achieved in quantitative yields even in a gram 

scale. The HC(SR)(Bpin)(SiMe3) products have been further functionalized. 

     The deborylative alkylation of HC(SPh)(Bpin)(SiMe3) (82), via NaOtBu, 

can be performed with a wide scope of alkyl halides.  

The deborylative alkylation of compound 83, produced a rearranged 

product 110 probably formed via a Sommelet-Haüser process. 

     When using TBAF as a base the desilylation of the inserted products I 

favored, while the use of LTMP facilitates the deprotonation/alkylation of 

the α-boron, α-silyl stabilized carbanion.  
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5.1. Chapter 2. 1,4-Addition of pinB-SR to activated 

olefins 

     In this chapter, we have reported the direct synthesis of β-sulfido 

carbonyl compounds through thioboration/protonation methodology. The 

reaction between activated olefins and thiodioxaborolanes pinB-SPh, pinB-

STol and pinB-SBn afforded the 1,4-addition products in moderate to good 

isolated yields. 

     A wide substrate scope is tolerated including cyclic and acyclic α,β-

unsaturated ketones and aldehydes. Substrates can have bonded to the β-

position alkyl or aryl substituents with electron-donating or electron-

withdrawing groups. 

     The reaction take place at room temperature in THF with no need of any 

catalyst, additive or base. By the simple activation of the Bpin moiety with 

the carbonyl group the new C-S bond is created in 15 reported examples. 

     After the thioboration, 1,4-addition and 1,2-addition intermediates have 

been detected in the reaction crude. Its formation depends on the nature of 

the substrate where acyclic ketones lead to 1,4-addition intermediates, 

unsaturated aldehydes lead to the 1,2-addition intermediate and the cyclic 

ketones lead to a mixture of both intermediates. 

     In the protonation with methanol the intermediates are converted in the 

β-sulfido carbonyl compounds. The desired compounds are isolated in 

moderate to good yields 
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5.2. Chapter 3. 1,4-Addition of pinB-SR and pinB-SeR to 

ynones 

     We have developed a methodology for the synthesis of stereodefined Z-

vinyl sulfides and Z-vinyl selenides taking advantage of the powerful “pull-

push” properties of the Bpin unit in the selenodioxaborolane reagent pinB-

SeBPh and the thiodioxaborolanes reagents pinB-SPh and pinB-SBn.  

     Ynones reacts with chalcogenoboranes at 50 ᵒC in a metal free context 

without any additive except MeOH as solvent. The reaction scope includes 

methyl and aryl ketones bearing alkyl or aryl substituents in the β-position. 

The Z-alkenyl sulfides and selenides are synthetized quantitatively and 

isolated in moderate to good yields. 

     The high stereoselectivity towards the Z-isomer, in some examples being 

the Z-isomer the unique product formed, can be justify with the mechanistic 

proposal. The carbonyl group interacts with the p-empty orbital of the RY-

Bpin (Y = Se or S and R = Ph or Bn), the RY moiety gain nucleophilicity and 

attacks the β-position of the ynone. This “face to face” mechanism leads the 

RY and the carbonyl group in the same side of the double bond. 

     The use of α,β-unsaturated esters in the reaction with 

selenodioxoborolanes also afforded the Z-vinyl selenides in moderate to 

good yields and with high stereoselectivity towards the Z-isomer following 

a similar mechanism as the reported for the ynones. 

    When the reaction is carried out in the presence of a phosphine the anti-

3,4-selenoborated product is observed. The generation of a zwitterionic 

phosphonium allenolate is the responsible for the different outcome in the 

reactivity. After protodeboronation the α-phenylselenated compound is 

generated. 
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5.3. Chapter 4. 1,1-Addition of pinB-SR to 

trimethylsilyldiazomethane followed by selective 

alkylations 

     We successfully extended the use of thiodioxoborolanes pinB-SPh and 

pinB-SBn in the insertion of trimethylsilyldiazomethane in the B-S σ-bond. 

The reaction take place in mild reaction conditions and can be scaled up to 

gram scale affording the HC(SR)(Bpin)(SiMe3) in high isolated yields. 

     The different properties of the carbon substituents allow the further 

functionalization of the molecule through selective processes as 

deborylative alkylation, desilylation and deprotoalkylation. 

     By using sodium tert-butoxide the Bpin moiety of the 

HC(SPh)(Bpin)(SiMe3) can be replaced by an alkyl chain. The have been used 

a wide variety of primary alkyl halides bearing unsaturated carbons and 

different functional groups, also secondary alkyl halides have been used. A 

family of 12 HC(SPh)(R)(SiMe3) products have been synthetized in 

moderate to god yields. The reaction with HC(SBn)(Bpin)(SiMe3) afforded a 

rearranged product that can be formed through a Sommelet–Haüser 

process. 

     The use of a fluorinated base as TBAF introduced a proton in the position 

where the silicon atom was in moderated isolated yields. In the presence of 

alkyl halides was not possible to alkylate in the silicon position under this 

reaction conditions.  

    A bulkier nitrogenated base as LiTMP can abstract the proton with no 

effect on the boron and silicon atom generating a carbanion that can be 

alkylated. If a dihalogenated chain is used further deborylative alkylation 

and desilylative alkylation can be carried out to afford cyclic products. 
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6.1. General Information 

     Solvents and reagents: They were obtained from commercial suppliers 

and dried and/or purified (if needed) by standard procedures, as specified 

in “Purification of Laboratory Chemicals”.1 Dry dichloromethane (DCM) 

supplied by PANREAC was purified in a MBRAUN MB-SPS-800 solvent 

purification system before use. Tetrahydrofuran was dried by distillation 

from sodium benzophenone ketyl. Dry methanol was distilled over calcium 

hydride under an argon atmosphere. Boranes utilized, phenylsulphur 

pinacolborane (pinB-SPh), tolylsulphur pinacolborane (pinB-STol) and 

benzylsulphur pinacolborane (pinB-SBn), phenylselenium pinacolborane 

(pinB-SePh), were synthetized in the laboratory of Prof. Stephen A. Westcott 

at Mount Allison University, Sackville, NB (Canada).2 All reactions were 

conducted in oven and flame-dried glassware under an inert atmosphere of 

argon, using Schlenk-type techniques.  

     Flash chromatography was performed on standard silica gel (Merck 

Kieselgel 60 F254 400-630 mesh). Thin layer chromatography was 

performed on Merck Kieselgel 60 F254 which was developed using standard 

visualizing agents: UV fluorescence (254 and 366 nm) or potassium 

permanganate/Δ.  

     NMR spectra were recorded at a Varian Goku 400 or a Varian Mercury 400 

spectrometer. 1H NMR and 13C{1H} NMR chemical shifts (δ) are reported in 

ppm with the solvent resonance as the internal standard (CHCl3: 7.26 ppm 

(1H)) and (CDCl3: 77.16 ppm (13C)). 11B{1H} NMR chemical shifts (δ) are 

reported in ppm relative to (CH3)2O···BF3. 29Si{1H} NMR chemical shifts (δ) 

are reported in ppm relative to (CH3)4Si. Data are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

hept = heptuplet, br = broad, m = multiplet), coupling constants (Hz) and 

integration.  
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     High resolution mass spectra (HRMS) were recorded using a 6210 Time of 

Flight (TOF) mass spectrometer from Agilent Technologies (Waldbronn, 

Germany) with an ESI interface and it was performed at the Servei de 

Recursos Científics i Tècnics (Universitat Rovira I Virgili, Tarragona) or 

using a BIOTOF II Time of Flight (TOF) mass spectrometer from Bruker with 

an APCI interface or EI interface and it was performed at the Unidade de 

Espectrometría de Masas e Proteómica (Universidade de Santiago de 

Compostela, Santiago de Compostela).  

     GC-MS analyses were performed on a HP6890 gas chromatograph and an 

Agilent Technologies 5973 Mass selective detector (Waldbronn, Germany) 

equipped with an achiral capillary column HP-5 (30m, 0.25mm i. d., 0.25μm 

thickness) using He as the carrier gas. 

6.2. Experimental Procedures and spectral data 

6.2.1. General procedure and spectral data of Chapter 2 

Sulfonation of α,β-unsaturated ketones and aldehydes by pinB-SAr. 

 

     In the glove-box, an oven-dried Schlenk reaction tube equipped with a 

magnetic stir bar was charged with pinB-SPh (1), pinB-STol (2) or pinB-SBn 

(3) (1.1 equiv. - 4.5 equiv.). Then, the corresponding substrate (0.10 mmol) 

was added and all was dissolved in dry THF (2 mL). The mixture was stirred 

for 16 hours at room temperature. The solvent was evaporated to dryness 

and the crude residue was analyzed by 1H NMR.  
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(Z)-4,4,5,5-tetramethyl-2-((4-phenyl-4-(phenylthio)but-2-en-2-yl)oxy)-1,3,2-

dioxaborolane (Intermediate no isolated) 

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, CDCl3) δ 

(ppm): 5.30 (d, J = 9.7 Hz, 1H), 5.03 (d, J = 9.7 Hz, 

1H), 1.90 (s, 3H), 1.25 (s, 6H), 1.21 (s, 6H). 

 

 

(Z)-2-((4-(4-methoxyphenyl)-4-(phenylthio)but-2-en-2-yl)oxy)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane 

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, 

CDCl3) δ (ppm): 7.51–7.46 (m, 2H), 6.83–

6.75 (m, 2H), 5.27 (d, J = 9.7 Hz, 1H), 5.00 

(dq, J = 9.7, 1.0 Hz, 1H), 3.75 (s, 3H), 1.89 (d, 

J = 0.9 Hz, 3H), 1.24 (s, 6H), 1.21 (s, 6H). 1H-13C 2D HSQC NMR of main 

signals (400 MHz, CDCl3) δ (ppm): 5.27-47.5 (CH), 5.00-111.7 (CH). 

 

(Z)-2-((4-(4-chlorophenyl)-4-(phenylthio)but-2-en-2-yl)oxy)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane 

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, CDCl3) 

δ (ppm): 5.24 (d, J = 9.6 Hz, 1H), 4.96 (dq, J = 

9.6, 1.0 Hz, 1H), 1.90 (d, J = 0.8 Hz, 3H), 1.24 

(s, 6H), 1.21 (s, 6H). 
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(Z)-2-((1,3-diphenyl-3-(phenylthio)prop-1-en-1-yl)oxy)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane 

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, CDCl3) δ 

(ppm): 5.85 (d, J = 9.7 Hz, 1H), 5.42 (d, J = 9.7 Hz, 

1H), 1.17 (s, 6H), 1.12 (s, J = 3.6 Hz, 6H). 1H-13C 2D 

HSQC NMR of main signals (400 MHz, CDCl3) δ 

(ppm): 5.84-112.3 (CH), 5.42-48.8 (CH). 

 

4,4,5,5-tetramethyl-2-((1-(phenylthio)cyclohex-2-en-1-yl)oxy)-1,3,2-

dioxaborolane  

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, CDCl3) δ (ppm): 

5.99–5.94 (m, 1H), 5.74 (dt, J = 10.2, 3.6 Hz, 1H). 1H-13C 2D 

HSQC NMR of main signals (400 MHz, CDCl3) δ (ppm): 

5.97-129.3 (CH), 5.74-129.2 (CH). 

 

 

 4,4,5,5-tetramethyl-2-((3-(phenylthio)cyclohex-1-en-1-yl)oxy)-1,3,2-

dioxaborolane 

     No isolated intermediate. 

     1H NMR of main signals (400 MHz, CDCl3) δ 

(ppm): 5.40 (dt, J = 4.4, 1.3 Hz, 1H, HA), 3.99–3.93 

(m, 1H, HB). 1H-13C 2D HSQC NMR of main 

signals (400 MHz, CDCl3) δ (ppm): 5.40-106.9 

(CH), 3.95-44.0 (CH). 
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4,4,5,5-tetramethyl-2-((1-(phenylthio)but-2-en-1-yl)oxy)-1,3,2-dioxaborolane  

     Intermediate no isolated 

     1H NMR of main signals (400 MHz, CDCl3) δ (ppm): 

5.90–5.87 (m, 1H, HC), 5.84–5.73 (m, 1H, HB), 5.64–

5.56 (m, 1H, HA), 1.66-1.63 (m, 3H), 1.13 (s, 6H), 1.09 

(s, 6H). 1H-13C 2D HSQC NMR of main signals (400 

MHz, CDCl3) δ (ppm): 5.88-81.7 (CH), 5.77-128.0 (CH), 

5.60-128.6 (CH). 

 

Methanolysis of the 1,2-addition and 1,4-addition intermediates. 

 

     When the 1,2-addition or the 1,4-addition intermediates were detected by 

1H NMR, a methanolysis was carried out. The reaction was performed in 2 

mL of dichloromethane (DCM) and an excess of MeOH (0.05 mL). The 

reaction was stirred for 2 hours at room temperature. The solvent was 

evaporated to dryness and the crude residue was analyzed by 1H NMR. Then 

the β-thiolated products were purified by silica gel flash chromatography 

 

4-phenyl-4-phenylthio-2-butanone  

     Yield for 16: 16.4mg (64%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.31–7.25 (m, 6H), 

7.25–7.18 (m, 4H), 4.71 (dd, J = 8.0, 6.6 Hz, 1H), 3.09 (dd, 

J = 16.2, 7.3 Hz, 1H), 3.03 (dd, J = 16.3, 6.0 Hz, 1H), 2.08 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 205.7, 141.1, 
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134.1, 133.0, 129.0, 128.6, 127.8, 127.8, 127.6, 49.6, 48.1, 30.9. HRMS (ESI) 

for C16H16NaOS [M+Na]+: calculated: 279.0820, found: 279.0809. 

 

4-(4-methoxyphenyl)-4-phenylthio-2-butanone  

     Yield for 17: 20.0 mg (70%) as a yellowish solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm):7.31–7.16 (m, 

7H), 6.81–6.76 (m, 2H), 4.68 (dd, J = 8.3, 6.4 Hz, 1H), 

3.77 (s, 3H), 3.05 (dd, J = 17.0, 8.5 Hz, 1H), 2.99 (dd, 

J = 16.9, 6.5 Hz, 1H), 2.05 (s, 3H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 205.9, 158.9, 134.3, 133.0, 132.9, 129.0, 128.9, 127.6, 114.0, 

55.4, 49.9, 47.6, 30.9. HRMS (ESI) for C17H18NaO2S [M+Na]+: calculated: 

309.0925, found: 309.0927. 

 

4-(4-chlorophenyl)-4-phenylthio-2-butanone  

     Yield for 18: 21.8 mg (75%) as a yellowish solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.31 – 7.18 (m, 

9H), 4.69 (t, J = 7.3 Hz, 1H), 3.05 (d, J = 7.3 Hz, 2H), 

2.10 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 

205.3, 139.8, 133.6, 133.2, 133.2, 129.2, 129.1, 128.7, 

128.0, 49.4, 47.5, 30.8. HRMS (ESI) for C16H15ClNaO2S [M+Na]+: calculated: 

313.0430, found: 313.0429. 

 

3-phenylthio-1-cyclohexanone 3  

     Yield for 19: 14.4 mg (70%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.45–7.40 (m, 2H), 

7.34–7.27 (m, 3H), 3.43 (tdd, J = 10.4, 4.5, 3.4 Hz, 1H), 2.69 

(ddt, J = 14.2, 4.4, 1.6 Hz, 1H), 2.41–2.26 (m, 3H), 2.21–

2.09 (m, 2H), 1.80–1.64 (m, 2H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 208.9, 133.4, 133.1, 129.2, 127.9, 47.9, 46.3, 41.0, 31.4, 24.2. 
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HRMS (ESI) for C12H15OS [M+H]+: calculated: 207.0844, found: 207.0845. 

For C12H14NaOS [M+Na]+: calculated: 229.0663, found: 229.0663. 

 

3-phenylthiobutanal  

     Yield for 20: 14.4 mg (80%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 9.76 (t, J = 1.7 Hz, 

1H), 7.45–7.41 (m, 2H), 7.35–7.27 (m, 3H), 3.75–3.65 (m, 

1H), 2.71 (ddd, J = 17.3, 6.0, 1.8 Hz, 1H), 2.59 (ddd, J = 

17.3, 7.6, 1.7 Hz, 1H), 1.37–1.34 (m, 3H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 200.7, 137.8, 133.1, 129.2, 127.8, 50.2, 37.7, 21.3. 

HRMS (ESI) for C10H13OS [M+H]+: calculated: 181.0687, found: 181.0634.  

 

1-phenyl-4-phenylthio-1-butanone  

     Yield for 21: 18.5 mg (72%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.87-7.84 (m, 

2H), 7.54–7.48 (m, 1H), 7.43–7.37 (m, 4H), 7.28–

7.17 (m, 3H), 3.87 (dqd, J = 9.0, 6.7, 4.6 Hz, 1H), 3.25 

(dd, J = 16.9, 4.5 Hz, 1H), 3.06 (dd, J = 16.9, 9.0 Hz, 

1H), 1.32 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 198.2, 136.9, 

134.5, 133.4, 132.4, 129.1, 128.8, 128.2, 127.4, 45.6, 38.8, 21.1. HRMS (ESI) 

for C16H17OS [M+H]+: calculated: 257.1000, found: 257.0993. For C16H16NaOS 

[M+Na]+: calculated: 279.0820, found: 279.0812. 

 

3-phenylthio-1-cyclopentanone 

     Yield for 22: 15.0 mg (78%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.44–7.37 (m, 2H), 

7.35–7.26 (m, 3H), 3.94–3.86 (m, 1H), 2.65–2.44 (m, 4H), 

2.40–2.13 (m, 4H). 13C NMR (100 MHz, CDCl3) δ (ppm): 

216.7, 134.4, 132.2, 129.3, 127.7, 45.4, 43.6, 37.0, 29.9.  

HRMS (ESI) for C11H13OS [M+H]+: calculated: 193.0687, found: 193.0668.  
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1-phenylthio-3-pentanone 

     Yield for 23: 15.7 mg (81%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.35–7.26 (m, 

4H), 7.22–7.17 (m, 1H), 3.15 (t, J = 7.3 Hz, 2H), 2.73 

(t, J = 7.3 Hz, 2H), 2.42 (q, J = 7.3 Hz, 2H), 1.05 (t, J = 7.3 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 209.6, 135.9, 129.6, 129.2, 126.4, 41.9, 36.4, 27.7, 

7.9. HRMS (ESI) for C11H15OS [M+H]+: calculated: 195.0844, found: 

195.0835.  

 

4-phenylthio-2-heptanone 4 

     Yield for 24: 17.8 mg (80%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.42–7.38 (m, 2H), 

7.33–7.21 (m, 3H), 3.64–3.56 (m, 1H), 2.72 (dd, J = 17.2, 

6.1 Hz, 1H), 2.63 (dd, J = 17.2, 7.4 Hz, 1H), 2.13 (s, 3H), 

1.57–1.42 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 207.1, 134.6, 132.5, 129.1, 127.3, 49.3, 43.6, 37.1, 30.9, 

20.3, 14.0. HRMS (ESI) for C13H19OS [M+H]+: calculated: 223.1157, found: 

223.1142. For C13H18NaOS [M+Na]+: calculated: 245.0976, found: 245.0964. 

 

4-phenylthio-2-nonanone 

     Yield for 25: 17.7 mg (71%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.39–7.34 (m, 

2H), 7.29–7.17 (m, 3H), 3.55 (m, 1H), 2.68 (dd, J = 

17.2, 6.2 Hz, 1H), 2.60 (dd, J = 17.2, 7.4 Hz, 1H), 2.09 

(s, 3H), 1.54–1.38 (m, 4H), 1.26–1.20 (m, 4H), 0.84 

(t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 207.0, 134.7, 132.5, 

129.1, 127.3, 49.3, 43.9, 34.9, 31.7, 30.8, 26.7, 22.7, 14.2. HRMS (ESI) for 

C15H23OS [M+H]+: calculated: 251.1470, found: 251.1462. For C15H24NaOS 

[M+Na]+: calculated: 273.1289, found: 273.1279. 
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5-benzylthio-3-hexanone 5 

     Yield for 27: 12.2 mg (55%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.34–7.28 (m, 4H), 

7.26–7.20 (m, 1H), 3.76 (s, 2H), 3.23–3.13 (m, 1H), 2.66 

(dd, J = 16.6, 6.0 Hz, 1H), 2.50 (dd, J = 16.6, 8.0 Hz, 1H), 

2.36 (qd, J = 7.3, 2.2 Hz, 2H), 1.26 (d, J = 6.7 Hz, 3H), 1.02 

(t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 

209.4, 138.5, 128.9, 128.7, 127.2, 49.7, 36.7, 35.7, 35.2, 21.7, 7.8. HRMS (ESI) 

for C13H19OS [M+H]+: calculated: 223.1157, found: 223.1153. For C13H18NaOS 

[M+Na]+: calculated: 245.0976, found: 245.0971. 

 

5-(p-tolylthio)hexan-3-one 

     Yield for 29: 13.5 mg (61%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 (d, J = 8.1 

Hz, 2H), 7.11 (d, J = 7.9 Hz, 2H), 3.69–3.59 (m, 1H), 

2.71 (dd, J = 16.8, 5.4 Hz, 1H), 2.51 (dd, J = 16.8, 8.5 

Hz, 1H), 2.40 (qd, J = 7.3, 2.4 Hz, 2H), 2.33 (s, 3H), 1.26 (d, J = 6.6 Hz, 3H), 

1.03 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 209.5, 137.7, 

133.2, 130.5, 129.8, 49.3, 38.9, 36.8, 21.3, 21.2, 7.8. HRMS (ESI) for C13H19OS 

[M+H]+: calculated: 223.1157, found: 223.1161.  

 

4-benzylthio-2-nonanone 6 

     Yield for 30: 8.0 mg (30%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.29–7.21 

(m, 4H), 7.21–7.15 (m, 1H), 3.67 (d, J = 1.4 Hz, 2H), 

2.98 (p, J = 6.8 Hz, 1H), 2.61 (dd, J = 16.8, 7.1 Hz, 1H), 

2.53 (dd, J = 16.8, 6.7 Hz, 1H), 2.03 (s, 3H), 1.42 (dd, 

J = 7.6, 6.5 Hz, 2H), 1.31–1.17 (m, 6H), 0.80 (t, J = 7.1 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 207.1, 138.6, 129.0, 128.6, 

127.1, 49.8, 40.5, 35.9, 35.2, 31.7, 30.7, 26.4, 22.7, 14.2.  
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HRMS (ESI) for C16H25OS [M+H]+: calculated: 265.1626, found: 265.1623.  

 

4-(p-tolylthio)nonan-2-one 7 

     Yield for 31: 19.8 mg (75%) as a yellowish oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.31 (d, J = 8.1 

Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 3.53–3.45 (m, 1H), 

2.69 (dd, J = 17.0, 6.3 Hz, 1H), 2.59 (dd, J = 17.0, 7.4 

Hz, 1H), 2.33 (s, 3H), 2.12 (s, 3H), 1.57–1.44 (m, 4H), 1.32–1.26 (m, 4H), 0.87 

(t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 207.1, 137.6, 133.3, 

130.6, 129.8, 49.3, 44.3, 34.8, 31.7, 30.8, 26.7, 22.7, 21.3, 14.2. HRMS (ESI) 

for C16H25OS [M+H]+: calculated: 265.1625, found: 265.1624.  

6.2.3. General procedure and spectral data of Chapter 3 

Synthesis of α,β-alkynyl ketones 

 

     To a solution of distilled alkyne (8.5 mmol) in 5 mL of dry THF in an oven-

dried Schlenk round-bottom flask at 0 ᵒC was added drop-wise n-

butyllithium (1.6M in hexanes, 1 equiv.). After stirring for 30 min under 

argon, the corresponding aldehyde (1 equiv.) was added. After stirring for 

an additional 1 h, the reaction mixture was quenched by adding water (7 

mL) and acidified by adding saturated NH4Cl (3 mL). Then the mixture was 

extracted with ethyl acetate (2 x 6 mL) and finally with CH2Cl2 (6 mL). The 

combined organic layers were dried over MgSO4 and filtered. After 

evaporation of the solvent, the crude alcohol product was obtained. 
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     The crude alcohol product was dissolved in dry CH2Cl2 (5 mL) and added 

drop-wise over a period of 20 min to a suspension of pyridinium dichromate 

(1.5 equiv.) and 1.6 g of 4 Å molecular sieves in 12 mL of dry CH2Cl2 in an 

oven-dried Schlenk round-bottom flask. After stirring for 12 h, the reaction 

was diluted with 20 mL of diethyl ether and filtered through a plug of celite. 

The filtrated was evaporated and was purified by flash chromatography 

using a silica gel column, and the mixture of petroleum ether and diethyl 

ether adequate for each case. 

4-(p-tolyl)but-3-yn-2-one8 

     Yield for 33: 1.2 g (87%) as a yellowish solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.45 (d, J = 8.1 

Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 2.43 (s, 3H), 2.37 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 184.8, 141.5, 

133.2, 129.5, 116.8, 91.1, 88.2, 32.8, 21.8. 

 

4-(4-(trifluoromethyl)phenyl)but-3-yn-2-one9 

     Yield for 35: 2.2 g (81%) as a white solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.67 (d, J = 

8.5 Hz, 2H), 7.64 (d, J = 8.6 Hz, 2H), 2.47 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 184.3, 133.2, 132.2 

(q, JC-F = 32.9 Hz), 125.6 (q, JC-F = 3.8 Hz), 123.8 (q, JC-F = 1.2 Hz), 123.6 (q, JC-F 

= 272.5 Hz), 89.4, 87.7, 32.8. 19F{1H} NMR (377 MHz, CDCl3) δ (ppm): -63.20. 

m.p. 33.2 ᵒC. 

 

3-nonyn-2-one10 

     Yield for 37: .975.0 mg (83%) as a colourless oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 2.27 (t, J = 7.1 

Hz, 2H), 2.23 (s, 3H), 1.56–1.44 (m, 2H), 1.34–1.20 

(m, 4H), 0.82 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 184.7, 

94.0, 81.3, 32.7, 30.9, 27.3, 22.0, 18.8, 13.8. 
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1-phenyloct-2-yn-1-one11  

     Yield for 39: 1.5 g (88%) as a colourless oil. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.15–

8.11 (m, 2H), 7.60–7.55 (m, 1H), 7.48–7.43 (m, 

2H), 2.48 (t, J = 7.1 Hz, 2H), 1.70–1.62 (m, 2H), 

1.48–1.40 (m, 2H), 1.40–1.30 (m, 2H), 0.91 (t, J = 7.2 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 178.3, 136.9, 133.9, 129.6, 128.5, 97.0, 79.7, 31.2, 27.6, 

22.2, 19.2, 14.0. 

 

1-phenyl-3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-one12 

     Yield for 41: 1.8 g (79%) as a yellowish solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.22 (dd, 

J = 8.4, 1.3 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.71–

7.64 (m, 3H), 7.57–7.52 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 177.8, 136.7, 134.6, 133.3, 132.4 (q, JC-F = 33.0 Hz), 

129.8, 128.9, 125.8 (q, JC-F = 3.8 Hz), 124.1 (q, JC-F = 1.5 Hz), 123.7 (q, JC-F = 

272.5 Hz), 90.6, 88.2. 19F{1H} NMR (377 MHz, CDCl3) δ (ppm): -63.14. m.p. 

84.4 ᵒC. 

 

1-phenyl-3-(p-tolyl)prop-2-yn-1-one13  

     Yield for 43: 1.7 g (90%) as a yellow solid. 

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.23 (d, J = 

7.1 Hz, 2H), 7.65–7.61 (m, 1H), 7.61–7.57 (m, 2H), 

7.54–7.49 (m, 2H), 7.23 (d, J = 7.9 Hz, 2H), 2.41 (s, 

J = 2.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 178.2, 141.7, 137.1, 

134.2, 133.3, 129.7, 129.6, 128.7, 117.1, 94.0, 86.9, 22.0. m.p. 62 ᵒC. 
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β-selenation of α,β-alkynyl ketones 

 

     The reagent pinB-SePh (4) (2 equiv.) was weighted and transferred into 

an oven-dried Schlenk tube inside the glovebox. The corresponding 

substrate (0.10 mmol) was introduced in the Schlenk tube under argon and 

dry THF (2 mL) was added. The mixture was stirred for 16 hours at 50 ᵒC. 

After cooling down the reaction, the solvent was removed under vacuum and 

the resulting residue was analysed by 1H NMR. Conversion and selectivity 

were determined by 1H NMR. The product was purified by flash 

chromatography using a silica gel column, and the mixture of petroleum 

ether and ethyl acetate adequate for each case. 

 

 (Z)-4-phenyl-4-(phenylselanyl)but-3-en-2-one14 

     Yield for Z-32: 26.3 mg (87%) as a yellowish oil.        

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.23–7.19 (m, 2H), 

7.10–6.96 (m, 8H), 6.81 (s, 1H), 2.34 (s, 3H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 196.8, 162.6, 139.3, 136.3, 

129.9, 128.8, 128.4, 128.1, 128.0, 127.6, 124.4, 30.5. HRMS (ESI) for 

C16H15OSe [M+H]+: calculated: 303.0288, found: 303.0290.  

 

(Z)-4-(phenylselanyl)-4-(p-tolyl)but-3-en-2-one 

     Yield for Z-34: 27.1 mg (86%) as a yellowish oil.                            

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.21 (d, J = 6.9 Hz, 

2H), 7.09 (t, J = 7.4 Hz, 1H), 6.99 (t, J = 7.4 Hz, 2H), 6.90 

(d, J = 8.2 Hz, 2H), 6.84 (d, J = 7.9 Hz, 2H), 6.79 (s, 1H), 

2.33 (s, 3H), 2.19 (s, 3H). 
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13C NMR (100 MHz, CDCl3) δ (ppm): 196.6, 162.8, 138.2, 136.4, 136.1, 130.1, 

128.8, 128.4, 128.2, 127.8, 124.3, 30.5, 21.2. HRMS (ESI) for C17H17OSe 

[M+H]+: calculated: 317.0445, found: 317.0438; for C17H16NaOSe [M+Na]+: 

calculated: 339.0264, found: 339.0264. 

 

(Z)-4-(phenylselanyl)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one  

     Yield for Z-36: 29.9 mg (81%) as a brown solid.                            

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.28 (d, J = 

8.0 Hz, 2H), 7.19 (d, J = 8.1, 2H), 7.10 (t, J = 8.7 Hz, 

3H), 6.99 (t, J = 7.4 Hz, 2H), 6.81 (s, 1H), 2.36 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 196.7, 160.8, 

142.8, 136.4, 123.0 (q, JC-F = 32.5 Hz), 129.2, 129.1, 128.7, 128.4, 124.6, 124.5 

(q, JC-F = 3.8 Hz), 123.8 (q, JC-F J = 272.2 Hz), 30.6. 19F{1H} NMR (377 MHz, 

CDCl3) δ (ppm): -62.86. m.p. 81 ᵒC. HRMS (ESI) for C17H14F3OSe [M+H]+: 

calculated: 317.0162, found: 317.0168  

 

(Z)-4-(phenylselanyl)non-3-en-2-one15 

     Yield for Z-38: 26.0 mg (88%) as a yellowish oil.                            

      1H NMR (400 MHz, CDCl3) δ (ppm): 7.66 (d, J = 

7.9 Hz, 2H), 7.43–7.38 (m, 1H), 7.36–7.32 (m, 2H), 

6.68 (s, 1H), 2.25 (s, 3H), 2.20 (t, J = 7.7 Hz, 2H), 

1.35–1.28 (m, 2H), 1.13–1.03 (m, 2H), 1.02–0.93 (m, 2H), 0.76 (t, J = 7.2 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 196.8, 165.8, 137.5, 129.2, 129.1, 

128.5, 121.6, 38.0, 31.2, 30.0, 29.9, 22.3, 14.0. HRMS (ESI) for C15H21OSe 

[M+H]+: calculated: 297.0758, found: 297.0733; for C17H13NaOSe [M+Na]+: 

calculated: 319.0577, found: 319.0552. 
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(Z)-1-phenyl-3-(phenylselanyl)oct-2-en-1-one  

     Yield for Z-40: 20.7 mg (58%) as a 

yellowish oil.                            

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.03–

7.99 (m, 2H), 7.73–7.69 (m, 2H), 7.57–7.52 (m, 

1H), 7.50–7.40 (m, 4H), 7.40–7.34 (m, 2H), 2.38–2.31 (m, 2H), 1.46–1.37 (m, 

2H), 1.15–1.07 (m, 2H), 1.07–0.98 (m, 2H), 0.78 (t, J = 7.2 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 189.1, 169.4, 138.5, 137.4, 132.4, 129.2, 129.2, 

128.8, 128.7, 128.2, 118.0, 38.7, 31.3, 30.3, 22.3, 14.1. HRMS (ESI) for 

C20H23OSe [M+H]+: calculated: 359.0914, found: 359.0913; for C20H22NaOSe 

[M+Na]+: calculated: 381.0734, found: 381.0738. 

 

(Z)-1-phenyl-3-(phenylselanyl)-3-(4-(trifluoromethyl)phenyl)prop-2-en-1-

one 

     Yield for Z-42: 36.2 mg (84%) as a brown 

solid.                                       

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.07–

8.03 (m, 2H), 7.61–7.55 (m, 2H), 7.50 (t, J = 7.4 

Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.26–7.22 (m, 

2H), 7.17 (d, J = 8.0 Hz, 2H) 7.14–7.09 (m, 1H), 7.02 (t, J = 7.5 Hz, 2H). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 188.9, 164.0, 143.4, 138.0, 136.4, 133.0, 

129.5, 129.2, 128.9, 128.7, 128.5, 128.4, 124.6 (q, JC-F = 3.8 Hz), 121.1. 19F{1H} 

NMR (377 MHz, CDCl3) δ (ppm): -62.82. m.p. 125 ᵒC. HRMS (ESI) for 

C22H16F3OSe [M+H]+: calculated: 433.0318, found: 433.0319. 

 

(Z)-1-phenyl-3-(phenylselanyl)-3-(p-tolyl)prop-2-en-1-one16 

     Yield for Z-44: 31.7 mg (84%) as a yellowish 

solid.                                                      

    1H NMR (400 MHz, CDCl3) δ (ppm): 8.05 (d, J = 

8.1 Hz, 2H), 7.57 – 7.51 (m, 2H), 7.47 (t, J = 7.7 Hz, 
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2H), 7.25 (d, J = 8.0, 2H), 7.12 – 7.06 (m, 1H), 7.04 – 6.96 (m, 4H), 6.87 (d, J = 

8.0 Hz, 2H), 2.21 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 188.9, 166.1, 

138.3, 138.2, 137.1, 136.1, 136.0, 132.6, 130.5, 128.9, 128.8, 128.4, 128.3, 

127.9, 120.8, 21.3. m.p. 106 ᵒC. HRMS (ESI) for C22H19OSe [M+H]+: 

calculated: 379.0601, found: 379.0596; for C22H18NaOSe [M+Na]+: 

calculated: 401.0421, found: 401.0424. 

 

(Z)-3-phenyl-3-(phenylselanyl)-1-(p-tolyl)prop-2-en-1-one  

     Yield for Z-46: 32.1 mg (85%) as a yellowish 

solid.                                                                     

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.96 (d, J 

= 7.9 Hz, 2H), 7.55 (s, 1H), 7.32–7.22 (m, 4H), 

7.07 (br s, 6H), 7.00 (t, J = 7.4 Hz, 2H), 2.41 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ (ppm): 188.7, 165.3, 143.5, 139.9, 136.3, 135.7, 130.3, 129.5, 128.9, 128.5, 

128.4, 128.1, 128.0, 127.6, 120.9, 21.0. m.p. 113 ᵒC. HRMS (ESI) for 

C22H19OSe [M+H]+: calculated: 379.0601, found: 379.0599; for C22H18NaOSe 

[M+Na]+: calculated: 401.0421, found: 401.0422. 

 

β-sulfonation of α,β-alkynyl ketones 

 

     The reagents pinB-SPh (1) or pinB-SBn (3) (2 equiv.), were weighted and 

transferred into an oven-dried Schlenk tube inside the glovebox. The 

corresponding substrate (0.10 mmol) was introduced in the Schlenk tube 

under argon and dry THF (2 mL) was added. The mixture was stirred for 16 

hours at 50 ᵒC.  
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     The solvent was removed under vacuum and the resulting residue was 

analysed by 1H NMR. Conversion and selectivity were determined by 1H 

NMR.  

     The product was purified by flash chromatography using a silica gel 

column, and the mixture of petroleum ether and ethyl acetate adequate for 

each case. 

(Z)-4-phenyl-4-(phenylthio)but-3-en-2-one17 

     Yield for Z-47: 17.5 mg (69%) as a yellowish solid.                                                                    

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.16–6.99 (m, 

10H), 6.49 (s, 1H), 2.35 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ (ppm): 196.4, 159.4, 138.4, 134.3, 132.6, 129.0, 128.5, 

128.4, 128.0, 127.8, 123.5, 30.9. HRMS (ESI) for C16H15OS [M+H]+: calculated: 

255.0844, found: 255.0837; for C16H14NaOS [M+Na]+: calculated: 277.0663, 

found: 277.0656. 

 

(Z/E)-4-(phenylthio)-4-(p-tolyl)but-3-en-2-one  

     Yield for Z-48 and E-48: 21.5 mg (80%) as a white 

solid. The stereoisomers were isolated in a ratio of 

70/30 (Z/E). 

     1H NMR (400 MHz, CDCl3) δ (ppm): δ 7.57–7.52 (m, 

2H, E), 7.45–7.40 (m, 3H, E), 7.32–7.29 (m, 2H, E), 

7.23–7.19 (m, 1H, Z), 7.16–7.13 (m, 2H, Z), 7.08–7.01 

(m, Z/E), 6.92–6.87 (m, 2H, Z), 6.47 (s, 1H, Z), 5.66 (s, 

1H, E), 2.38 (s, 3H, E), 2.34 (s, 3H, Z), 2.21 (s, 3H, Z), 

2.04 (s, 1H, E). 13C NMR (100 MHz, CDCl3) δ (ppm): 

197.1, 196.5, 160.1, 159.2, 140.0, 138.6, 135.5, 135.4, 134.0, 132.9, 130.3, 

130.1, 130.0, 129.4, 128.9, 128.9, 128.6, 128.5, 127.8, 123.6, 123.0, 30.9, 

30.3, 21.6, 21.3. HRMS (ESI) for C17H17OS [M+H]+: calculated: 269.1000, 

found: 269.1018; for C17H16NaOS [M+Na]+: calculated: 291.0820, found: 

291.0819. 
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(Z)-4-(phenylthio)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one  

     Yield for Z-49: 20.9 mg (65%) as a brown oil.                                                                    

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.34 (d, J = 

8.2 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 7.16–7.12 (m, 

2H), 7.10–7.02 (m, 3H), 6.48 (s, 1H), 2.36 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 196.3, 157.7, 141.9 

(q, JC-F = 1.4 Hz), 134.4, 131.1 (q, JC-F = 140.7 Hz), 130.1, 129.3, 128.7, 128.5, 

124.8 (q, JC-F = 3.8 Hz), 123.9, 123.8 (q, JC-F = 272.4 Hz), 30.9. 19F{1H} NMR 

(377 MHz, CDCl3) δ (ppm): -62.87. HRMS (ESI) for C17H14F3OS [M+H]+: 

calculated: 323.0717, found: 323.0725. 

 

(Z)-4-(phenylthio)non-3-en-2-one15 

     Yield for Z-50: 14.2 mg (57%) as a yellowish oil.                                                                    

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.56–7.51 (m, 

2H), 7.43–7.33 (m, 3H), 6.30 (s, 1H), 2.25 (s, 3H), 

2.14–2.01 (m, 2H), 1.37–1.28 (m, 2H), 1.14–0.95 (m, 

4H), 0.76 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 196.4, 162.8, 

135.9, 131.1, 129.5, 129.1, 119.4, 36.7, 31.2, 30.7, 29.5, 22.2, 14.0. HRMS 

(ESI) for C15H21OS [M+H]+: calculated: 249.1313, found: 249.1314; for 

C15H20NaOS [M+Na]+: calculated: 271.1133, found: 271.1128. 

(E)-4-(phenylthio)non-3-en-2-one18 

     Yield for E-50: 7.4 mg (30%) as a yellowish oil.                                                                    

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.52–7.44 (m, 

5H), 5.55 (s, 1H), 2.83–2.76 (m, 2H), 1.98 (s, 3H), 1.67–

1.59 (m, 2H), 1.42–1.30 (m, 4H), 0.91 (t, J = 6.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 195.0, 166.1, 135.8, 130.1, 130.0, 129.9, 

117.9, 34.0, 32.0, 31.9, 29.7, 22.7, 14.3. HRMS (ESI) for C15H21OS [M+H]+: 

calculated: 249.1313, found: 249.1313; for C15H20NaOS [M+Na]+: calculated: 

271.1133, found: 271.1127. 
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(Z/E)-1-phenyl-3-(phenylthio)oct-2-en-1-one 

     Yield for Z-51 and E-52: 21.1 mg (68%) as 

a yellowish oil. The stereoisomers were 

isolated in a ratio of 49/51 (Z/E)             

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.02–

7.96 (m, 2H, Z), 7.62–7.33 (m, Z/E), 7.05 (s, 

1H, Z), 6.28 (s, 1H, E), 2.94–2.89 (m, 2H, E), 

2.28–2.22 (m, 2H, Z), 1.78–1.69 (m, 2H, E), 

1.47–1.36 (m, Z/E), 1.16–1.02 (m, 4H, Z), 0.92 

(t, J = 7.1 Hz, 3H, E), 0.78 (t, J = 7.1 Hz, 3H, Z). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 188.8 187.5, 168.0, 166.1, 139.7, 138.9, 135.9, 135.8, 132.2, 132.1, 

131.4, 130.1, 130.0, 129.9, 129.5, 129.2, 128.6, 128.5, 128.2, 128.0, 115.8, 

115.0, 37.4, 34.4, 32.0, 31.3, 29.8, 29.7, 22.6, 22.2, 14.2, 14.0. HRMS (ESI) for 

C20H22NaOS [M+Na]+: calculated: 333.1289, found: 333.1287. 

 

(Z/E)-1-phenyl-3-(phenylthio)-3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one  

     Yield for Z-52 and E-52: 32.7 mg (85%) as 

a brown solid. The stereoisomers were 

isolated in a ratio of 78/22 (Z/E) 

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.06–

8.01 (m, 2H, Z), 7.66–7.61 (m, Z/E), 7.61–7.46 

(m, Z/E), 7.44 (dt, J = 2.6, 1.6 Hz, 1H, E), 7.38 

(dd, J = 8.7, 0.6 Hz, 2H, Z), 7.35 (t, J = 1.6 Hz, 

1H, E), 7.33–7.28 (m, Z/E), 7.21 (s, 1H, Z), 

7.20–7.17 (m, Z/E), 7.13–7.03 (m, Z/E), 6.45 

(s, 1H, E). 13C NMR (100 MHz, CDCl3) δ (ppm): 188.6, 188.0, 160.6, 159.5, 

142.5 (q, JC-F = 1.4 Hz),  141.0 (q, JC-F = 2.6 Hz), 138.4, 138.2, 135.5, 134.5, 

132.9, 132.8, 132.0, 131.1, 130.9, 130.9 (d, JC-F = 32.6 Hz), 130.8, 130.5, 130.4, 

130.4 (q, JC-F = 32.6 Hz),  130.2, 130.1, 129.8, 129.4, 129.1, 128.8, 128.7, 

128.6, 128.5, 128.4, 128.3, 127.9, 125.4, 125.30 (q, JC-F = 3.8 Hz), 124.9 (q, JC-
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F = 3.8 Hz), 124.1 (q, JC-F = 251.3 Hz), 123.8 (q, JC-F = 272.3 Hz), 122.7, 120.4, 

120.2, 118.4. 19F{1H} NMR (377 MHz, CDCl3) δ (ppm): -62.73 (E), -62.79 (Z). 

HRMS (ESI) for C22H16F3OS [M+H]+: calculated: 385.0874, found: 385.0865; 

for C22H15F3NaOS [M+Na]+: calculated: 407.0693, found: 407.0685. 

 

(Z)-1-phenyl-3-(phenylthio)-3-(p-tolyl)prop-2-en-1-one 

     Yield for Z-53: 19.5 mg (59%) as a yellowish 

solid.                                                                          

     1H NMR (400 MHz, CDCl3) δ (ppm): 8.06–8.02 

(m, 2H), 7.57–7.52 (m, 1H), 7.51–7.45 (m, 2H), 

7.22–7.18 (m, 3H), 7.13–7.03 (m, 5H), 6.96–6.91 

(m, 2H), 2.23 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 188.7, 162.3, 138.7, 

138.6, 136.1, 134.2, 133.1, 132.5, 129.0, 128.7, 128.6, 128.5, 128.3, 127.9, 

120.0, 21.3. m.p. 117 ᵒC. HRMS (ESI) for C22H19OS [M+H]+: calculated: 

331.1157, found: 331.1173; for C22H18NaOS [M+Na]+: calculated: 353.0976, 

found: 353.0977. 

(Z)-3-phenyl-3-(phenylthio)-1-(p-tolyl)prop-2-en-1-one 

     Yield for Z-54: 22.8 mg (69%) as a yellowish 

solid.                                                                             

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.96 (d, J 

= 8.2 Hz, 2H), 7.28 (d, J = 8.3 Hz, 2H), 7.22–7.18 

(m, 5H), 7.15–7.11 (m, 3H), 7.08–7.04 (m, 3H), 

2.42 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 188.4, 161.7, 143.3, 139.0, 

136.0, 134.4, 132.9, 130.0, 129.4, 129.1, 128.5, 128.4, 128.0, 127.9, 120.1, 

21.8. m.p. 129 ᵒC. HRMS (ESI) for C22H19OS [M+H]+: calculated: 331.1157, 

found: 331.1175; for C22H18NaOS [M+Na]+: calculated: 353.0976, found: 

353.0979. 
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 (Z)-4-phenyl-4-(benzylthio)but-3-en-2-one 

     Yield for Z-55: 17.4 mg (65%) as a yellowish oil.                                                                          

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.40–7.37 (m, 3H), 

7.28–7.23 (m, 2H), 7.20–7.14 (m, 3H), 7.01–6.95 (m, 2H), 

6.31 (s, 1H), 3.61 (s, 2H), 2.24 (s, 3H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 196.3, 159.9, 138.6, 136.9, 129.1, 128.9, 

128.6, 128.5, 128.2, 127.2, 123.8, 37.6, 30.8. HRMS (ESI) for C17H17OS 

[M+H]+: calculated: 269.1000, found: 269.0999; for C17H16NaOS [M+Na]+: 

calculated: 291.0820, found: 291.0816. 

 

(Z/E)-4-(benzylthio)-4-(p-tolyl)but-3-en-2-one  

     Yield for Z-56 and E-56: 23.4 mg (83%) as a 

yellowish oil. The stereoisomers were isolated in a 

ratio of 72/28 (Z/E) 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.34–7.31 (m, 

Z/E), 7.24–7.15 (m, Z/E), 7.04–6.98 (m, Z/E), 6.30 

(s, 1H, Z), 6.13 (s, 1H, E), 3.99 (s, 2H, Z), 3.62 (s, 2H, 

E), 2.40 (s, 3H, Z), 2.38 (s, 3H, E), 2.24 (s, 3H, Z), 1.79 

(s, 3H, E). 13C NMR (100 MHz, CDCl3) δ (ppm): 196.3, 

160.1, 139.9, 139.1, 137.0, 135.8, 129.4, 129.3, 

129.1, 129.0, 128.9, 128.8, 128.5, 128.2, 127.8, 

127.2, 123.7, 122.4, 37.9, 37.7, 30.8, 30.3, 21.5, 21.4. HRMS (ESI) for 

C18H19OS [M+H]+: calculated: 283.1157, found: 283.1156; for C18H18NaOS 

[M+Na]+: calculated: 305.0976, found: 305.0971. 
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(Z)-4-(benzylthio)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one 

    Yield for Z-57: 20.9 mg (62%) as a yellowish oil.                                                                          

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.62 (dd, J = 

8.1, 0.5 Hz, 2H), 7.33 (dd, J = 8.0, 0.5 Hz, 2H), 7.19–

7.14 (m, 3H), 6.97–6.92 (m, 2H), 6.29 (s, 1H), 3.59 

(s, 2H), 2.26 (s, 3H).  

13C NMR (100 MHz, CDCl3) δ (ppm): 196.2, 157.9, 142.1 (q, JC-F = 1.6 Hz), 

136.5, 130.9 (q, JC-F = 32.8 Hz). 128.9, 128.6, 128.5, 127.4, 125.59 (q, JC-F = 3.7 

Hz), 124.4, 37.5, 30.8. 19F{1H} NMR (377 MHz, CDCl3) δ (ppm): -62.70. HRMS 

(ESI) for C18H16F3OS [M+H]+: calculated: 337.0874, found: 337.0880; for 

C18H15F3NaOS [M+Na]+: calculated: 359.0693, found: 350.0697. 

 

(Z)-4-(benzylthio)non-3-en-2-one 

     Yield for Z-58: 13.6 mg (52%) as a yellowish oil.                                                                                  

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.38–7.21 (m, 

5H), 6.23 (s, 1H), 4.05 (s, 2H), 2.49–2.44 (m, 2H), 

2.17 (s, 3H), 1.62–1.53 (m, 2H), 1.37–1.30 (m, 4H), 

0.91 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 196.2, 162.6, 136.6, 129.2, 128.8, 127.5, 119.9, 36.7, 35.4, 31.5, 30.6, 

29.8, 22.6, 14.1. HRMS (ESI) for C16H23OS [M+H]+: calculated: 263.1470, 

found: 263.1467; for C16H23NaOS [M+Na]+: calculated: 285.1289, found: 

285.1282. 

 

(E)-4-(benzylthio)non-3-en-2-one 

     Yield for E-58: 10.0 mg (38%) as a yellowish oil.                                                                                  

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.39–7.26 

(m, 5H), 5.94 (s, 1H), 3.99 (s, 2H), 2.80–2.70 (m, 2H), 

2.14 (s, 3H), 1.61–1.51 (m, 2H), 1.39–1.27 (m, 4H), 

0.89 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

(ppm): 194.2, 164.7, 135.0, 129.0, 128.9, 127.8, 116.2, 36.7, 34.6, 32.0, 31.9, 
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29.7, 22.5, 14.2. HRMS (ESI) for C16H23OS [M+H]+: calculated: 263.1470, 

found: 263.1467; for C16H23NaOS [M+Na]+: calculated: 285.1289, found: 

285.1282. 

 

(Z/E)-3-(benzylthio)-1-phenyloct-2-en-1-one  

     Yield for Z-59 and E-59: 24.3 mg (75%) as 

a yellowish oil. The stereoisomers were 

isolated in a ratio of 84/16 (Z/E) 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.95-

7.90 (m, 2H, Z), 7.72–7.68 (m, 2H, E), 7.53–

7.23 (m, Z/E), 6.98 (s, 1H, Z), 6.57 (s, 1H, E), 

4.12 (s, 2H, Z), 4.11 (s, 2H, E), 2.80–2.83 (m, 

2H, E), 2.65–2.59 (m, 2H, Z), 1.72–1.63 (m, 

2.4H, Z/E), 1.42–1.33 (m, Z/E), 0.95–0.89 (m, 

Z/E). 13C NMR (100 MHz, CDCl3) δ (ppm): 188.5, 187.4, 166.1, 166.0, 139.9, 

138.9, 136.5, 135.1, 132.1, 132.0, 129.3, 129.0, 128.9, 128.8, 128.6, 128.5, 

128.1, 128.0, 127.8, 127.6, 116.1, 113.8, 37.4, 36.8, 35.7, 35.0, 32.0, 31.5, 

30.0, 29.9, 22.7, 22.6, 14.2, 14.1. HRMS (ESI) for C21H25OS [M+H]+: calculated: 

325.1626, found: 325.1620; for C21H24NaOS [M+Na]+: calculated: 347.1446, 

found: 347.1439. 
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(Z/E)-3-(benzylthio)-1-phenyl-3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one 

     Yield for Z-60 and E-60: 33.1 mg (83%) as 

a brown solid. The stereoisomers were 

isolated in a ratio of 75/25 (Z/E) 

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.97–

7.92 (m, 2H, Z), 7.70 (dt, J = 6.8, 2.3 Hz, 2H, E), 

7.66 (d, J = 8.1 Hz, 2H, Z), 7.57 (d, J = 8.1 Hz, 

2H, E), 7.55–7.35 (m, Z/E), 7.18–7.14 (m, 

Z/E), 7.03 (s, 1H, Z), 7.00–6.93 (m, Z/E), 6.83 

(s, 1H, E), 4.13 (s, 2H, E), 3.64 (s, 2H, Z). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 188.4, 187.8, 

160.9, 157.6, 142.52 (q, JC-F = 1.3 Hz), 141.23 (q, JC-F = 1.5 Hz), 138.5, 138.2, 

136.4, 134.9, 132.8, 132.7, 131.1, 130.7, 131.0 (q, JC-F = 32.7 Hz), 130.9 (q, JC-

F = 32.7 Hz), 129.1, 129.0, 128.9, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 

128.0, 127.9, 127.3, 125.7 (q, JC-F = 3.7 Hz), 125.3 (q, JC-F = 3.8 Hz), 122.7, 

122.6, 120.7, 118.1, 37.9, 37.78. 19F{1H} NMR (377 MHz, CDCl3) δ (ppm): -

62.66 (Z), -62.71 (E). HRMS (ESI) for C23H18F3OS [M+H]+: calculated: 

399.1030, found: 399.1022; for C23H17F3NaOS [M+Na]+: calculated: 

421.0850, found: 421.0842. 

 

(Z)-3-(benzylthio)-1-phenyl-3-(p-tolyl)prop-2-en-1-one 

     Yield for Z-61: 22.0 mg (64%) as a yellowish oil.                                                                                          

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.97–7.93 

(m, 2H), 7.53–7.48 (m, 1H), 7.46–7.40 (m, 2H), 

7.27–7.15 (m, 7H), 7.07–7.02 (m, 3H), 3.68 (s, 2H), 

2.42 (s, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 

188.5, 163.3, 139.1, 138.6, 136.9, 136.3, 132.4, 129.4, 129.2, 128.6, 128.5, 

128.2, 128.2, 127.2, 119.8, 38.0, 21.5. HRMS (ESI) for C23H21OS [M+H]+: 

calculated: 345.1313, found: 345.1306; for C23H20NaOS [M+Na]+: calculated: 

367.1133, found: 367.1131. 
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(Z)-3-(benzylthio)-3-phenyl-1-(p-tolyl)prop-2-en-1-one  

     Yield for Z-62: 22.4 mg (65%) as a yellowish oil.                                                                                               

     1H NMR (400 MHz, CDCl3) δ (ppm): 7.86 (d, J = 

8.2 Hz, 2H), 7.45–7.39 (m, 3H), 7.35–7.31 (m, 2H), 

7.23 (d, J = 8.0 Hz, 2H), 7.18–7.14 (m, 3H), 7.03 (s, 

1H), 7.03–6.99 (m, 2H), 3.65 (s, 3H), 2.39 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ (ppm): 188.2, 162.5, 143.1, 139.2, 136.8, 136.0, 

129.3, 129.1, 128.9, 128.7, 128.4, 128.4, 128.3, 127.2, 120.1, 37.8, 21.8. 

HRMS (ESI) for C23H21OS [M+H]+: calculated: 345.1313, found: 345.1326; for 

C23H20NaOS [M+Na]+: calculated: 367.1133, found: 367.1130. 

 

Synthesis of ynoates 

 

     An oven-dried Schlenck equipped with a magnetic stir bar was charged 

with 2 mmol of the appropriate alkyne and dissolved in 3 mL of THF. At -78 

ᵒC, 1.05 equiv. of nBuLi (1.6 M) were added dropwise. After stirring for 30 

min, 1 equiv. of the alkyl chloroformate was added drop wise. After 8 h 

stirring the reaction was allowed to rise to room temperature and let it react 

overnight. The reaction was quenched with 2 mL of saturated Na2S2O4 and 

extracted 3 times with 5 mL of DCM. All the organic layers were collected 

and dry over MgSO4 and evaporated to dryness. The crude residue was 

analysed by 1H NMR. Then the products were purified by silica gel flash 

chromatography. 
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Ethyl 3-(4-methoxyphenyl)propiolate19 

     Yield for 67: 367.6 mg (90%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.53–7.49 (m, 2H), 

6.87–6.84 (m, 2H), 4.26 (q, J = 7.1 Hz, 2H), 3.80 (s, 

3H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 

MHz) δ 161.5, 154.4, 135.0, 114.3, 111.4, 86.9, 80.2, 62.0, 55.4, 14.2. HRMS 

(ESI) for C12H13O3 [M+H]+: calculated: 205.0865, found: 205.0862. 

 

Propyl 3-(4-methoxyphenyl)propiolate 

     Yield for 69: 388.5 mg (89%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.55–7.51 (m, 2H), 

6.89–6.85 (m, 2H), 4.17 (t, J = 6.8 Hz, 2H), 3.82 (s, 

3H), 1.77–1.68 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 

13C NMR (CDCl3, 100 MHz) δ 161.5, 154.6, 135.0, 

114.3, 111.4, 87.0, 80.2, 67.6, 55.5, 22.0, 10.5. HRMS (ESI) for C13H15O3 

[M+H]+: calculated: 219.1021, found: 219.1018. 

 

Isopropyl 3-(4-methoxyphenyl)propiolate 

     Yield for 71: 379.8 mg (87%) as a white solid. 

     1H NMR (CDCl3, 400 MHz) δ 7.56–7.52 (m, 

2H), 6.89–6.86 (m, 2H), 5.15 (hept, J = 6.3 Hz, 

1H), 3.83 (s, 3H), 1.33 (d, J = 6.3 Hz, 6H). 13C 

NMR (CDCl3, 100 MHz) δ 161.5, 154.1, 135.0, 114.4, 111.6, 86.6, 80.6, 69.9, 

55.5, 21.9. HRMS (ESI) for C13H15O3 [M+H]+: calculated: 219.1021, found: 

219.1017. 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARÁLISIS CEREBRAL 
Marc Garcia Civit  
 



 

 

147 
 

C
h

ap
te

r 
6

 

1,4-selenation of ynoates 

 

     In the glove-box, an oven-dried resealable vial equipped with a magnetic 

stir bar was charged with 0.2 mmol of the ynoate compound. Then, the vial 

was charged with 1.1 equiv. of pinB-SePh (4) with 0.15 mL of dry MeOH. 

After 16 h at 50 ᵒC the reaction was evaporated to dryness. The crude 

residue was analysed by GC-MS and 1H NMR using naphthalene as an 

internal standard. Then the products were purified by silica gel flash 

chromatography. 

 

Ethyl (Z)-3-phenyl-3-(phenylselanyl)acrylate 

     Yield for Z-64: 49.0 mg (74%) as a yellowish 

solid. 

     1H NMR (CDCl3, 400 MHz) δ 7.25–7.20 (m, 2H), 

7.11–6.96 (m, 8H), 6.32 (s, 1H), 4.30 (q, J = 7.1 Hz, 

2H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 

MHz) δ 166.9, 161.4, 139.2, 136.4, 129.3, 128.7, 128.5, 128.1, 128.0, 127.6, 

117.1, 60.7, 14.5. HRMS (ESI) for C17H17O2Se [M+H]+: calculated: 333.0394, 

found: 333.0391. 
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Methyl (Z)-3-(phenylselanyl)non-2-enoate 

     Yield for Z-66: 51.4 mg (79%) as a yellowish 

oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.69–7.65 (m, 

2H), 7.43–7.38 (m, 1H), 7.36–7.32 (m, 2H), 6.16 

(s, 1H), 3.76 (s, 3H), 2.17–2.13 (m, 2H), 1.34–1.26 (m, 2H), 1.17–1.10 (m, 2H), 

1.05–0.97 (m, 4H), 0.79 (t, J = 7.3 Hz, 3H).13C NMR (CDCl3, 100 MHz) δ 167.7, 

164.4, 137.7, 129.3, 129.2, 127.6, 113.2, 51.5, 37.9, 31.4, 29.8, 28.5, 22.5, 

14.1. HRMS (ESI) for C16H23O2Se [M+H]+: calculated: 327.0863, found: 

327.0855. 

 

Ethyl (Z)-3-(4-methoxyphenyl)-3-(phenylselanyl)acrylate 

     Yield for Z-68: 52.0 mg (78%) as a yellowish 

oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.24–7.21 (m, 

2H), 7.11–7.07 (m, 1H), 7.04–6.95 (m, 4H), 

6.58–6.54 (m, 2H), 6.30 (s, 1H), 4.28 (q, J = 7.1 

Hz, 2H), 3.68 (s, 3H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ 

166.9, 161.0, 159.6, 136.1, 131.8, 130.2, 129.7, 128.5, 127.9, 116.7, 113.0, 

60.6, 55.3, 14.5. HRMS (ESI) for C18H19O3Se [M+H]+: calculated: 363.0499, 

found: 363.0495. 

 

Propyl (Z)-3-(4-methoxyphenyl)-3-(phenylselanyl)acrylate 

      Yield for Z-70: 54.0 mg (72%) as a yellowish 

oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.24–7.22 (m, 

2H), 7.11–7.07 (m, 1H), 7.03–6.95 (m, 4H), 6.57–

6.54 (m, 2H), 6.31 (s, 1H), 4.19 (t, J = 6.7 Hz, 2H), 

3.68 (s, 3H), 1.78–1.69 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H).13C NMR (CDCl3, 100 

MHz) δ 167.0, 160.9, 159.5, 136.1, 131.7, 130.2, 129.7, 128.5, 127.8, 116.7, 
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113.0, 66.2, 55.3, 22.2, 10.6. HRMS (ESI) for C19H21O3Se [M+H]+: calculated: 

377.0656, found: 377.0651. 

 

Isopropyl (Z)-3-(4-methoxyphenyl)-3-(phenylselanyl)acrylate 

      Yield for Z-72: 51.8 mg (69%) as a yellowish 

oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.23–7.21 (m, 2H), 

7.11–7.07 (m, 1H), 7.03–6.95 (m, 4H), 6.57–6.53 

(m, 2H), 6.27 (s, 1H), 5.17 (hept, J = 6.2 Hz, 1H), 

3.67 (s, 3H), 1.32 (d, J = 6.3 Hz, 6H). 13C NMR (CDCl3, 100 MHz) δ 166.5, 160.6, 

159.5, 136.1, 131.8, 130.2, 129.7, 128.5, 127.8, 117.2, 113.0, 67.9, 55.3, 22.2. 

HRMS (ESI) for C19H21O3Se [M+H]+: calculated: 377.0656, found: 377.0648. 

 

anti-3,4-selenoboration of ynoates 

 

     In the glove-box, an oven-dried resealable vial equipped with a magnetic 

stir bar was charged with 0.2 mmol of the ynoate compound. Then, 15 mol% 

of tricyclohexylphosphine in 0.15 ml of dry THF was added.  

     After stirring in the glove-box for 5 min the vial was charged with 1.1 

equiv. of pinB-SePh (4). After 16 h at room temperature the reaction was 

evaporated to dryness. The crude residue was analysed by GC-MS and 1H 

NMR using naphthalene as an internal standard. Then the products were 

purified by silica gel flash chromatography. 
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Ethyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)acrylate 

     Yield for 74: 4.9 mg (5%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.29–7.35 (m, 

4H), 7.19–7.16 (m, 3H), 6.92–6.88 (m, 2H), 

4.01 (q, J = 7.2 Hz, 2H), 3.82 (s, 3H), 1.29 (s, 

12H), 0.94 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 

100 MHz) δ 169.4, 159.8, 134.5, 132.9, 131.6, 

131.0, 129.9, 129.0, 127.2, 113.5, 83.9, 62.8, 55.4, 25.0, 13.7. 11B NMR (128.3 

MHz, CDCl3) δ 28.3. HRMS (ESI) for C24H30BO5Se [M+H]+: calculated: 

489.1352, found: 489.1358. 

 

Propyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)acrylate 

    Yield for 75: 23.1 mg, (23%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.40–7.33 (m, 

4H), 7.17–7.14 (m, 3H), 6.91–6.88 (m, 2H), 3.93 

(t, J = 6.7 Hz, 2H), 3.82 (s, 3H), 1.41–1.32 (m, 

2H), 1.29 (s, 12H), 0.70 (t, J = 7.4 Hz, 3H). 13C 

NMR (CDCl3, 100 MHz) δ 169.9, 159.8, 134.3, 

132.3, 131.5, 131.2, 129.9, 129.0, 128.3 (bs), 127.0, 113.4, 83.8, 68.6, 55.3, 

25.0, 21.6, 10.3. 11B NMR (128.3 MHz, CDCl3) δ 27.9. HRMS (ESI) for 

C50H62B2NaO10Se2 [2M+Na]+: calculated: 1027.2757, found: 1027.2789. 

 

Isopropyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)acrylate 

     Yield for 76: 31.1 mg (31%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.41–7.36 (m, 

4H), 7.18–7.15 (m, 3H), 6.92–6.89 (m, 2H), 4.85 

(hept, J = 6.3 Hz, 1H), 3.82 (s, 3H), 1.29 (s, 12H), 

0.95 (d, J = 6.3 Hz, 6H). 13C NMR (CDCl3, 100 

MHz) δ 169.6, 159.9, 132.6, 131.5, 131.4, 130.0, 
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129.0, 128.3, 127.1, 113.4, 83.6, 71.3, 55.3, 25.0, 21.3. 11B NMR (128.3 MHz, 

CDCl3) δ 27.8. HRMS (ESI) for C25H31BNaO5Se [M+Na]+: calculated: 525.1327, 

found: 525.1332. 

 

One pot α-selenation of ynoates 

 

     In the glove-box, an oven-dried resealable vial equipped with a 

magnetic stir bar was charged with 0.2 mmol of the ynoate compound. 

Then, 15 mol% of tricyclohexylphosphine in 0.15 ml of dry THF was 

added. After stirring in the glove-box for 5 min the vial was charged 

with 1.1 equiv. of pinB-SePh (4) . After 16 h at room temperature the 

reaction was evaporated to dryness. The crude residue was disolved 

in 2 mL of THF and 0.2 mL of K2CO3 (2M water solution) was added 

dropwise. The reaction was heated to reflux for 2 h. Then the reaction 

was extracted with DCM and filtered through a pad of Celite and 

MgSO4. The solvent was removed and the residue was analyzed by GC-

MS and 1H NMR using naphthalene as an internal standard. Then the 

products were purified by silica gel flash chromatography. 

 

Ethyl (Z)-3-phenyl-2-(phenylselanyl)acrylate  

     Yield for 77: 14.6 mg (22%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 8.15 (s, 1H), 7.66–

7.64 (m, 2H), 7.42–7.37 (m, 5H), 7.22–7.19 (m, 3H), 

4.07 (q, J = 7.1 Hz, 2H), 1.04 (t, J = 7.1 Hz, 3H). 13C 

NMR (CDCl3, 100 MHz) δ 166.8, 145.0, 138.4, 135.3, 134.4, 131.9, 130.4, 
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129.2, 128.3, 127.2, 124.5, 62.0, 13.9. HRMS (ESI) for C17H17O2Se [M+H]+: 

calculated: 333.0394, found: 333.0392. 

 

Ethyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)acrylate 

     Yield for 78: 15.2 mg (21%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 8.17 (s, 1H), 

7.75–7.72 (m, 2H), 7.40–7.37 (m, 2H), 7.22–7.18 

(m, 3H), 6.93–6.90 (m, 2H), 4.08 (q, J = 7.1 Hz, 

2H), 3.83 (s, 3H), 1.06 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ 167.0, 

161.0, 145.8, 132.7, 131.3, 129.8, 129.2, 127.7, 127.0, 113.8, 70.7, 61.9, 55.5, 

14.0. HRMS (ESI) for C18H19O3Se [M+H]+: calculated: 363.0499, found: 

363.0507. 

 

Propyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)acrylate 

     Yield for 79: 9.7 mg (13%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 8.20 (s, 1H), 

7.77–7.73 (m, 2H), 7.39–7.36 (m, 2H), 7.22–

7.18 (m, 3H), 6.93–6.89 (m, 2H), 4.00 (t, J = 6.7 

Hz, 2H), 3.83 (s, 3H), 1.53–1.44 (m, 2H), 0.81 (t, J = 7.4 Hz, 3H).13C NMR 

(CDCl3, 100 MHz) δ 167.1, 161.0, 146.2, 136.0, 132.7, 131.0, 129.2, 127.7, 

126.8, 120.4, 113.8, 67.6, 55.5, 21.9, 10.5. HRMS (ESI) for C19H21O3Se [M+H]+: 

calculated: 377.0656, found: 377.0651. 

 

Isopropyl (Z)-3-(4-methoxyphenyl)-2-(phenylselanyl)acrylate 

     Yield for 80: 23.3 mg (31%) as a yellowish oil. 

     1H NMR (CDCl3, 400 MHz) δ 8.15 (s, 1H), 

7.73–7.70 (m, 2H), 7.40–7.37 (m, 2H), 7.23–7.17 

(m, 3H), 6.94–6.90 (m, 2H), 4.91 (hept, J = 6.2 Hz, 

1H), 3.84 (s, 3H), 1.04 (d, J = 6.3 Hz, 6H). 13C NMR (CDCl3, 100 MHz) δ 166.5, 

160.9, 145.3, 132.6, 131.4, 130.2, 129.2, 127.8, 126.9, 121.4, 113.8, 69.5, 
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55.5, 21.5. HRMS (ESI) for C19H21O3Se [M+H]+: calculated: 377.0656, found: 

377.0651. 

6.2.4. General procedure and spectral data of Chapter 4 

Insertion of pinB-SR into trimethylsilyldiazomethane 

 

     In the glove-box, an oven-dried resealable Teflon screw-cap 

Schlenk reaction tube equipped with a magnetic stir bar was charged 

with 0.5 mmol of pinB-SR (R = Ph, Bn). Then, 2 equiv. of a 2.0M 

solution in hexane of trimethylsilyldiazomethane (81) was added 

dropwise. After stirring in the glove-box for 5 min the Schlenk tube 

was sealed and heated at the corresponding temperature (pinB-SPh 

at 50 ºC, pinB-SBn at 70 ºC) for the appropriated time (pinB-SPh for 

6h, pinB-SBn for 16h). The reaction was cooled down to room 

temperature, the solvent was evaporated to dryness. The crude 

residue was analysed by GC-MS and 1H NMR. Then the products 82 

and 83 were purified by silica gel flash chromatography. 

Trimethyl(phenylthio)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methylsilane  
     Yield for 82: 153.1 mg (95%) as a white solid. 

     1H NMR (CDCl3, 400 MHz) δ 7.32–7.29 (m, 2H), 

7.24–7.19 (m, 2H), 7.09–7.04 (m, 1H), 2.24 (s, 1H), 

1.16 (s, 6H), 1.06 (s, 6H), 0.22 (s, 9H). 13C NMR 

(CDCl3, 100 MHz) δ 140.2, 128.6, 126.8, 124.8, 83.9, 24.9, 24.8, -1.2.  
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11B NMR (128.3 MHz, CDCl3) δ 33.4. 29Si NMR (CDCl3, 80 MHz) δ 3.0. HRMS 

(ESI) for C16H28BO2SSi [M+H]+: calculated: 323.1672, found: 323.1680. 

 
Trimethyl(benzylthio)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)methylsilane  

     Yield for 83: 156.4 mg (93%) as a white solid. 

     1H NMR (CDCl3, 400 MHz) δ 7.32–7.27 (m, 4H), 

7.25–7.17 (m, 1H), 3.78 (d, J = 12.9 Hz, 1H), 3.68 

(d, J = 12.9 Hz, 1H), 1.55 (s, 1H), 1.29 (s, 12H), 0.10 

(s, 9H). 13C NMR (CDCl3, 100 MHz) δ 138.5, 129.1, 128.5, 126.9, 83.7, 39.8, 

25.5, 25.9, -1.2. 11B NMR (128.3 MHz, CDCl3) δ 33.5. 29Si NMR (CDCl3, 80 

MHz) δ 2.5. HRMS (ESI) for C17H30BO2SSi [M+H]+: calculated: 337,1829, 

found: 337,1825. 

 

Deborylative alkylation 

 

     In the glove box, a 7.5 mL screw cap vial equipped with a magnetic stir bar 

was charged with RSCH(Bpin)(SiMe3) (0.1 mmol, 1.3 equiv.) and NaOtBu 

(0.31 mmol, 4 equiv.). Then 0.5mL of THF was incorporated and finally the 

alkyl halide reagent was added (0.077 mmol, 1eq.). The reaction was stirring 

at room temperature for 3 h and quenched with 2 mL of saturated Na2S2O4 

and extracted 3 times with 3mL of Et2O.  

     All the organic layers were collected and dried over MgSO4 and 

evaporated to dryness. The crude residue was analysed by GC-MS and yields 

were calculated based on relative integration on the 1H NMR compared to an 

internal standard (1,4-dinitrobenzene or naphthalene). Then the products 

were purified by silica gel flash chromatography. 
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Trimethyl-1-(phenylthio)pentadecylsilane 

     Yield for 85: 19.6 mg (65%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.38–7.33 (m, 2H), 7.29–

7.23 (m, 2H), 7.17–7.12 (m, 1H), 2.47 (dd, J = 6.9, 5.2 Hz, 

1H), 1.77–1.54 (m, 2H), 1.50–1.36 (m, 2H), 1.34–1.13 

(m, 22H), 0.88 (t, J = 6.9 Hz, 3H), 0.13 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ 

138.6, 129.4, 128.8, 125.7, 34.4, 32.1, 31.9, 29.9, 29.8 (3 x C), 29.7, 29.6, 29.5, 

28.4, 22.9, 14.3, -1.9. 29Si NMR (CDCl3, 80 MHz) δ 4.0. HRMS (APCI) C24H45SSi 

[M+H]+: calculated: 393.3006, found: 393.3014. 

 

Trimethyl-1-(phenylthio)pentylsilane 

     Yield for 87: 10.8 mg (56%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.37–7.33 (m, 2H), 7.28–

7.23 (m, 2H), 7.17–7.11 (m, 1H), 2.47 (dd, J = 6.9, 5.2 Hz, 

1H), 1.77–1.56 (m, 2H), 1.47–1.36 (m, 2H), 1.28–1.19 (m, 

2H), 0.83 (t, J = 7.3 Hz, 3H), 0.13 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ 138.6, 

129.4, 128.8, 125.6, 34.3, 31.5, 30.6, 22.9, 14.1, -1.9. 29Si NMR (CDCl3, 80 

MHz) δ 4.0. HRMS (EI) C14H24SSi [M]+: calculated: 252.1368, found: 

252.1368. 

 

 5-fluoro-1-(phenylthio)pentyltrimethylsilane 

     Yield for 89: 16.8 mg (81%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.37–7.33 (m, 2H), 

7.28–7.23 (m, 2H), 7.18–7.13 (m, 1H),  

4.42 (t, J = 5.9 Hz, 1H), 4.30 (t, J = 5.8 Hz, 1H), 2.48 

(dd, J = 6.7, 5.0 Hz, 1H), 1.69–1.54 (m, 6H), 0.14 (s, 9H). 13C NMR (CDCl3, 100 

MHz) δ 138.3, 129.5, 128.9, 125.9, 84.0 (d, J = 164.3 Hz), 34.4, 31.5, 30.5 (d, J 

= 19.5 Hz), 24.0 (d, J = 5.3 Hz), -2.0. 19F{1H} NMR (377 MHz, CDCl3) δ -217.2 

(m). 29Si NMR (CDCl3, 80 MHz) δ 4.1. HRMS (APCI) C14H24FSSi [M+H]+: 

calculated: 271.1347, found: 271.1348. 
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5-chloro-1-(phenylthio)pentyltrimethylsilane 

     Yield for 91: 15.7 mg (71%) as a colourless oil. 

    1H NMR (CDCl3, 400 MHz) δ 7.37–7.34 (m, 2H), 

7.29–7.24 (m, 2H), 7.18–7.14 (m, 1H), 3.45 (t, J = 

6.6 Hz, 2H), 2.48 (dd, J = 6.3, 5.0 Hz, 1H), 1.75–1.56 

(m, 6H), 0.15 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ 138.2, 129.6, 128.9, 125.9, 

44.9, 34.4, 32.7, 31.1, 25.5, -2.0. 29Si NMR (CDCl3, 80 MHz) δ 4.1. HRMS 

(APCI) C14H24ClSSi [M+H]+: calculated: 287.1045, found: 287.1051. 

 

Trimethyl-4-phenyl-1-(phenylthio)but-3-en-1-ylsilane 

     Yield for 93: 17.8 mg (74%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.40–7.36 (m, 

2H), 7.29–7.21 (m, 6H), 7.20–7.12 (m, 2H), 6.36 

(d, J = 15.7 Hz, 1H), 6.23 (dt, J = 15.8, 6.7 Hz, 1H), 

2.69–2.61 (m, 2H), 2.58–2.50 (m, 1H), 0.16 (s, 9H). 13C NMR (CDCl3, 100 

MHz) δ 137.7, 137.6, 131.2, 129.9, 129.2, 128.9, 128.5, 127.1, 126.1, 126.0, 

35.4, 34.4, -1.8. 29Si NMR (CDCl3, 80 MHz) δ 4.6. HRMS (APCI) C19H25SSi 

[M+H]+: calculated: 313.1441, found: 313.1440. 

 

Trimethyl3-methyl-1-(phenylthio)but-3-en-1-ylsilane 

     Yield for 95: 13.7 mg (78%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.39–7.34 (m, 2H), 7.29–

7.22 (m, 2H), 7.18–7.13 (m, 1H), 4.81–4.74 (m, 2H),  

2.65 (t, J = 7.4 Hz, 1H), 2.43 (dd, J = 14.6, 7.0 Hz, 1H), 2.33 

(dd, J = 14.7, 7.6 Hz, 1H), 1.63 (s, 3H), 0.13 (s, 9H). 13C NMR (CDCl3, 100 MHz) 

δ 144.2, 137.9, 130.1, 128.8, 126.0, 112.7, 40.5, 31.9, 22.2, -2.0. 29Si NMR 

(CDCl3, 80 MHz) δ 5.1. HRMS (APCI) C14H23SSi [M+H]+: calculated: 251.1278, 

found: 251.1276. 
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Trimethyl-2-phenyl-1-(phenylthio)ethylsilane 

     Yield for 97: 16.5 mg (75%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.24–7.07 (m, 10H), 

3.01 (dd, J = 14.2, 7.0 Hz, 1H), 2.92 (dd, J = 14.1, 7.6 Hz, 

1H), 2.74 (t, J = 7.3 Hz, 1H), 0.06 (s, 9H). 13C NMR 

(CDCl3, 100 MHz) δ 140.9, 137.7, 130.0, 129.34, 128.8, 128.3, 126.3, 126.0, 

38.2, 36.8, -2.1. 29Si NMR (CDCl3, 80 MHz) δ 4.6. HRMS (APCI) C17H23SSi 

[M+H]+: calculated: 287.1284, found: 287.1279. 

 

Trimethyl-1-(phenylthio)hex-3-yn-1-ylsilane 

   Yield for 99: 12.3 mg (61%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.40–7.37 (m, 2H), 

7.31–7.25 (m, 2H), 7.20–7.14 (m, 1H), 2.61 (dd, J = 

7.2, 4.9 Hz, 1H), 2.54–2.49 (m, 2H), 2.13 (m, 2H), 1.08 (t, J = 7.5 Hz, 3H), 0.21 

(s, 9H). 13C NMR (CDCl3, 100 MHz) δ 137.1, 129.7, 129.0, 126.1, 83.5, 78.3, 

33.0, 21.7, 14.1, 12.6, -1.8. 29Si NMR (CDCl3, 80 MHz) δ 5.2. HRMS (APCI) 

C15H23SSi [M+H]+: calculated: 263.1284, found: 263.1284. 

 

Trimethyl-1-(phenylthio)undec-10-en-1-ylsilane 

     Yield for 101: 17.3 mg (67%) as a 

colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.37–

7.33 (m, 2H), 7.29–7.23 (m, 2H), 

7.17–7.12 (m, 1H), 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (ddd, J = 17.1, 

3.6, 1.6 Hz, 1H), 4.93 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 2.47 (dd, J = 6.9, 5.2 Hz, 

1H), 2.05–1.99 (m, 2H), 1.76–1.56 (m, 2H), 1.45–1.14 (m, 12H), 0.13 (s, 9H).  

13C NMR (CDCl3, 100 MHz) δ 139.4, 138.6, 129.5, 128.9, 125.7, 114.3, 34.5, 

34.0, 31.9, 29.9, 29.6 (2 x C), 29.3, 29.1, 28.5, -1.9. 29Si NMR (CDCl3, 80 MHz) 

δ 4.0. HRMS (APCI) C20H35SSi [M+H]+: calculated: 335.2223, found: 

335.2224. 
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Trimethyl-2-methyl-1-(phenylthio)propylsilane 

     Yield for 105: 12.5 mg (68%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.39–7.34 (m, 2H), 7.28–7.22 

(m, 2H), 7.16–7.10 (m, 1H), 2.52 (d, J = 2.9 Hz, 1H), 2.17 

(heptd, J = 6.8, 3.0 Hz, 1H), 1.01 (d, J = 6.9 Hz, 3H), 0.99 (d, J 

= 6.8 Hz, 3H), 0.17 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ 139.9, 129.1, 128.8, 

125.5, 42.9, 31.4, 22.3, 21.1, -0.7. 29Si NMR (CDCl3, 80 MHz) δ 5.2. HRMS 

(APCI) C13H23SSi [M+H]+: calculated: 239.1284, found: 239.1276. 

 

(2,2-Diphenyl-1-(phenylthio)ethyl)trimethylsilane 

     Yield for 107: 4.2 mg (15%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.36–7.27 (m, 5H), 7.22–

7.12 (m, 5H), 7.07–7.04 (m, 3H), 6.97–6.94 (m, 2H), 4.27 

(d, J = 9.2 Hz, 1H), 3.16 (d, J = 9.2 Hz, 1H), -0.09 (s, 9H). 13C 

NMR (CDCl3, 100 MHz) δ 144.0, 143.2, 138.9, 130.5, 129.1, 128.6, 128.48, 

128.1, 126.6, 126.4, 125.9, 54.9, 42.9, -1.3. 29Si NMR (CDCl3, 80 MHz) δ 3.9. 

HRMS (EI) for C23H26SSi [M]+: calculated: 362.1525, found: 362.1532. 

 

Deborylative alkylation applied to substrate 83 

 

     An oven-dried resealable Teflon screw-cap Schlenk reaction tube 

equipped with a magnetic stir bar was charged under Argon with 83  

(0.1 mmol, 1 equiv.) and NaOtBu (4 equiv.). Then 0.5 mL of THF was 

incorporated and finally the 1-bromotetradecane was added (1 equiv.). The 

reaction was stirring at room temperature for 3h and quenched with 2mL of 

saturated Na2S2O4 and extracted (3x) with 3mL of Et2O. All the organic layers 

were collected and dry over MgSO4 and evaporated to dryness.  
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The crude residue was analysed by GC-MS and yields were calculated based 

on relative integration on the 1H NMR compared to an internal standard 

(1,4-dinitrobenzene). 

 

(Benzylthio)methyltrimethylsilane20 

     Yield for 108:  12.6 mg (60%) as a colourless oil. 

    1H NMR (CDCl3, 400 MHz) δ 7.34–7.28 (m, 4H), 

7.26–7.21 (m, 1H), 3.69 (s, 2H), 1.66 (s, 2H), 0.05 

(s, 9H). 13C NMR (CDCl3, 100 MHz) δ 138.6, 129.1, 128.1, 126.9, 40.5, 17.9, -

1.5.  

 

Trimethyl(tetradecylthio)(o-tolyl)methylsilane 

     Yield for 110: 4.5 mg (11%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.54 (d, J = 7.8 Hz, 

1H), 7.17 (t, J = 8.0 Hz, 1H), 7.07 (d, J = 6.3 Hz, 1H), 

7.02 (dd, J = 7.2, 1.3 Hz, 1H), 3.57 (s, 1H), 2.33–2.17 

(m, 5H), 1.71–1.13 (m, 24H), 0.88 (t, J = 6.9 Hz, 3H), 0.04 (s, 9H). 13C NMR 

(CDCl3, 100 MHz) δ 140.5, 134.9, 129.9, 128.0, 126.3, 124.9, 33.6, 32.5, 32.0, 

29.8, 29.8, 29.81, 29.7, 29.7, 29.6, 29.5, 29.5, 29.2, 28.9, 22.8, 20.5, 14.3, -2.3. 

29Si NMR (CDCl3, 80 MHz) δ 4.0. HRMS (EI) for C25H46SSi [M]+: calculated: 

406.3090, found: 406.3085. 

 

Selective protodesilylation 

 

     An oven-dried resealable Teflon screw-cap Schlenk reaction tube 

equipped with a magnetic stir bar was charged under Argon with substrates 

82 or 83 (0.1 mmol, 1 equiv.).  
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Then 0.5 mL of THF was incorporated and 4 equiv. (0.4 mmol) of a 1 M 

solution of TBAF in THF were added dropwise at 25 ᵒC. The reaction was 

then stirring for 1.5 h at this temperature, quenched with saturated Na2S2O4 

and passed over a silica gel plug. The crude residue was analysed by GC-MS 

and yields of species C were calculated based on relative integration on the 

1H NMR compared to an internal standard (naphthalene). Then the product 

was purified by silica gel flash chromatography. 

 

2-((Benzylthio)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

     Yield for 111: 17.7 mg (67%) as a 

colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.30 (m, 4H), 

7.31–7.19 (m, 1H), 3.71 (s, 2H), 1.84 (s, 2H), 1.26 (s, 12H). 13C NMR (CDCl3, 

100 MHz) δ 138.3, 129.1, 128.5, 126.9, 84.0, 38.7, 24.9. 11B NMR (128.3 MHz, 

CDCl3) δ 32.2. HRMS (ESI) for C14H21BNaO2S [M+Na]+: calculated: 287.1253, 

found: 287.1246. 

 

4,4,5,5-tetramethyl-2-((phenylthio)methyl)-1,3,2-dioxaborolane 

     Yield for 112: 16.5 mg (66%) as a colourless 

oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.29–7.22 (m, 

4H), 7.12–7.08 (m, 1H), 2.41 (s, 2H), 1.22 (s, 

12H). 13C NMR (CDCl3, 100 MHz) δ 138.8, 128.8, 127.1, 125.2, 84.4, 24.8. 11B 

NMR (128.3 MHz, CDCl3) δ 32.1. HRMS (APCI) for C13H20BO2S [M+H]+: 

calculated: 251.1277, found: 251.1285. 
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Deprotonation/alkylation 

 

    In the glove box, an oven-dried resealable Teflon screw-cap Schlenk 

reaction tube equipped with a magnetic stir bar was charged with LTMP 

(0.21 mmol, 1.05 equiv.) and 0.8 mL of dried THF. The flask was sealed, 

removed from the glove box and the reaction mixture was cooled to 0 ᵒC. 

Under Argon a solution of substrate 82 (0.2 mmol, 1 equiv.) in THF (0.2 mL) 

was added via syringe and the mixture was allowed to stir at 0 °C for 10 

minutes. The corresponding electrophile (0.24 mmol, 1.2 equiv.) was added 

dropwise and the reaction was allowed to stir at 0 ᵒC for 15 min. Upon 

completion, the reaction mixture was warmed to room temperature, filtered 

through a silica gel plug, rinsed with diethyl ether and dichloromethane, and 

concentrated in vacuo. The crude reaction mixture was purified on silica gel. 

 

(E)-trimethyl(4-phenyl-1-(phenylthio)-1-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)silane 

     Yield for 113: 61.4 mg (70%) as a 

colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.58–7.53 

(m, 2H), 7.31–7.25 (m, 4H), 7.22–7.16 (m, 

4H), 6.33 (dd, J = 10.3, 9.2 Hz, 1H), 6.52 

(ddd, J = 15.9, 7.1, 6.2 Hz, 1H), 2.43 (d, J = 16.0 Hz, 1H), 2.75 (dd, J = 15.3, 7.1 

Hz, 1H), 1.19 (s, 6H), 1.17 (s, 6H), 0.20 (s, 9H). 13C NMR (CDCl3, 100 MHz) 

138.0, 136.0, 133.8, 130.8, 130.2, 128.5, 128.3, 127.0, 126.8, 126.1, 83.8, 

37.2, 25.5, 24.9, -1.5. 11B NMR (128.3 MHz, CDCl3) δ 33.9. 29Si NMR (CDCl3, 

80 MHz) δ 6.1. HRMS (ESI) for C25H35BNaO2SSi [M+Na]+: calculated: 

438.2334, found: 438.2336. 
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Trimethyl(2-phenyl-1-(phenylthio)-1-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)ethyl)silane 

     Yield for 114: 34.6 mg (42%) as a colourless oil. 

     1H NMR (CDCl3, 400 MHz) δ 7.53–7.49 (m, 3H), 

7.22–7.12 (m, 2H), 7.02–6.93 (m, 3H), 6.87–6.80 (m, 

2H), 3.38 (d, J = 13.6 Hz, 1H), 2.92 (d, J = 13.6 Hz, 

1H), 1.18 (s, 6H), 1.09 (s, 6H), 0.16 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ 

141.1, 137.3, 131.2, 131.1, 127.8, 127.8, 126.3, 125.6, 83.9, 38.8, 25.4, 25.1, -

1.9. 11B NMR (128.3 MHz, CDCl3) δ 32.8. 29Si NMR (CDCl3, 80 MHz) δ 6.2. 

HRMS (ESI) for C23H33BNaO2SSi [M+Na]+: calculated: 435.1961, found: 

435.1957. 
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“Molta gent petita, en molts llocs petits,  

fent coses petites, pot canviar el món” 

Eduardo Galeano 
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     Molecules containing B-S or B-Se bonds are of great value in synthetic 

chemistry due to the presence of a strong Lewis acid component next to a 

soft Lewis base. A novel family of B-Y species (Y = S, Se) (Figure 7.1) were 

developed and patented in 2006 by Wescott’s group but its reactivity was 

not further explored.1  

 

Figure 7.1. Chalcogenoboranes synthetized in Wescott’s group. 

     In this line, we found interesting to take advantage of the “pull-push” effect 

of the B in the B-Y reagents (Y = S and Se), to selective add the sulfur or 

selenium moieties to unsaturated substrates to generate a new methodology 

towards the synthesis of organosulfides and organoselenides. 

     Based on previous work in the group we became determined to 

demonstrate the activation of pinB-SPh, pinB-STol and pinB-SBn by α,β-

unsaturated ketones and aldehydes and provide an alternative sulfa Michael 

addition, that does not need catalysts or drastic reactions conditions to 

generate a new Cβ-S bond (Scheme 7.1). 

 

Scheme 7.1. Expected reactivity of the vinyl carbonyl compounds with B-S 

reagents. 

     The thioboration generates 1,4-addition as well as 1,2-addition 

intermediates, depending on the structural nature of the substrate.  
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Protic workup delivers the corresponding β-sulfido carbonyl compounds in 

good isolated yields (up to 81% I.Y.). A family of 15 β-sulfido carbonyl 

compounds have been synthetized through the direct 

thioboration/protonation, where the PhS, TolS, and BnS moieties have been 

delivered from the thiodioxaborolanes pinB-SPh, pinB-STol and pinB-SBn by 

the simple activation of the Bpin moiety with a carbonyl group. 

     Through the powerful “pull-push” properties of Bpin units in the 

chalcogenoborate reagents pinB-SePh, pinB-SPh and pinB-SBn we also 

explored the reactivity with ynones, in a metal free context without any 

additive except MeOH as solvent. We were able to report a total of 26 

examples of synthesis of vinyl selenides and vinyl sulfides up to 84% isolated 

yield and with high regioselectivity towards the Z-isomer (Scheme 7.2). The 

mechanistic proposal allows to justify and to understand the selectivity of 

the reaction outcome. 

 

Scheme 7.2. Synthesis of vinyl chalcogenides throughout chalcogenoborates. 

     When the reaction is carried out with ynoates and pinB-SePh the C-Se 

bond is also generated in the β-position generating 5 Z-vinyl selenides 

conjugated to esters in moderated isolated yields (up to 79% I.Y.). When the 

reaction is carried out in the presence of tricyclohexyl phosphine the 

formation of an anti-3,4-selenoborated products takes place. Four examples 

with moderated NMR yields has been reported and further functionalized 

through protodeboronation to afford the corresponding α-phenylselenated 

compounds has also been explored (Scheme 7.3). 
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Scheme 7.3. β-Selenation vs. 3,4-anti-selenoboration of α,β-acetylenic esters. 

      Having in mind that the insertion of diazo compounds into a σ-bond2 

represents one of the most efficient approaches to form new C-X bonds (X = 

N, O, S, Si, etc.)3 and the previous work done in our group in the insertion of 

diazo compounds into the unsymmetrical B-B bond of pinB-Bdan,4 the last 

project of this thesis consists in the insertion of (CH3)3SiCHN2 into pinB-SPh 

and pinB-SBn reagents. We plan this reaction with the objective of afford and 

easy and direct synthesis of main group, multisubstituted sp3 carbons (Si, B, 

S). The further functionalization of this HC(SR)(Bpin)(SiMe3) could help to 

increase structurally diverse molecules of synthetic potential (Scheme 7.4). 

 

Scheme 7.4. Strategic (trimethylsilyl)diazomethane insertion into pinB-SR, 

followed by selective functionalizations. 
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          The (trimethylsilyl)diazomethane insertion into the B-S σ-bond of 

pinB-SPh and pinB-SBn afforded HC(SR)(Bpin)(SiMe3) in quantitative yields 

when was carried out in a gram scale.  

     A wide scope of 12 alkyl halides can be used for the selective 

functionalization of the Bpin moiety through deborylative alkylation with 

sodium tert-butoxide when reacted with HC(SPh)(Bpin)(SiMe3). The 

alkylated products were obtained up to 81% isolated yield. When this 

reaction is performed with HC(SBn)(Bpin)(SiMe3) a rearranged product is 

observed and its formation can be explained through a Sommelet-Haüser 

rearrangement (Scheme 7.5).  

 

Scheme 7.5. Deborylative alkylation of HC(SBn)(Bpin)(SiMe3) affording the 

rearranged product through a Sommelet-Haüser process.  

     By using TBAF is possible to desilylate the inserted products obtaining the 

thioborated product in moderated isolated yields. By using LTMP with the 

inserted products is possible to abstract the proton and alkylate the α-boron 

and α-silyl stabilized carbanion with alkyl halides to afford highly 

functionalized products. 
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